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Preface

The development of techniques to culture embryonic stem cells (ESCs) in a pluripotent 
state has been crucial for the manipulation and utilization of this special cell popula-
tion for understanding basic biological questions, as well as their use in practical appli-
cations such as regenerative medicine and toxicology. The rst mammalian ESC lines 
were derived from the mouse blastocyst 3 decades ago by two independent groups 
(Evans and Kaufman 1981; Martin 1981). The development of specic methods for the 
derivation and subsequent maintenance of ESCs in specic media conditions allowed
enquiry into mechanisms of cell pluripotency, growth, differentiation, degeneration 
and regeneration, but also their practical application in toxicology.  Some time later, the 
development of techniques to successfully isolate and maintain human ESCs derived 
from inner mass cells (ICM; (Bongso, et al. 1994; Thomson, et al. 1998)) opened up new
practical applications in regenerative medicine in addition to probing basic biological 
mechanisms.

This book draws together reviews on the historical development of techniques, and 
recent advances in, the derivation, culture, maintenance and imaging of ESCs, as well
as reviews on recent advances in genetic manipulation and reprogramming of ESCs 
for basic biological experimentation, as well as their application for the development 
of transgenic/chimeric mice and use in toxicological and drug discovery studies.  In 
the  rst section of the book, ‘Methods for Derivation and Maintenance of Embryonic 
Stem Cell Pluripotency’, chapters by Manganelli et al. and Fagundez et al. provide an 
excellent historical overview of the technological advances that led to the successful 
maintenance of mouse and human ESCs in culture.  Zhang et al. next provide detailed 
methodology for the isolation and dissociation of ICM for the derivation of ESCs, and 
their culture, passage, freezing, thawing, karyotyping and differentiation into em-
bryoid bodies (EBs) or teratoma, as well as techniques involved in chimeric mouse 
production.  Techniques for the preservation of ESCs are reviewed by He and includes 
detailed descriptions of cryopreservation at cryogenic temperatures (slow-freezing, 
conventional vitrication and low-cryoprotective agent vitrication) prior to discuss-
ing lyopreservation, or dry preservation at ambient temperature by evaporative drying 
or freeze-drying.  He also discusses biophysical considerations of cell preservation. 
The next 5 chapters review recent advances in the development of techniques to allow
more efficient and scalable culture of ESCs and induced pluripotent stem cells (iPSCs).
These advances have been driven in large part by the desire to eliminate non-human 
cells and materials, thereby avoiding issues including immunogenicity, complex puri-
cation, heterogeneous environments, batch-to-batch (or source-to-source) variation 
in  materials  isolated  from  tissues,  and presence of xenogenetic compounds.  The 
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development of these techniques has been within the constraints that ESC self-renewal 
and diff erentiation are known to be regulated via interactions with neighboring cells, 
ECM components, soluble signaling factors, and the physicochemical environment.  
The development of these new technologies has allowed greater control over material 
properties and tissue responses. The  rst of these chapters by D’Andrea Markert et 
al. describe the topographical, mechanical and chemical cues that cells receive, and 
the use of topographically and chemically modi ed surfaces for expansion or diff er-
entiation of ECSs.  Haque et al. next describe recent developments in the construction 
of novel ECM using genetically engineered adhesion molecules and growth factors 
aimed at mimicking the regulatory characteristics of natural ECM and growth factors 
in the extracellular microenvironment.  Sakuragi and Ito then describe the culture of 
ESCs on chemically  xed feeder cells, the use of synthetic biomaterials for ESC mainte-
nance and EB formation and end with a description of developments in thermorespon-
sible polymers that allow for temperature dependent ESC detachment.  Mashayekha-
na and Miyazakib describe how cell fate is controlled by chemical modi cations to 
the substrate, by geometric modi cation and by modi cation of material mechanics.  
These authors end by describing strategies for culture surface design using glucose-
displaying dendrimer substrates to control the morphology and function of ESCs. A 
chapter on the use of novel substrates for cell culture by Wang and Zhang emphasizes 
the use of three-dimensional silk  broin scaff olds and their application to ESC culture 
and diff erentiation.

Imaging techniques are pivotal to our understanding of all aspects of ESC biochemis-
try and morphology as it relates to cell proliferation, diff erentiation and death.  In the 
next section on ‘Methods of Imaging Embryonic Stem Cells’, Zheng et al. describe the 
use of  hESCs constitutively expressing double fusion reporter genes (enhanced green 
 uorescent protein and  re y luciferase) for monitoring transplanted cells and their 
proliferation in vivo. In addition, these workers describe functional imaging with in-
travital microscopy for assessment of endothelial diff erentiation of hESCs in vitro.  Not 
only is histological imaging important, but techniques that can non-invasively obtain 
information on the molecular composition and structure of intact cells can provide 
insights into cell function and diff erentiation.  In this respect, Ami et al. review label-
free vibrational (micro)spectroscopies such as Fourier transform infrared and Raman 
techniques and their use in ESC and adult stem cells for rapidly obtaining snapshots of 
molecular events during diff erentiation.

In the next section of the book, ‘Methods for Reprogramming Cells’, novel technologies 
for reprogramming cells for pluripotency and regenerative medicine are reviewed.  The 
development of these technologies has been largely driven by either ethical consider-
ations related to the destruction of viable embryos, and/or the incorporation of foreign 
genetic material (e.g. viruses or expression plasmids) into ESCs or somatic cells that 
can result in teratoma formation and/or immune-rejection.  Although reprogramming 
diff erentiated cell types to obtain autologous human stem cell lines (iPSCs) resolves the 
 rst issue, it does not resolve the second. To circumvent these issues, Horii and Hatada 
in their chapter propose the use of reprogrammed parthenogenetic ESCs for cell trans-
plantation therapy (the “third pluripotent stem cell”).  The use of parthenogenetic ESCs 
from fertilization-failure or surplus oocytes overcomes the above issues, however as 
the authors point out, major challenges related to genomic imprinting must be over-
come for this technology to successfully generate useable ESCs.  In a similar vein, Han 

XIPreface

and Sidhu review diff erent methodologies for reprogramming somatic cells, including 
nuclear transfer, somatic-stem cell fusion, cell-free extract treatment and iPSC genera-
tion, technologies that may restore regenerative capacity of terminally diff erentiated 
cells and that can be applied for transplantation and cell therapy.  In particular, these 
authors elaborate on the use of somatic cell fusion with ESCs, but also the challenges 
related to stem cell nuclei in the hybrid cells, the possibility of causing immune-rejec-
tion and the genetic instability of hybrid cells, issues that must be overcome before this 
technology becomes a viable option.  The genetic instability of reprogrammed cells 
and the potential for cancer is a major obstacle in these reprogramming technologies 
for regenerative medicine.  Orbán et al. propose the use of the non-viral gene delivery 
techniques using transposon based methods to circumvent uncontrolled proliferation 
of the gene-modi ed stem cells, and detail the advantages and concerns of using the 
transposon-transposase system for stable genetic modi cation of ESCs.  

Modulating gene function in cells is of critical importance to gain insight into the mo-
lecular underpinnings of the pluripotent state, the process of diff erentiation and the 
mechanisms underlying human disease.  In this next section on ‘Methods for Genetic 
Delivery, Manipulation and Assessment in ESC’, Brafman and Willert review the pros 
and cons of diff erent methods to transduce genetic elements into both ESCs and iPSCs 
including random transgenesis, site-speci c recombination and homologous recom-
bination.  As an example of the use of transgenesis in hESCs, Kobayashi next review 
the use of iPSCs derived from Klinefelter syndrome (X-chromosome polysomy, typi-
cally 47, XXY) as a tool for studying the mechanism of X chromosome inactivation.  
In addition, the author discusses how iPSCs derived from testicular tissue might be 
a potential source for cell-based therapies to treat some cases of male infertility.  Lee 
et al. discuss the use of a non-viral gene delivery system - magnet-based nanofection, 
and describe applications and methods of this method for use in ESC research.  Tada 
describe chromosome engineering methods - for addition and elimination of targeted 
chromosomes in ESCs using human arti cial chromosome vectors and chromosome 
elimination cassett es), respectively, for determination of chromosome function.  Com-
plimentary to these techniques, Synnergren and Sartipy review how transcriptional 
pro ling of hESC and their derivatives off ers the ability to explore global expression 
patt erns that are activated during hESC diff erentiation and will allow further dissec-
tion of the molecular mechanisms that control stem cell speci cation. In a similar vein, 
Lei et al. describe novel techniques for tracking the structure of protein interaction 
networks via multiple genetic perturbations in mESC.  

The use of ESCs for the generation of genetically modi ed mice has been of incred-
ible use in mechanistic studies to determine gene function.  The next section explores 
methods for generation of ESCs in mice, and newly, rats for use in the production of 
genetically modi ed rodents (‘Methods for the Generation of Embryonic Stem Cell 
Lines for Production of Transgenic and Chimeric Rodents’).   The  rst of these chapters 
focuses on the use of ESCs in the generation of transgenic mice and rats. Iĳ ima et al. 
describe available ESCs from C57BL/6 mice and their use in production of germline 
chimeric mice as well as their genetic manipulation in the production of transgenic 
mice.  In addition, these authors describe ESCs that ubiquitously expressed enhanced 
green  uorescent protein and the photoconvertible tandem repeat KAEDE protein for 
use in detecting ESCs and their daughter cells in basic research on regenerative medi-
cine.  The following 2 chapters by Kawamata and Ochiya, and Hirabayashi and Hock, 
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na and Miyazakib describe how cell fate is controlled by chemical modi cations to 
the substrate, by geometric modi cation and by modi cation of material mechanics.  
These authors end by describing strategies for culture surface design using glucose-
displaying dendrimer substrates to control the morphology and function of ESCs. A 
chapter on the use of novel substrates for cell culture by Wang and Zhang emphasizes 
the use of three-dimensional silk  broin scaff olds and their application to ESC culture 
and diff erentiation.

Imaging techniques are pivotal to our understanding of all aspects of ESC biochemis-
try and morphology as it relates to cell proliferation, diff erentiation and death.  In the 
next section on ‘Methods of Imaging Embryonic Stem Cells’, Zheng et al. describe the 
use of  hESCs constitutively expressing double fusion reporter genes (enhanced green 
 uorescent protein and  re y luciferase) for monitoring transplanted cells and their 
proliferation in vivo. In addition, these workers describe functional imaging with in-
travital microscopy for assessment of endothelial diff erentiation of hESCs in vitro.  Not 
only is histological imaging important, but techniques that can non-invasively obtain 
information on the molecular composition and structure of intact cells can provide 
insights into cell function and diff erentiation.  In this respect, Ami et al. review label-
free vibrational (micro)spectroscopies such as Fourier transform infrared and Raman 
techniques and their use in ESC and adult stem cells for rapidly obtaining snapshots of 
molecular events during diff erentiation.

In the next section of the book, ‘Methods for Reprogramming Cells’, novel technologies 
for reprogramming cells for pluripotency and regenerative medicine are reviewed.  The 
development of these technologies has been largely driven by either ethical consider-
ations related to the destruction of viable embryos, and/or the incorporation of foreign 
genetic material (e.g. viruses or expression plasmids) into ESCs or somatic cells that 
can result in teratoma formation and/or immune-rejection.  Although reprogramming 
diff erentiated cell types to obtain autologous human stem cell lines (iPSCs) resolves the 
 rst issue, it does not resolve the second. To circumvent these issues, Horii and Hatada 
in their chapter propose the use of reprogrammed parthenogenetic ESCs for cell trans-
plantation therapy (the “third pluripotent stem cell”).  The use of parthenogenetic ESCs 
from fertilization-failure or surplus oocytes overcomes the above issues, however as 
the authors point out, major challenges related to genomic imprinting must be over-
come for this technology to successfully generate useable ESCs.  In a similar vein, Han 
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and Sidhu review diff erent methodologies for reprogramming somatic cells, including 
nuclear transfer, somatic-stem cell fusion, cell-free extract treatment and iPSC genera-
tion, technologies that may restore regenerative capacity of terminally diff erentiated 
cells and that can be applied for transplantation and cell therapy.  In particular, these 
authors elaborate on the use of somatic cell fusion with ESCs, but also the challenges 
related to stem cell nuclei in the hybrid cells, the possibility of causing immune-rejec-
tion and the genetic instability of hybrid cells, issues that must be overcome before this 
technology becomes a viable option.  The genetic instability of reprogrammed cells 
and the potential for cancer is a major obstacle in these reprogramming technologies 
for regenerative medicine.  Orbán et al. propose the use of the non-viral gene delivery 
techniques using transposon based methods to circumvent uncontrolled proliferation 
of the gene-modi ed stem cells, and detail the advantages and concerns of using the 
transposon-transposase system for stable genetic modi cation of ESCs.  

Modulating gene function in cells is of critical importance to gain insight into the mo-
lecular underpinnings of the pluripotent state, the process of diff erentiation and the 
mechanisms underlying human disease.  In this next section on ‘Methods for Genetic 
Delivery, Manipulation and Assessment in ESC’, Brafman and Willert review the pros 
and cons of diff erent methods to transduce genetic elements into both ESCs and iPSCs 
including random transgenesis, site-speci c recombination and homologous recom-
bination.  As an example of the use of transgenesis in hESCs, Kobayashi next review 
the use of iPSCs derived from Klinefelter syndrome (X-chromosome polysomy, typi-
cally 47, XXY) as a tool for studying the mechanism of X chromosome inactivation.  
In addition, the author discusses how iPSCs derived from testicular tissue might be 
a potential source for cell-based therapies to treat some cases of male infertility.  Lee 
et al. discuss the use of a non-viral gene delivery system - magnet-based nanofection, 
and describe applications and methods of this method for use in ESC research.  Tada 
describe chromosome engineering methods - for addition and elimination of targeted 
chromosomes in ESCs using human arti cial chromosome vectors and chromosome 
elimination cassett es), respectively, for determination of chromosome function.  Com-
plimentary to these techniques, Synnergren and Sartipy review how transcriptional 
pro ling of hESC and their derivatives off ers the ability to explore global expression 
patt erns that are activated during hESC diff erentiation and will allow further dissec-
tion of the molecular mechanisms that control stem cell speci cation. In a similar vein, 
Lei et al. describe novel techniques for tracking the structure of protein interaction 
networks via multiple genetic perturbations in mESC.  

The use of ESCs for the generation of genetically modi ed mice has been of incred-
ible use in mechanistic studies to determine gene function.  The next section explores 
methods for generation of ESCs in mice, and newly, rats for use in the production of 
genetically modi ed rodents (‘Methods for the Generation of Embryonic Stem Cell 
Lines for Production of Transgenic and Chimeric Rodents’).   The  rst of these chapters 
focuses on the use of ESCs in the generation of transgenic mice and rats. Iĳ ima et al. 
describe available ESCs from C57BL/6 mice and their use in production of germline 
chimeric mice as well as their genetic manipulation in the production of transgenic 
mice.  In addition, these authors describe ESCs that ubiquitously expressed enhanced 
green  uorescent protein and the photoconvertible tandem repeat KAEDE protein for 
use in detecting ESCs and their daughter cells in basic research on regenerative medi-
cine.  The following 2 chapters by Kawamata and Ochiya, and Hirabayashi and Hock, 
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respectively, describe the establishment of rat ESCs and their genetic manipulation for 
the creation of genetically modi ed rats, which as the authors point out, have several 
advantages over mice for biological study.

Another application of ESCs, their use in the testing of molecules for toxicity and 
drug discovery, dates back to 1997 (Spielmann et al.).  In the  nal section of this book, 
‘Methods of Using Embryonic Stem Cells for Toxicology’, 4 chapters describe the his-
torical and current state of the art.  Nakamura et al. and Kim review the development 
of the “embryonic stem cell test” (Spielmann et al. 1997), advantages (doesn’t require 
animals) and disadvantages (endpoints, diff erences in toxicity between species, cost, 
guided diff erentiation to target cells), its utilization for the assessment of embryotox-
icity and teratogenicity, and advances to this test over the last 15 years.  In the next 
chapter, Äänismaa et al. describe the use of ESCs and their diff erentiation into neu-
ronal networks for use in microelectrode array (MEA)-based platforms for studies of 
neuronal network development and maturation.  Additionally these workers propose 
the use of such ESC-derived neuronal networks for toxicological assessments.  Finally, 
research by Takezawa suggests a novel strategy for drug discovery and development 
by analyzing the behaviour of ESCs cultured on TOSHI (tissue/organ sections for 
histopathology)–substrata.  

It is hoped that the research and reviews described here will help to update the ESC 
research community on recent methodological advances in basic and practical applica-
tions of ESCs, and where future technologies are in need of development.
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1. Introduction 
A stem cell is a specific kind of cell that has the unique capacity to renew itself and to give 
rise to specialized cell type.  
In terms of potentially, stem cells can be classified in three types: 
• Totipotent:  is the ability to form all cell types, including the extra-embryonic tissues. In 

mammals, the fertilized egg, zygote and the first 2, 4, 8, 16 blastomeres from the early, 
are examples of totipotent cells. 

• Pluripotency: is the ability to differentiate into several cell types derived from any of the 
three germ layers (ectoderm, mesoderm, endoderm), but they are unable to produce 
extra-embryonic tissues. Cells from the inner cell mass of blastocyst are pluripotent. 

• Multipotent: cells can form a small number of tissues that are restricted to a particular 
germ layer origin: e.g. blood cells or bone cells. 

In according to their source, stem cells are categorized in embryonic or adult (Fig. 1): 
• Embryonic stem cells (ES cells) are derived from the inner cell mass of the blastocyst (an 

early stage embryo) and have a high proliferative capabilities and differ from other 
stem cells because they have the ability to generate derivatives of all three germ layers. 
Embryonic stem cells have been shown to contribute to all cell lineages, including the 
germ line, following microinjection studies in murine embryos which give rise to 
chimeras (Bradley et al., 1984; Nagy et al., 1990). In vitro, murine ES cells can be 
propagated indefinitely in an undifferentiated state, under specific culture conditions 
they can differentiated into specific cell types. 

• Adult stem cells are undifferentiated cells found among differentiated cells of a specific 
tissue, including bone marrow (de Haan, 2002), skin (Watt, 2001), intestinal epithelium 
(Potten, 1998), liver (Theise et al., 1999), retina (Tropepe et al., 2000), central nervous 
system (Okano, 2002), pancreas (Ramiya et al., 2000) and skeletal muscle (Seale et al., 
2001).  They typically can differentiate into a relatively limited number of cell types. 

There is no doubt that stem cells have the potential to treat many human afflictions, 
including cancer, diabetes, neurodegeneration, as well as for studying basic developmental 
biology, and intensive screening of drug and toxic (Watt and Driskell, 2010).  



1 

Embryonic Stem Cells: from Blastocyst to  
in vitro Differentiation 

Genesia Manganelli1, Annalisa Fico1,2 and Stefania Filosa1 
1Istituto di Genetica e Biofisica “A. Buzzati Traverso” CNR,  

Via Pietro Castellino 111, 80131 Napoli  
2Developmental Biology Institute of Marseille–Luminy (IBDML) 

Campus de Luminy, Case 907, 13288, Marseille cedex 09 
1Italy   

2France 

1. Introduction 
A stem cell is a specific kind of cell that has the unique capacity to renew itself and to give 
rise to specialized cell type.  
In terms of potentially, stem cells can be classified in three types: 
• Totipotent:  is the ability to form all cell types, including the extra-embryonic tissues. In 

mammals, the fertilized egg, zygote and the first 2, 4, 8, 16 blastomeres from the early, 
are examples of totipotent cells. 

• Pluripotency: is the ability to differentiate into several cell types derived from any of the 
three germ layers (ectoderm, mesoderm, endoderm), but they are unable to produce 
extra-embryonic tissues. Cells from the inner cell mass of blastocyst are pluripotent. 

• Multipotent: cells can form a small number of tissues that are restricted to a particular 
germ layer origin: e.g. blood cells or bone cells. 

In according to their source, stem cells are categorized in embryonic or adult (Fig. 1): 
• Embryonic stem cells (ES cells) are derived from the inner cell mass of the blastocyst (an 

early stage embryo) and have a high proliferative capabilities and differ from other 
stem cells because they have the ability to generate derivatives of all three germ layers. 
Embryonic stem cells have been shown to contribute to all cell lineages, including the 
germ line, following microinjection studies in murine embryos which give rise to 
chimeras (Bradley et al., 1984; Nagy et al., 1990). In vitro, murine ES cells can be 
propagated indefinitely in an undifferentiated state, under specific culture conditions 
they can differentiated into specific cell types. 

• Adult stem cells are undifferentiated cells found among differentiated cells of a specific 
tissue, including bone marrow (de Haan, 2002), skin (Watt, 2001), intestinal epithelium 
(Potten, 1998), liver (Theise et al., 1999), retina (Tropepe et al., 2000), central nervous 
system (Okano, 2002), pancreas (Ramiya et al., 2000) and skeletal muscle (Seale et al., 
2001).  They typically can differentiate into a relatively limited number of cell types. 

There is no doubt that stem cells have the potential to treat many human afflictions, 
including cancer, diabetes, neurodegeneration, as well as for studying basic developmental 
biology, and intensive screening of drug and toxic (Watt and Driskell, 2010).  



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

4 

 
Fig. 1. Origin of embryonic and adult stem cells 

2. Derivation of mouse embryonic stem cells 
Embryonic stem cells are derived from the inner cell mass (ICM) of the mammalian 
blastocyst. The first mammalian ES cell lines were derived from mouse blastocyst in 1981 
from two independent groups (Evans and Kaufman, 1981; Martin, 1981).  
One distinct property of ES cells is that they remain diploid even after being cultured for 
many weeks. This is in contrast to other tissue culture cell lines that often do not remain 
diploid but spontaneously gain or lose chromosomes at high rate. A second unique property 
of ES cells is that they remain pluripotent and maintain the ability, like ICM cells, to form 
chimeras. These two properties, maintaining normal karyotype and extensive contribution 
in chimeras, are both necessary for ES cells to form functional germ cells in chimeras (Sedivy 
and Joyner, 1992) and, moreover, have made ES cells a unique tool for gene targeting and 
generation of genetically modified mice.  
A surprising feature of mouse ES cell lines is that the majority of cell lines genetically tested 
are of male origin (40XY). In female (XX) ES cells, both X chromosome are active, that may 
result in the unsuitable propagation of ES cells (Rastan and Robertson, 1985). In either case, 
the XY genotype confers appreciable advantages for germ line transmission. 
ES cells clonally derived from a single cell could differentiate into a variety of cell types in 
vitro and form teratocarcinomas when injected into mice (Martin, 1981). Most important, 
cells karyotypically normal contribute at a high frequency to a variety of tissue in chimeras, 
including germ cells, thus providing a practical way to introduce modifications to the 
mouse germline (Bradley et al., 1984). 
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After the first derivation of mouse ES cell lines from blastocysts, several standard protocols 
were developed (Robertson, 1987; Abbondanzo et al., 1993; Hogan et al., 1994; Nagy et al., 
2003). The efficiency of mouse ES cell derivation is strongly influenced by genetic 
background. For example, ES cells can be easily derived from the inbred 129/ter-Sv strain 
but less efficiently from the C57BL/6 strain (Ledermann and Burki, 1991). However, mouse 
ES cells can be derived from some non permissive strains using modified protocols (McWhir 
et al., 1996; Bryja et al., 2006a; Bryja et al., 2006b). Mouse ES cells have also been derived 
from cleavage stage embryos and even from individual blastomeres of two- to eight-cell 
stage embryos (Chung et al., 2006; Wakayama et al., 2007). 
ES cells or ES cell-likes have been produced in other animal models, including: medakafish 
from midblastulae stage (Hong et al., 1998), zebrafish from midblastulae stage (Sun et al., 
1995), chickens from stage X blastoderm (Pain et al., 1996), hamsters (Doetschman et al., 
1988), mink (Sukoyan et al., 1992), rabbit (Schoonjans et al., 1996), cattle (Cibelli et al., 1998; 
Strelchenko et al., 2004), sheep (Wells et al., 1997), and pigs (Li et al., 2003), however, only 
mouse and chicken ES cells are capable of colonizing the germ line. 

3. Maintenance of mouse embryonic stem cells 
ES cells can be stably propagated indefinitely and maintain a normal karyotype without 
undergoing cell senescence in vitro when cultured in the presence of leukemia inhibitory factor 
(LIF) and, depending on ES cell lines, with or without a layer of mitotically inactivated 
mouse embryonic fibroblasts (MEFs). LIF, a member of the IL-6 family, is known to strongly 
promote self-renewal in ES cells (Smith et al., 1992). LIF binds to LIF receptor (LIFR) to 
dimerize with interleukin 6 signal transducer (gp130), resulting in the phosphorylation of 
signal transducer and activator  of transcription 3 (Stat3) via Janus kinase (Jak) activation 
(Burdon et al., 2002). Phosphorylated Stat3 dimerizes and translocates to the nucleus to 
activate a variety of downstream genes. Repression of Stat3 results in differentiation (Niwa et 
al., 2009), whereas artificial activation of  Stat3 is sufficient to maintain pluripotency without 
LIF in the media (Matsuda et al., 1999). 
 

 
Fig. 2. Fluorescent immunostaining of undifferentiated mouse ES cells. All the 
undifferentiate ES cells expressed pluripotency specific marker Oct4. Immunostaining with 
DAPI (nuclear marker), Oct4 antibody, merge DAPI/Oct4 
In combination with the LIF-Stat3 pathway, the pluripotency of ES cells is modulated by 
transforming growth factor β (TGFβ) superfamily members. These include Bmp and 
Activin, which generally play diverse roles in cellular homeostasis. In the ES cells, Bmp4 
activates the MAD homolog 1 (Smad1). This upregulates the expression inhibitor of DNA-
binding genes (Id), which suppress differentiation in combination with the LIF signal. 
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Activin/nodal signaling contributes to promote the growth of ES cells (Ying et al., 2003; 
Ogawa et al., 2007; Wu and Hill, 2009). Wnt signalling also contributes to the maintenance of 
pluripotency. In the canonical Wnt pathway, the Wnt receptor Frizzled transduces the signal 
to glycogen synthase kinase 3β (GSK3β) and adenomatosis polyposis coli (Apc). This 
enables catenin beta 1 (Ctnnb1) to traslocate into the nucleus to form the Ctnnb1/Tcf 
complex, which in turn activates the downstream genes (Willert and Jones, 2006). In the 
presence of Wnt signalling, transcription factor (Tcf3) activates the downstream genes that 
promote pluripotency maintenance by collaborating with the pivotal transcription factors 
Otc3/4 (Fig. 2), Sox2 and Nanog (Masui, 2010).    

4. Derivation of human embryonic stem cells 
There was a considerable delay between the derivation of mouse ES cells (1981) and the 
derivation of human ES cells in 1998 (Thomson et al., 1998). This delay was primarily due to 
species-specific ES cell differences and suboptimal human embryo culture media. In fact the 
first study to describe the isolation of human ICM cells was published by Bongso et al. 
(Bongso et al., 1994), but subsequent culture in media supplemented with LIF and serum 
resulted only in differentiation, not in the derivation of stable pluripotent cell lines. Human 
ES (hES) cells can be characterized by their immortality, expression of telomerase 
expression, pluripotentiality, ability to form teratomas, and maintenance of a stable 
karyotype and, even after prolonged undifferentiated proliferation, maintain the 
development potential to contribute to advanced derivatives of all three germ layers, even 
after clonal derivation (Amit et al., 2000). For obvious ethical reasons, experiments involving 
blastocyst injections and ectopic grafting in adult hosts cannot be performed in the human.  
Human ES cells have been derived from morula, later blastocyst embryos (Stojkovic et al., 
2004; Strelchenko et al., 2004), single blastomeres (Klimanskaya et al., 2006), and 
parthenogenetic embryos (Lin et al., 2007). 
Previous reports suggest that the success rate in deriving hES cell lines is highly dependent 
on the quality of recovered blastocysts, isolation condition used and technical expertise 
(Pera et al., 2000; Mitalipova et al., 2003).  
ES cell lines are usually derived by immunosurgery. In this process the trophoblast layer of 
the blastocyst is selectively removed, and the intact inner cell mass is further cultured on 
MEFs (Amit and Itskovitz-Eldor, 2002). Although the cloning efficiency of the hES cells was 
relatively poor, a several fold increase was observed when serum-free medium 
supplemented with basic fibroblast growth factor (βFGF) was used (Amit et al., 2000). 

5. Maintenance of human embryonic stem cells 
Mechanical and enzymatic transfer methods are used to maintain hES cell lines (Oh et al., 
2005). The mechanical transfer method is laborious and time-consuming, although remains 
an efficient technique for the transfer of undifferentiated hES cells and results in similar 
clump sizes. The enzymatic transfer method is used when the bulk production of cells are 
required for various experiments and results in the more rapid growth and larger 
production of hES cells. 
However, the cell clumps vary in size, and there is a higher probability that both differentiated 
and undifferentiated cell will be transferred. In the case of passaging more differentiated 
colonies, a combination of both methods allows mass production of hES cells by excluding 
differentiated colonies from passage by manual selection prior to enzyme treatment.  
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Another limiting factor relating to cell culture systems is that hES cells still require the 
presence of feeder layer. In fact, feeder-free system for hES cell culture is required if hES cell 
cultures are to become clinical-grade, since the use of animal feeders and/or ingredients for 
growth of hES cells limits the large-scale culture and medical applicability of hES cells. At 
present, feeder-free systems are not optimal for the derivation and growth of clinical-grade 
hES cell lines since the presence of animal ingredient carriers the potential risk for the cross-
transfer of different infectious agents. In fact, it has been reported that hES cells embryoid 
body can incorporate the N-glycolylneuraminic acid (Neu5Gc) from MEFs or from 
conditioned medium, which resulted in an immune response (Martin et al., 2005).  
The first attempt to produced feeder-free cultures of hES cells was reported by Xu et al. (Xu 
et al., 2001). They propaged hES cells using Matrigel, an animal based extracellular matrix 
(ECM) preparation, or laminin substrates in medium conditioned by MEFs. This system 
enabled the long term propagation of the stem cell phenotype, with strong suppression of 
spontaneous differentiation even at high passages (Carpenter et al., 2001). 
In 2005, Prowse et al. identified 102 proteins from conditioned medium of human neonatal 
fibroblasts which provide invaluable information regarding the factors that may help 
maintain hES cells (Prowse et al., 2005).  
The growth factor, ActivinA, paracrinely secreted by MEFs, is capable of supporting the 
growth of hES cells on laminin coated dishes for more 20 passages without the need for 
feeder layers (Beattie et al., 2005). Sato et al. (2004) suggest that Wnt signalling modulation 
can help to support  the growth of hES cells cultures short-term and maintain their capacity 
to express some stem cell markers in the absence of a feeder cell layer (Sato et al., 2004). 
Another study demonstrated that noggin (BMP antagonist) combined with high βFGF 
concentrations in medium support the long term proliferation of undifferentiated hES cells 
in the absence of feeder cells and/or conditioned medium. However in this case Matrigel 
coated dishes were used, but this represent a problem for potential medical application of 
hES cells because xenogeneic pathogens can be transmitted through culture conditions 
(Wang et al., 2005; Xu et al., 2005). 
Moreover, it has been reported that the combination of FGF2, TGFβ, LIF and a proprietary 
serum replacer can achieve serum-free, feeder-free maintenance of hES cells when cultured 
on fibronectin ECM (Amit et al., 2004). 
The establishment of feeder-free system for the culture of hES cells is critical for genetic 
manipulation. In fact, homologous recombination could be used as a tool for the repair of 
specific gene defects in stem cell lines derived from patients suffering disease. 

6. Comparison between human and mouse ES cells 
Many of the differences between mouse and human ES cells are only beginning to be 
elucidated, yet it has already been demonstrated that mouse and human ES cells differ in 
respect to cell surface markers, with human ES cells expressing the stage specific antigens 
SSEA-3 and SSEA-4, the glycoproteins TRA-1-60 and TRA-1-81, and GCTM-2, none of which 
are detected in the mouse. In contrast, mouse ES cells express SSEA-1, which remain 
undetected within human ES cultures. Moreover human ES cells are insensitive to the 
differentiation suppressing effects of LIF pathway (Thomson et al., 1998; Reubinoff et al., 2000). 
However, there remain many similarities between human and murine ES cell populations. 
ES cells are derived from both species using very similar protocols, and same aspects of their 
propagation, such as the ability of MEFs to support their growth in an undifferentiated state 
remain almost identical (Fig. 3). Furthermore, human and mouse ES cells possess similar 
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Activin/nodal signaling contributes to promote the growth of ES cells (Ying et al., 2003; 
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required for various experiments and results in the more rapid growth and larger 
production of hES cells. 
However, the cell clumps vary in size, and there is a higher probability that both differentiated 
and undifferentiated cell will be transferred. In the case of passaging more differentiated 
colonies, a combination of both methods allows mass production of hES cells by excluding 
differentiated colonies from passage by manual selection prior to enzyme treatment.  
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properties of spontaneous differentiation and expression of the pluripotent-associated 
transcription factor Oct-4. 
 

 
Fig. 3. Phase contrast microscopy images of mouse (A) and human (B) embryonic stem cells 
on mouse embryonic fibroblast 

7. Differentiation of mouse embryonic stem cells in vitro 
In the absence of feeder cells and anti-differentiating agents such as LIF, mouse ES cells 
spontaneously differentiate and, under appropriate conditions, generate progeny consisting 
of derivatives of the three embryonic germ layer: mesoderm, endoderm, and ectoderm 
(Keller, 1995; Smith, 2001). 
Mesoderm derived lineages include the hematopoietic, vascular, and cardiac. Endoderm 
derivatives include pancreatic β  cell and hepatocytes.  Ectoderm differentiation of mouse ES 
cells is well established, as numerous studies have documented and characterized 
neuroectoderm commitment and neural differentiation. 
Three general approaches are used to initiate ES cell differentiation. With the first method, 
the hanging drop method (Fig. 4), ES cells are allowed to aggregate and form three 
dimensional colonies known as embryoid bodies (EBs) (Doetschman et al., 1985; Keller, 
1995). In the second method, ES cells are cultured directly on stromal cells, and 
differentiation takes place in contact with these cells (Nakano et al., 1994). The third protocol 
involves differentiating ES cells in a monolayer on extracellular matrix proteins (Nishikawa 
et al., 1998) or in presence of specific differentiation medium (Takahashi et al., 2003; Fico et 
al., 2008). 

7.1 Cardiac differentiation  
The development of the cardiac lineage in ES cell differentiation cultures is easily detected 
by the appearance of areas of contracting cells that display characteristics of 
cardiomyocytes. Development of the cardiomyocyte lineage progresses through distinct 
stages that are similar to development of the lineage in vivo. An ordered pattern of 
expression of cardiac genes is observed in the differentiation cultures, with expression of the 
transcription factors gata-4 and nkx2.5 that are required for lineage development preceding 
the expression of genes such as atrial natriuretic protein (ANP), myosin light chain (MLC)-2v, -
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myosin heavy chain (-MHC), β-myosin heavy chain (β-MHC), and connexin 43 that are 
indicative of distinct maturation stages within the developing organ in vivo (Hescheler et al., 
1997; Boheler et al., 2002). Several different studies have begun to investigate the 
mechanisms regulating the development of the cardiac lineage in ES cell differentiation 
cultures. It has been demonstrated that the EGF-CFC factor Cripto, known to be essential for 
development in vivo (Ding et al., 1998; Xu et al., 1999), plays a pivotal role in differentiation 
of ES cells to the cardiac lineage, in fact, Cripto-/- ES cells display a deficiency in generating 
cardiomyocytes (Parisi et al., 2003). Notch signaling also plays a role in cardiac development 
from ES cells (Schroeder et al., 2003), in fact ES cells lacking a downstream signalling 
molecule of all Notch (Jk) generate more cardiac cells than wild type ES cells (Keller, 2005). 
However, in this case, inhibition of the pathway appears to be important for cardiac 
differentiation. Other factors, including BMP2 and FGF2 (Kawai et al., 2004) as well as nitric 
oxide (Kanno et al., 2004) and ascorbic acid (Takahashi et al., 2003), have been shown to 
promote or improve cardiomyocyte differentiation in ES cell cultures. 
 

 
Fig. 4. Schematic rappresentation of method used to form embryoid bodies. This method is 
generally used to induce ES cells differentiation into cardiomyocytes or, adding retinoic 
acid, into neurons. MF-20 specific marker of cardiac cells, bIIITubulin (bIIITub) specific 
neural marker, DAPI nuclear marker 

7.2 Primitive and definitive hematopoiesis 
ES cells undergo hematopoietic differentiation in optimized culture conditions following 
serum induction (Keller, 1995). Gene expression and progenitor cell analysis revealed that 
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the differentiation program in these cultures closely parallels that in the early embryo, 
progressing through a primitive streak stage, to mesoderm, and subsequently to a yolk sac-
like hematopoietic program. Detailed analysis of these early stages led to the identification 
of the hemangioblast, a progenitor that displays hematopoietic and vascular potential (Choi 
et al., 1998). After the hemangioblast appears, primitive erythroid progenitors develop in ES 
cells cultures, establishing the primitive erythropoiesis phase of hematopoiesis. In addition 
to primitive erythrocytes, other progenitors including those of the macrophage, definitive 
erythroid, megakaryocyte, and mast cell lineages develop in the differentiation cultures with 
a kinetic pattern similar to that observed in the yolk sac (Murry and Keller, 2008).  
However, despite extensive efforts, to induce the formation of transplantable hematopoietic 
stem cells (HSCs) the development of HSCs from ESCs remains a challenge, which may 
reflect the complexities of embryonic hematopoietic development where different 
hematopoietic programs are generated at different times from different embryonic sites 
(Murry and Keller, 2008). 

7.3 Endoderm differentiation 
The generation of endoderm derivatives, in particular pancreatic β-cells and hepatocytes, 
has become the focus of many investigators in the field of ES cell biology. The interest in the 
efficient and reproducible development of these cell types derives from their clinical 
potential for the treatment of Type I diabetes and liver disease, respectively (Keller, 2005). 
Several genes used as markers of definitive endoderm (Foxa2, Gata4, and Sox17) (Arceci et 
al., 1993; Monaghan et al., 1993; Sasaki and Hogan, 1993; Laverriere et al., 1994; Kanai-
Azuma et al., 2002), early liver (a-fetoprotein and albumin) (Dziadek and Adamson, 1978; 
Meehan et al., 1984; Sellem et al., 1984), and early pancreas (Pdx1 and insulin) (McGrath and 
Palis, 1997) development are also expressed by visceral endoderm, a population of 
extraembryonic endoderm. Given the overlapping expression patterns, it can be difficult to 
distinguish definitive and extraembryonic endoderm in the ES cell differentiation cultures. 
Another problem encountered in endoderm differentiation from ES cells is the lack of 
specific inducers of this lineage.  
It has been investigated the potential of ES cells to differentiate into endoderm derivatives and 
developed two different protocols that promote the generation of these cell types (Kubo et al., 
2004). The first is a restricted exposure of the EBs to serum followed by a period of serum-free 
culture, and the second is induction with Activin A in the absence of serum. Endoderm 
development was quantified based on the proportion of cells that expressed Foxa2, a 
transcription factor found in the earliest stages of definitive endoderm development 
(Monaghan et al., 1993; Sasaki and Hogan, 1993). All of the Foxa2+ cells that developed in 
these cultures also expressed the primitive streak marker brachyury, a gene that is not 
expressed in visceral endoderm. This observation strongly suggests that the Foxa2+ cells 
represented definitive endoderm. Based on the number of Foxa2+ cells, the Activin A protocol 
was found to be the most efficient as >50% of the total population in these cultures expressed 
this protein, in fact, low level of Activin A promote a mesoderm fate, and high levels of 
Activin A induced the formation of endoderm cells (Green et al., 1992; Hudson et al., 1997). 
In 2009 Borowiak et al. identified two potent small molecules, IDE1 and IDE2, that can direct 
mouse ES cell differentiation such that 70%–80% of cells are endoderm cells. This efficiency 
of induction compares favorably with published protocols employing TGF-β family 
members, e.g., Activin A or Nodal, which produce about 45% endoderm. The application of 
small molecules to differentiate mouse and human ES cells into endoderm represents a step 
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toward achieving a reproducible and efficient production of desired ES cell derivatives 
(Borowiak et al., 2009). 

7.4 Neural differentiation 
Several different protocols have evolved to promote neuroectoderm differentiation. The 
various approaches include (1) treatment of serum-stimulated EBs with retinoic acid (Bain et 
al., 1995), (2) sequential culture of EBs in serum followed by serum-free medium (Okabe et 
al., 1996), (3) differentiation of ES cells as a monolayer in serum-free medium (Tropepe et al., 
2001; Ying et al., 2003; Fico et al., 2008), and (4) differentiation of ES cells directly on stromal 
cells in the absence of serum (Kawasaki et al., 2000; Barberi et al., 2003). As with the 
mesoderm and endoderm lineages, development of the ectoderm lineages in the ES 
differentiation cultures appears to recapitulate their development in the early embryo 
(Barberi et al., 2003). In vitro it is possible to form the three major neural cell types: neurons, 
astrocytes and oligodendrocytes. 
The protocols for differentiation to specific types of neurons have included the sequential 
combination of regulators that are known to play a role in the establishment of these 
lineages in the early embryo. For instance, midbrain dopaminergic neurons have been 
generated in the EB system by overexpression in the cells of the transcription factor nuclear-
receptor-related factor1 (Nurr1), and the addition to the cultures of sonic hedgehog (SHH) 
and FGF8 (Kim et al., 2002). Nurr1, SHH, and FGF8 are required for the development of this 
class of neurons in the early embryo (Ye et al., 1998; Simon et al., 2003). Other studies have 
demonstrated the development of cholinergic, serotonergic, and GABAergic neurons in 
addition to dopaminergic neurons, when differentiated on MS5 stromal cells in the presence 
of different combinations of cytokines (Barberi et al., 2003). Using the coculture approach 
together with the appropriate signaling molecules and selection steps, cells that display 
many of the characteristics of motor neurons has been successfully generated (Wichterle et 
al., 2002).  
When cultured at low density in serum-free medium in the presence of LIF, ES cells generate 
a population that has been called primitive neural stem cells (Tropepe et al., 2001). These cells 
have been characterized by their ability to generate neurosphere-like colonies composed of 
cells that express the neural precursor cell marker, nestin (Lendahl et al., 1990). When 
cultured on a matrigel substrate in the presence of low amounts of serum, cells within these 
colonies generated neurons, astrocytes, and oligodendrocytes. In 2008, Fico et al. established a 
one-step protocol that allowed differenziation of mouse ES cells into a highly enriched 
population of neuronal cells, simply by culturing them on gelatin-coated dishes in a 
chemically defined serum-free medium. This differentiation method is able to generate a 
wide range of neural subtypes and glial cells from mouse ES cells (Fico et al., 2008).  
The ability to generate different types of neurons from ES cells has dramatically raised the 
interest in repair of nervous system disorders by cell replacement therapy. 

8. Human embryonic stem cells differentiation 
Human embryonic stem cells are characterized by their ability to proliferate in the 
undifferentiated state in culture for a prolonged period, and by their capacity to differentiate 
into derivatives of all three germ layers. A variety of studies have described in vitro 
spontaneous and directed differentiation of hES cells into different lineages: cardiomyocytes 
(Kehat et al., 2001; Xu et al., 2002), neurons and glia (Carpenter et al., 2001; Reubinoff et al., 
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8. Human embryonic stem cells differentiation 
Human embryonic stem cells are characterized by their ability to proliferate in the 
undifferentiated state in culture for a prolonged period, and by their capacity to differentiate 
into derivatives of all three germ layers. A variety of studies have described in vitro 
spontaneous and directed differentiation of hES cells into different lineages: cardiomyocytes 
(Kehat et al., 2001; Xu et al., 2002), neurons and glia (Carpenter et al., 2001; Reubinoff et al., 
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2001), endothelial cells (Levenberg et al., 2002), hematopoietic precursors (Kaufman et al., 
2001), trophoblast, and hepatocyte-like cells (Rambhatla et al., 2003). The most common 
method used for in vitro differentiation is to remove the hES cells from the feeder layer and 
culture in suspension in absence of MEFs. Following culturing in suspension, hES cells 
aggregate into EBs (Itskovitz-Eldor et al., 2000). The aggregation process itself triggers initial 
cell differentiation. It is thought that the EBs consist of derivatives of all three germ layers, 
which interact and cross-induce each other, resulting in complex differentiation into the 
various lineages. This process is considered to recapitulate early embryonic development 
from the blastocyst stage to the egg-cylinder stage. 

8.1 Cardiac differentiation 
In order to generate a cardiomyocyte-differentiating system from the hES cells, small 
clumps of 3–20 cells were grown in suspension for 8 days (Amit et al., 2000). The EBs were 
then plated on gelatin-coated culture dishes and observed microscopically for the 
appearance of spontaneous contraction. Rhythmically contracting areas appeared at 6 to 12 
days after plating. Cells isolated from the beating areas expressed cardiac-specific structural 
genes, such as cardiac troponin I and brachyury (T), atrial natriuretic peptide (ANP), atrial 
and ventricular myosin light chains (MLCs). Immunostaining studies demonstrated the 
presence of the cardiac-specific sarcomeric proteins myosin heavy chain, -actinin, desmin, 
and cardiac troponin I, as well as ANP (Kehat et al., 2001).  
Cardiomyocyte differentiation can be enhanced in the mouse ES cell system following the 
addition of differentiation factors including, dimethyl sulfoxide (DMSO), retinoic acid (RA), 
and small molecoles. Addition of the demethylating agent 5-aza-2’-deoxycytidine to EB 
cultures has also been shown to be effective for mouse ES cell and human ES cell 
differentiation into cadiomyocytes. In contrast, RA in hES cells did not induce a higher 
proportion of cardiomyocytes in vitro (Schuldiner et al., 2000). An alternative method for 
deriving cardiomyocytes has been achieved following the coculture of pluripotent hES cell 
lines with END-2 cells (visceral-endoderm-like cell lines) (Mummery et al., 2003). 

8.2 Hematopoietic differentiation 
Several studies have documented hematopoietic development of hES cells using different 
induction schemes (Murry and Keller, 2008). As observed in the mouse system, the 
predominant population generated during the first 7–10 days of hES cell differentiation is 
primitive erythroid progenitors, indicating that the equivalent of yolk-sac hematopoiesis 
develops first in these cultures (Zambidis et al., 2005; Kennedy et al., 2007). As observed 
with mouse ES cell and the mouse embryo, the onset of hematopoiesis in hES cell cultures is 
marked by development of the hemangioblast between days 2 and 4 of differentiation, prior 
to establishment of the primitive erythroid lineage (Kennedy et al., 2007; Lu et al., 2007; 
Davis et al., 2008) 

8.3 Neural differentiation 
In 2001, Reubinoff and Zhang highlighted the potential of hES cells to generated neural cells 
(Reubinoff et al., 2001; Zhang et al., 2001). Zhang et al. have combined the techniques which 
were initially developed for the neural differentiation of mouse ES cells and adapted these 
to produce human neural stem cells. This occurs via a successive stepwise approach, which 
consists of inducing the formation of EBs and from these generating neural rosettes, which 
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are proliferating structures that mimic neural tube formation. Rosettes are subsequently 
harvested by selective dissociation and are cultured as free-floating aggregates of neural 
precursors, capable of generating neurons and glia (Zhang et al., 2001).  
Reubinoff demonstrated that neural differentiation was induced by overgrowth of 
undifferentiated ES cells. Maintaining hES cells in culture without passage or replenishing 
feeder cells led to spontaneous neural differentiation within a heterogeneous population of 
hES cell progeny. Individual clusters of presumptive neural progenitors were identified by 
phase contrast microscopy and manually transferred onto uncoated dishes. Following 
culture in defined medium supplemented with βFGF and epidermal growth factor (EGF), 
these cells formed aggregates highly enriched with neural precursor cells. After withdrawal 
of βFGF and EGF, downregulation of nestin and mash-1 is followed by upregulated 
expression of neuron-specific NFM, synaptophysin, Nurr1, and tyrosine hydroxylase (TH) 
genes. A decreased formation of nestin-positive cells is assimilated with an increased 
number of neuronal cells expressing neuron-specific protein. Mature neuronal cells are 
evidenced by the production of neurotransmitters such as dopamine, serotonin, GABA, and 
glutamate. These results suggest that in presence of neuronal differentiation factors, such as 
retinoic acid, FGF4, FGF8, or βFGF, hES-derived cells, led to the enrichment of cholinergic, 
serotinergic, dopaminergic and GABAergic neurons, respectively (Okabe et al., 1996; Lee et 
al., 2000; Rolletschek et al., 2001; Barberi et al., 2003). 
Li et al. (2005) differentiated hES cells into spinal motoneurons using retinoic acid and in the 
presence of SHH (Li et al., 2005). 

8.4 Pancreatic β -islet cells 
1–3% of cells within 60–70% of human EBs produced from hES cells have been observed to 
stain positively for insulin (Assady et al., 2001).  
A modification of Lumelskey and colleagues (2001) method resulted in the production of 
insulin-secreting cells derived from hES cells (Lumelsky et al., 2001). This was achieved 
following an additional step of culture including, a lowering of the glucose concentration in 
the medium, removal of βFGF and addition of nicotinamide. Dissociating the cells and 
growing them in suspension resulted in the formation of clusters, which secreted higher 
levels of insulin than their in vivo counterparts and could be maintained in vitro. These cells 
expressed pancreatic genes and following immunofluorescence and in situ hybridization 
studies, it was confirmed that a high percentage of insulin-expressing cells were located 
within these cell clusters (Segev et al., 2004). 

9. A new age for ES cells: induced pluripotent stem cells 
Takahashi and Yamanaka recently achieved a significant breakthrough in reprogramming 
somatic cells back to an ES like state (Takahashi and Yamanaka, 2006). They successfully 
reprogrammed mouse embryonic fibroblasts and adult fibroblasts to pluripotent ES-like 
cells after viral-mediated transduction of the four transcription factors Oct4, Sox2, c-myc 
and Klf4 followed by selection for activation of the Oct4 target gene Fbx15. Cells that had 
activated Fbx15 were designated with a coined expression “induced pluripotent stem” (iPS) 
cells. These cells were shown to be pluripotent by their ability to form teratomas although 
they were unable to generate live chimeras. In subsequent experiments when activation of 
the endogenous Oct4 or Nanog genes was used as a more stringent selection criterion for 
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pluripotency, the resulting Oct4-iPS or Nanog-iPS cells, in contrast to Fbx15-iPS cells, were 
fully reprogrammed to a pluripotent ES cell state by molecular and biological criteria 
(Maherali et al., 2007; Wernig et al., 2007). Shortly after the reprogramming of mouse cells 
had been achieved the generation of iPS cells from human fibroblasts was reported 
(Takahashi et al., 2007; Yu et al., 2007). 
While genetic experiments have established that Oct4 and Sox2 are essential for 
pluripotency (Chambers and Smith, 2004), the role of the two oncogenes, c-myc and Klf4, in 
reprogramming is less clear. Some of these oncogenes may, in fact, be dispensable for 
reprogramming as both mouse and human iPS cells have been obtained in the absence of c-
myc transduction, although with low efficiency (Nakagawa et al., 2008; Wernig et al., 2008). 
One of the promises of patient-specific ES cells is the potential for customized therapy of 
diseases. Previous studies have shown that disease-specific ES cells produced by nuclear 
cloning in combination with gene correction can be used to correct an immunologic disorder 
in a proof-of-principle experiment in mice (Rideout et al., 2002). In a similar approach, by 
using a humanized sickle cell anemia mouse model, it has been shown that mice can be 
rescued after transplantation with hematopoietic progenitors obtained in vitro from 
autologous iPS cells (Hanna et al., 2007).  Finally, it has been shown that iPS cells can be 
efficiently differentiated into neural precursor cells giving rise to neuronal and glial cell 
types in culture. Neural precursors derived from iPS cell were able to improve behaviour in 
a rat model of Parkinson’s disease upon transplantation into the adult brain demonstrating 
the therapeutic potential of directly reprogrammed fibroblasts for neuronal cell replacement 
in an animal model (Wernig et al., 2008; Jaenisch, 2009). 

10. Conclusion 
Embryonic stem cells represent a powerful tool for future regenerative medicine due to their 
capacity of self-renewal and pluripotency. Studies in animal models have shown that 
transplantation of fetal stem cell, ES cells, or pluripotent stem cell derivatives can 
successfully treat many chronic diseases, such as Parkinson’s disease, diabetes,  traumatic 
spinal cord injury, Purkinje cell degeneration, Duchenne’s muscular dystrophy, liver or 
heart failure, and osteogenesis imperfecta (Zhang et al., 1996; Horwitz et al., 1999; 
McDonald et al., 1999; Kobayashi et al., 2000; Li et al., 2000; Soria et al., 2000; Kim et al., 
2002). 
Almost every day there are reports in the media of new stem cell therapies. There is no 
doubt that stem cells have the potential to treat many human afflictions, including ageing, 
cancer, diabetes, blindness and neurodegeneration. In January 2009, the US Food and Drug 
Administration approved the first clinical trial involving human ES cells, just over 10 years 
after they were first isolated. In this trial, the safety of ES cell-derived oligodendrocytes in 
repair of spinal cord injury will be evaluated. Nevertheless, one of the attractions of 
transplanting iPS cells is that the patient’s own cells can be used, obviating the need for 
immunosuppression (Watt and Driskell, 2010). 
Adult tissue stem cells, ES cells and iPS cells can all be used to screen for compounds that 
stimulate selfrenewal or promote specific differentiation programmes. Finding drugs that 
selectively target cancer stem cells offers the potential to develop cancer treatments that are 
not only more effective, but also cause less collateral damage to the patient’s normal tissues 
than drugs currently in use (Watt and Driskell, 2010). 
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1. Introduction 
The intention of this chapter is to provide an overview of mouse embryonic stem cells, 
presenting useful and practical advice to those working in this field, including some 
personal experience of the authors in this topic. 
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Fig. 1. Origin of mouse embryonic stem cells 
In mammals, the fertilized oocyte generates a complex organism containing about 200 types 
of specialized somatic cells (Wobus, 2001). The zygote is considered the first entity of life 
and has the ability to produce an entire organism. This property, known as totipotency, is 
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maintained until morula stage (Wobus and Boheler, 2005). By the time the embryo reaches 
blastocysts stage, at 3.5 days post coitum (dpc), it gets through its first differentiation giving 
rise to two well-defined cell populations, the trophoectoderm (TE) and the inner cell mass 
(ICM). The TE is an epithelial monolayer of cells externally located responsible for the foetal 
portion of the placenta and enclosures a hollowed fluid-filled cavity called blastocoele 
which contains the ICM, a compacted group of cells known to be the source of stem cells. 
The ICM will in turn originate every part of the embryo along with extraembryonic 
membranes like the allantois and the amnion. Before implantation occurs, the primitive 
endoderm differentiates on the blastocoelic surface of the ICM, producing the endoderm 
layer of the yolk sac (Fig.1) (Rossant, 2001; Sherman, 1975a). 

2. First attempts to isolate pluripotent cells 
Some decades ago, researchers used to think that the uterus emitted signals which triggered 
various events responsible for the differentiation of the embryo. Early efforts to investigate 
this matter involved removing embryos from the mice female tract prior to implantation 
and reimplanting them in a variety of foreign sites. Some of these experiments were 
successful and suggested that differentiation of a number of embryonic cell types could be 
carried out outside the uterus demonstrating that these events do not necessarily depend on 
the maternal environment. Posterior efforts were made to achieve proper conditions for the 
establishment of blastocysts culture. Short-term blastocysts culture was achieved by some 
researchers from 1965 to 1966 (Gwatkin, 1966; Cole and Paul, 1965). These authors reported 
that the trophoectoderm layer developed into giant cells resembling the in vivo trophoblast, 
but the ICM failed to proliferate or even survive beyond a few days, but in some isolated 
cases a limited proliferation of ICM cells in 5-20% of the blastocysts cultured was obtained 
(Sherman, 1975a). 
The first success at long-term culture of mouse blastocysts was reported in 1975 by Sherman 
(Sherman, 1975b), who was able to grow trophoblast cells and even ICM cells in culture for 
several months. A cell line from these cells was obtained, but it was poorly tumorigenic, and 
when tumours were produced, they showed a low degree of differentiation. Moreover, 
blastocyst-derived cell lines did not possess stable diploid chromosome number and they 
eventually became hypotetraploid (Sherman, 1975a).  
The first pluripotent cell lines to be established were embryonal carcinoma cell (ECC) lines, 
derived from the undifferentiated compartment of murine and human germ cell tumours. 
These cells shared morphological, biochemical and immunological properties with 
pluripotent embryonic stem cells. In some cases, these properties included the ability to 
differentiate in vitro into derivatives of the three germ layers: endoderm, mesoderm and 
ectoderm, similarly to the isolated embryonic inner cell mass (ICM). The stem cells taken 
from these lines could participate in the development of completely normal adult mice 
when injected into blastocyst-stage embryos (Martin, 1981). However, ECCs showed 
chromosomal aberrations, they also lost their ability to differentiate and chemical inducers 
were necessary to trigger differentiation under in vitro conditions. Another disadvantage 
was the fact that ECCs sporadically colonized the germ cell line when performing the 
blastocyst injection technique. These data suggested that ECCs did not retain the 
pluripotency shown by early embryonic cells. It was necessary then, to find a proper source 
of stable pluripotent cells destined to a diversity of applications (Rippon and Bishop, 2004; 
Wobus and Boheler, 2005). 
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In 1981, Evans and Kaufman successfully isolated pluripotent cells of pre-implantation 
embryos from 129 SvE strain mice, obtaining a line with normal karyotype, capable of 
producing teratocarcinomas and forming embryoid bodies (EBs) which eventually, 
differentiated into a complex of tissues. The authors termed these cells “EK”, to distinguish 
them from ECCs, of similar properties (Evans and Kaufman, 1981). A few months later, 
Martin published his results about the establishment of a pluripotent cell line derived from 
the isolated ICM of mouse embryos cultured in presence of ECC conditioned medium. 
These cells showed all the essential features of teratocarcinoma stem cells. These results lead 
to researchers to think that the medium conditioned by teratocarcinoma stem cells owned a 
factor, perhaps identical to a normal endogenous embryonic growth factor, capable of 
stimulating the proliferation of a small population of pluripotent cells in the normal embryo. 
The term “embryonic stem cell” (ESC) was introduced by Martin to denote the origin of 
these cells from embryos and to make a distinction from the ECC derived from 
teratocarcinomas (Martin, 1981). 
In 1984, Wobus et al. reproduced some experiments with mouse embryonic stem cells 
(mESCs) demonstrating its requirements of a fresh and good quality feeder layer of murine 
embryonic fibroblasts (MEFs), since long-term culture without its presence was not possible. 
In this work, the authors also proved that these cells express high alkaline phosphatase 
activity (Wobus et al., 1984). 

3. Considerations at the moment of working with mESCs  
There are several factors to consider for successful isolation and maintenance of good 
quality ESCs, such as the culture media employed, the reagents used for supplementation 
and the feeder cells, among others. 
Supplements for the culture medium are very important for the establishment of mESCs, 
and the leukaemia inhibitory factor (LIF) is known to be essential (Deacon et al., 1998). 
Maintenance of the stem cell phenotype in vitro requires the presence of a feeder layer of 
fibroblasts or a soluble factor with a differentiation inhibitory activity (DIA). In the absence 
of DIA the embryonic stem cells differentiate into a wide range of cell types. In 1988, 
Williams et al. purified the myeloid leukaemia inhibitory factor, a haematopoietic regulator, 
which shows several similarities with DIA (Smith et al., 1988; Williams et al., 1988), and 
could substitute it in the conservation of pluripotent ESCs lines. These authors assayed 
different ESCs lines for their performance under the presence of LIF and noted that the 
proportion of mESCs colonies having a stem cell phenotype was related to the concentration 
of LIF in the culture (Williams et al., 1988). The examination of ESCs over a range of LIF 
concentrations has demonstrated that supplementation of ESC medium with LIF had little 
effect on growth rates, but it significantly diminished the probability of cells to undergo 
differentiation (Zandstra et al., 2000). Apparently, the volume of LIF necessary for the 
efficient derivation of mESCs is influenced by genetic diversity (Baharvand and Matthaei, 
2004; Tanimoto et al., 2008). 
The leukaemia inhibitory factor is a secreted polypeptide cytokine that inhibits the 
spontaneous differentiation of ESCs and is produced by both, MEFs and STO cells. Mouse 
ESCs can be cultured without feeder cells in gelatine-coated plates when medium is 
supplemented with purified LIF. Under such conditions, mESCs may go through a “crisis” 
in which colonies flatten and differentiation begins at the edges of the colony. After a few 
passages, a good morphology may appear and sublines from these cells can be derived with 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

26 

maintained until morula stage (Wobus and Boheler, 2005). By the time the embryo reaches 
blastocysts stage, at 3.5 days post coitum (dpc), it gets through its first differentiation giving 
rise to two well-defined cell populations, the trophoectoderm (TE) and the inner cell mass 
(ICM). The TE is an epithelial monolayer of cells externally located responsible for the foetal 
portion of the placenta and enclosures a hollowed fluid-filled cavity called blastocoele 
which contains the ICM, a compacted group of cells known to be the source of stem cells. 
The ICM will in turn originate every part of the embryo along with extraembryonic 
membranes like the allantois and the amnion. Before implantation occurs, the primitive 
endoderm differentiates on the blastocoelic surface of the ICM, producing the endoderm 
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normal morphology under these circumstances. However, since MEF and STO cells are 
probably secreting other factors, besides LIF, that enhance the survival or growth of ESCs, 
most laboratories continue to use feeder cells and medium supplemented with LIF (Nagy et 
al., 2003).  
The culture media used for the establishment of ESCs usually contain serum, which includes 
various unknown substrates that affect cell viability and properties (Lee et al., 2006). Foetal 
bovine serum (FBS) is a vital supplement, but contains a variety of pro-differentiation 
factors which can affect the propagation of undifferentiated ESCs (Bryja et al., 2006; 
Tanimoto et al., 2008). These factors potentially generate heterogeneity in ESCs cultures, 
which results in differential responses of individual stem cells batches to the same culture 
environment and differentiation signals. For this reason many researchers have decided to 
introduce a synthetic serum (KoSR, knockout serum replacement) in their protocols to 
substitute FBS. It is known that KoSR does not contain any undefined growth factors or 
differentiation promoting factors. Therefore, the use of this serum instead of FBS eliminates 
some of the variability of the ESCs establishment system (Lee et al., 2006). 
According to Lee et al. partial or whole replacement of FBS with KoSR not only suppresses 
ICM cell differentiation but also enhances colony formation. These results imply that FBS 
replacement reduces or eliminates the differentiation factors from the culture environment, 
which might be included in the FBS. Moreover, KoSR may contain a factor that promotes 
ICM cell proliferation and results in efficiency colony formation as shown by Tanimoto et al. 
who obtained a higher rate of ES-like colony generation when ES medium was 
supplemented with KoSR (Lee et al., 2006; Tanimoto et al., 2008). 
Bryja et al. observed that ES medium containing KoSR did not support growth of 
trophoblast cells. It seems that the slower growth and increased degeneration of 
trophoblastic cells can be an important factor favouring growth of ESCs within the 
blastocyst, and this synthetic serum appears to selectively favour the growth of embryonic 
stem cells at the expense of other cell types within the blastocyst (Bryja et al., 2006). 
Apparently, mESCs cultured under KoSR show low Erk kinase activation. Some 
experiments have shown that loss of Erk2 suppresses differentiation in embryonic stem 
cells. Erk inhibition was reported to allow the derivation of mESCs even from non-
permissive mouse strains, and one possibility is that KoSR maintains the activity of this 
enzyme at low levels, facilitating mES cells isolation (Bryja et al., 2006; Buehr and Smith, 
2003; Masui, 2010).  
Some authors have attempted supplementation of ES medium with a FBS-KoSR mixture in 
different ratios to improve the isolation and the subsequent establishment of ESCs (Lee et 
al., 2006; Tanimoto et al., 2008). However, culture in ES medium without complete or partial 
FBS replacement do not always support ESCs derivation, but could be beneficial to increase 
cell growth rate of the colonies already established, while preserving the stemness state 
(Fagundez et al., 2009; Lee et al., 2006).  
The use of KoSR could be useful to easily isolate mESCs from cultures of whole blastocyst 
embryos, since it prevents development of trophoblastic cells which tend to colonize the 
culture, avoiding also the application of immunosurgery, a complex technique involving the 
use of cytotoxic antibodies, that is not always efficient at the moment of eliminating all the 
trophoblastic cell population of the embryo (Fagundez et al., 2009; Gardner, 1985). 
The original protocols of mESCs isolation involve the employment of high-glucose DMEM as 
culture medium. In the recent years many researchers have replaced this medium by a 
knockout version (Ko-DMEM), of reduce osmolarity. The difference between DMEM and Ko-
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DMEM in supporting the subculturing of ICM cell-derived colonies probably implies that the 
inorganic salt composition of the basal medium affects ES cell maintenance (Lee et al., 2006).  
Tanaka et al. isolated the ICM of blastocysts by lasser dissection and cultured them under 
the standard culture medium (DMEM + FBS) and a knockout medium (Ko-DMEM + KoSR) 
obtaining a higher efficiency employing the second alternative (17.5% over 1.6%). This 
alternative culture media, also employed by Bryja et al., demonstrated to be suitable for the 
establishment of ESCs lines in a feeder cell-free system. The authors suggested that the 
beneficial effects of this medium may be due to the relatively low osmolarity and the 
absence of differentiating factors present in bovine sera (Tanaka et al., 2006). 
The adrenocorticotropic hormone (ACTH) has been employed by some to improve mESCs 
culture conditions. Ogawa et al. found that small concentrations of ACTH favoured clonal 
propagation of mESCs when added to the medium containing KoSR, and this compound 
was also able to maintain pluripotency of embryonic stem cells during several passages 
(Ogawa et al., 2004). In 2006, Wakayama et al. used the beneficial properties shown by 
ACTH and demonstrated that this factor facilitated the establishment of ESCs lines from 
isolated blastomeres with high success rates (Wakayama et al., 2007). 
One important point to consider when culturing mESCs is that they should be seeded in 
high density in order to favour communication between them; but care should be taken to 
avoid overgrowth, which leads to differentiation. Medium needs to be change daily or when 
it turned yellowish, which indicates acidification. The culture medium should be stored at 
4ºC, protected from the light and employed within the month of preparation. 
When a cell line is obtained from another laboratory, it is advisable to culture them under 
the same conditions that they were derived because medium requirements can vary 
between different ESC lines. Variations in the original protocol could lead to eventual 
alterations of ESCs features. When conditions are not optimal, ESCs will in turn, acquire 
genetic lesions that will compromise their germ-line potential. Suboptimal conditions may 
include insufficient nutrients and growth factors, as well as leaving the cells for too long at 
high density without splitting them, which favours the differentiation into endoderm-like 
cells. To avoid loss of stemness state ESCs should be split every 2-3 days, and it is 
convenient to dissociate the stem cells colonies into single cells, since clumps of cells tend to 
differentiate (Nagy et al., 2003). 
To maintain the undifferentiated state of ESCs, two types of feeder cells are most commonly 
used: primary culture of murine embryonic fibroblasts (MEFs) and STO mouse fibroblasts 
cell line. MEFs are obtained from 14.5-15.5 dpc mouse embryos. As primary cells, they have 
the advantage of being a very potent and reliable source of feeder cells. However, these cells 
show a limited life span in culture and must be replenish continuously from frozen stocks. 
What is more, they show a batch to batch variation, as not all embryos will produce good-
quality fibroblasts (Nagy et al., 2003). Bryja et al. used MEFs from several strains of mice as 
feeder cells for mESCs isolation, but found no difference in their ability to support ESCs 
derivation; but what they did find was that earlier passages of MEFs performed better during 
the ESCs derivation protocols, since later passages of MEFs (P 3-5) showed lower viability and 
as a result, did not support the ESCs derivation as earlier passages (Bryja et al., 2006).  
The STO cells were derived from SIM mice and are a thioguanine- and ouabain- resistant 
subline of fibroblasts. They have been used as a feeder layer for establishing ESCs from 
human, mouse and bovine origin as well as for embryonic germ cells. The advantage of 
using a cell line instead of MEFs for preparing the feeder layer is that these cells are easily 
grown and do not require a lengthy and tedious method to replenish frozen stocks.  
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Feeder cells must be mitotically inactivated before use. This can be achieved in two ways: by 
treatment with Mitomycin C, a substance which crosslinks DNA and blocks cell 
proliferation; or by gamma-irradiation, that avoids the risk of carrying over mitomycin C 
from the feeder layer to the ESCs. The proper radiation dose must be determined in order to 
just arrest feeder cells growth without affecting seriously their viability, as ESCs need the 
growth factors released by fibroblasts (Zhou et al., 2005; Nagy et al., 2003). 
The cells employed as feeder layer should be seeded preferentially 24 hours before use and 
its quality should be checked. Feeder cells are very important to achieve optimal growth 
conditions of ESCs, they should be plated in a good number but not in complete confluence 
(around 80%), so they can spread across the culture plate. 

4. The incidence of genetics 
It is generally accepted that establishment of ESCs is influenced by species, strain within the 
same species and even retrieval methods. Even during the very first attempts to obtain 
mESCs, the strain of mice chosen was considered an important factor involved in the 
successful isolation of these cells (Sherman, 1975a). 
Almost all the mESCs lines in current use have been derived from the 129 strain, known by 
bibliography as the most permissive strain, with a 30% frequency of establishment. The low 
frequency of ES cell production employing other mouse strains compared with the 129 
suggests an undefined genetic difference in this strain, possibly related to the high incidence 
of spontaneous testicular teratomas and teratocarcinomas that presents (Baharvand and 
Matthaei, 2004; Tanimoto et al., 2008). Derivation of ESCs is strongly mouse strain-
dependent, and usually, the efficiency of derivation in strains other than 129 strain does not 
exceed 10% (McWhir et al., 1996). 
Genetic background is very important in several studies using experimental animals and so, 
establishment of mESCs lines from a variety of inbred and mutant mouse strains is desirable 
for wider utilization of ESCs (Kawase et al., 1994). Since the use of aged ESCs lines can lead 
to poor germ-line contribution in chimeras, the isolation of novel mESCs lines is also 
important (Baharvand and Matthaei, 2004).  
Although the genetic background of the strain chosen for the obtaining of mESCs plays an 
important role, the establishment of a line from a particular strain also depends on the 
culture conditions employed. Kawase et al. could establish many ESCs lines from the mouse 
strain C57BL/6, but they had difficulties when it came to obtain lines from Balb-c 
employing the same culture medium. Similarly, Baharvand and Matthaei produced two 
lines from C57BL/6 but needed to use five times the concentration of LIF in the ES medium 
to obtain embryonic stem cells from Balb-c mice (Baharvand and Matthaei, 2004; Kawase et 
al., 1994). In the case of F1 hybrids or mixed hybrid genetic background, the success rate of 
establishing ESCs lines is very high (Nagy et al., 2003). Improving culture conditions, Lee et 
al. obtained mESCs lines from C57BL/6xDBA2 hybrid mice (B6D2F1), outbreed ICR strain 
and parthenogenetically activated embryos employing Ko-DMEM supplemented with a 
mixture of FBS and KoSR (Lee et al., 2006). 

5. Features of mouse embryonic stem cells 
The pluripotency of mESCs is evident from three main characteristics: 1) the cells can be 
injected into blastocysts to produce chimeric animals which carry these cells even at the 
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germ-line level; 2) in vitro aggregation of ESCs leads to EBs formation producing derivatives 
of the three germ layers and; 3) inoculation of these pluripotent cells into immuno-deficient 
mice induces formation of teratomas. 
Mouse ESCs self-renewal can be corroborated by staining the colonies for specific markers, 
such as SSEA-1, Oct4, Nanog or Sox2 (Fig. 2D-F). Presence of alkaline phosphatase activity 
and telomerase can also be measured as an indicator of the stemness state (Fig. 2B). Alkaline 
phosphatase (ALP) is an enzyme of restricted tissue distribution. In the adult mammal it is 
present in most tissues, but high activities are found only in: small intestine, kidney, bone 
and placenta. In the embryo, high activities are more widely distributed and all tissues are 
rich in ALP at early stages of development. It has been seen that high levels of ALP are 
characteristics of ECC, whereas the somatic cells that differentiate from the ALP-rich stem 
cells exhibit low activity (Berstine et al., 1973). In a similar manner, telomerase activity is 
diminished in adult cells but it is upregulated in embryonic stem cells. Telomerase activity 
and telomere maintenance are associated with immortality of cells. As stem cells have 
elongated proliferative capacity, they need a mechanism to maintain telomere length 
through many cell divisions (Hiyama and Hiyama, 2007).  
When mESCs are observed under the light microscope, they are seen as part of spindle to 
round-shape colonies with smooth edges. The colonies are compacted; a feature apparently 
mediated by desmosome-like junctions, being thickened at the centre and thinned out 
towards the periphery (Fig. 2A). These cells grow in a multilayer manner, lack contact 
inhibition and anchorage dependence, and possess big nuclei surrounded by scarce 
cytoplasm, with prominent dark nucleoli (Fig. 2C) (Baharvand and Matthaei, 2003; Wobus 
and Boheler, 2005). 
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Fig. 2. Features of murine embryonic stem cells.  
A) Mouse ESCs colonies; B) ALP staining; C) Mouse ESCs colony stained with hematoxylin-
eosin showing the high nucleus/cytoplasm ratio; D) Expression of the cell surface marker 
SSEA-1; E) Extensions emitted by cells located at the edge of the mESCs colony; F) Nuclear 
staining pattern of Oct4 in mESCs colonies 

Baharvand and Matthaei have brought light into mESCs structure by means of electron 
microscopy analysis. They have seen that the ultrastructural characteristics of mESCs are 
similar to the ICM of mouse blastocysts.  
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Feeder cells must be mitotically inactivated before use. This can be achieved in two ways: by 
treatment with Mitomycin C, a substance which crosslinks DNA and blocks cell 
proliferation; or by gamma-irradiation, that avoids the risk of carrying over mitomycin C 
from the feeder layer to the ESCs. The proper radiation dose must be determined in order to 
just arrest feeder cells growth without affecting seriously their viability, as ESCs need the 
growth factors released by fibroblasts (Zhou et al., 2005; Nagy et al., 2003). 
The cells employed as feeder layer should be seeded preferentially 24 hours before use and 
its quality should be checked. Feeder cells are very important to achieve optimal growth 
conditions of ESCs, they should be plated in a good number but not in complete confluence 
(around 80%), so they can spread across the culture plate. 

4. The incidence of genetics 
It is generally accepted that establishment of ESCs is influenced by species, strain within the 
same species and even retrieval methods. Even during the very first attempts to obtain 
mESCs, the strain of mice chosen was considered an important factor involved in the 
successful isolation of these cells (Sherman, 1975a). 
Almost all the mESCs lines in current use have been derived from the 129 strain, known by 
bibliography as the most permissive strain, with a 30% frequency of establishment. The low 
frequency of ES cell production employing other mouse strains compared with the 129 
suggests an undefined genetic difference in this strain, possibly related to the high incidence 
of spontaneous testicular teratomas and teratocarcinomas that presents (Baharvand and 
Matthaei, 2004; Tanimoto et al., 2008). Derivation of ESCs is strongly mouse strain-
dependent, and usually, the efficiency of derivation in strains other than 129 strain does not 
exceed 10% (McWhir et al., 1996). 
Genetic background is very important in several studies using experimental animals and so, 
establishment of mESCs lines from a variety of inbred and mutant mouse strains is desirable 
for wider utilization of ESCs (Kawase et al., 1994). Since the use of aged ESCs lines can lead 
to poor germ-line contribution in chimeras, the isolation of novel mESCs lines is also 
important (Baharvand and Matthaei, 2004).  
Although the genetic background of the strain chosen for the obtaining of mESCs plays an 
important role, the establishment of a line from a particular strain also depends on the 
culture conditions employed. Kawase et al. could establish many ESCs lines from the mouse 
strain C57BL/6, but they had difficulties when it came to obtain lines from Balb-c 
employing the same culture medium. Similarly, Baharvand and Matthaei produced two 
lines from C57BL/6 but needed to use five times the concentration of LIF in the ES medium 
to obtain embryonic stem cells from Balb-c mice (Baharvand and Matthaei, 2004; Kawase et 
al., 1994). In the case of F1 hybrids or mixed hybrid genetic background, the success rate of 
establishing ESCs lines is very high (Nagy et al., 2003). Improving culture conditions, Lee et 
al. obtained mESCs lines from C57BL/6xDBA2 hybrid mice (B6D2F1), outbreed ICR strain 
and parthenogenetically activated embryos employing Ko-DMEM supplemented with a 
mixture of FBS and KoSR (Lee et al., 2006). 

5. Features of mouse embryonic stem cells 
The pluripotency of mESCs is evident from three main characteristics: 1) the cells can be 
injected into blastocysts to produce chimeric animals which carry these cells even at the 
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germ-line level; 2) in vitro aggregation of ESCs leads to EBs formation producing derivatives 
of the three germ layers and; 3) inoculation of these pluripotent cells into immuno-deficient 
mice induces formation of teratomas. 
Mouse ESCs self-renewal can be corroborated by staining the colonies for specific markers, 
such as SSEA-1, Oct4, Nanog or Sox2 (Fig. 2D-F). Presence of alkaline phosphatase activity 
and telomerase can also be measured as an indicator of the stemness state (Fig. 2B). Alkaline 
phosphatase (ALP) is an enzyme of restricted tissue distribution. In the adult mammal it is 
present in most tissues, but high activities are found only in: small intestine, kidney, bone 
and placenta. In the embryo, high activities are more widely distributed and all tissues are 
rich in ALP at early stages of development. It has been seen that high levels of ALP are 
characteristics of ECC, whereas the somatic cells that differentiate from the ALP-rich stem 
cells exhibit low activity (Berstine et al., 1973). In a similar manner, telomerase activity is 
diminished in adult cells but it is upregulated in embryonic stem cells. Telomerase activity 
and telomere maintenance are associated with immortality of cells. As stem cells have 
elongated proliferative capacity, they need a mechanism to maintain telomere length 
through many cell divisions (Hiyama and Hiyama, 2007).  
When mESCs are observed under the light microscope, they are seen as part of spindle to 
round-shape colonies with smooth edges. The colonies are compacted; a feature apparently 
mediated by desmosome-like junctions, being thickened at the centre and thinned out 
towards the periphery (Fig. 2A). These cells grow in a multilayer manner, lack contact 
inhibition and anchorage dependence, and possess big nuclei surrounded by scarce 
cytoplasm, with prominent dark nucleoli (Fig. 2C) (Baharvand and Matthaei, 2003; Wobus 
and Boheler, 2005). 
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Fig. 2. Features of murine embryonic stem cells.  
A) Mouse ESCs colonies; B) ALP staining; C) Mouse ESCs colony stained with hematoxylin-
eosin showing the high nucleus/cytoplasm ratio; D) Expression of the cell surface marker 
SSEA-1; E) Extensions emitted by cells located at the edge of the mESCs colony; F) Nuclear 
staining pattern of Oct4 in mESCs colonies 

Baharvand and Matthaei have brought light into mESCs structure by means of electron 
microscopy analysis. They have seen that the ultrastructural characteristics of mESCs are 
similar to the ICM of mouse blastocysts.  
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The mESCs cultured on a feeder layer of MEFs were seen well polarized, with its organelles 
in close proximity to the MEFs and some extensions of different length and microvilli 
projected to the feeder cells. Coated vesicles were abundant and were probably related to 
protein absorption. When attention was directed to MEFs, it was seen that they showed 
prominent Golgi complexes, and rough endoplasmic reticulum, which may be indicative of 
increased protein synthesis and secretion. Since MEFs prevent mESCs from differentiating, 
it is assumed that they secrete proteins that are important to maintain an undifferentiated 
state (Baharvand and Matthaei, 2003). When staining of mESCs with the cell surface marker 
SSEA-1 was carried out in our laboratory, the extensions projected to the MEFs mentioned 
above were observed, supporting this information (Fig. 2E) (Fagundez et al., 2009).  

6. Embryo stages capable of giving rise to mESCs 
The obtainment of mESCs is not only restricted to the blastocysts stage, since morulae have 
demonstrated being capable of forming mESCs colonies when co-culture with feeder cells. 
When Tesar cultured morulae, the ones that attached to the feeder layer produced 
outgrowths within a few days; however, the ones that did not continued with its 
development to blastocyst-stage. When morula-stage embryos were seeded without feeder 
layers onto gelatine-coated culture dishes, they failed to produce stem cells colonies. The 
embryos flattened out showing differentiation with presence of trophoblast giant cells. 
These findings show that employment of certain feeder layers may impose some restraints 
on further differentiation (Tesar, 2005).  
In 1996, Delhaise et al. first reported the establishment of one ESCs line from isolated 
blastomeres of pre-compacted 8-cell stage embryos separated by disaggregation, but it was 
not able to germ-line transmission in chimeric mice. Ten years later, Chung et al. could 
isolate blastomeres from 8-cell embryos and culture them over a feeder layer of mESCs, 
obtaining 5 lines. The authors assured that co-culture with feeder cells was critical for the 
success of the system employed. Despite being successful in the isolation, the establishment 
rate was quite low, of about 4% (Chung et al., 2006). However, Wakayama et al. derived 
mESCs lines from single blastomeres obtained by biopsy from 2-, 4- and 8-cell stage mouse 
hybrids embryos with a high success rate of 14-69%. Contrarily to the results obtained by 
Tesar with morulae seeding, all the blastomeres developed to blastocysts when plated onto 
MEFs before forming mESCs colonies (Wakayama et al., 2007). The efficiency in establishing 
ESCs lines from blastomeres of 2-, 4- and 8-cell embryos decreased according to the stage, 
being higher when they came from 2-cell stage embryos. These results demonstrate a 
pattern indicating that only 1 or 2, but not all blastomeres from each embryonic stage are 
capable of deriving ESCs, which might suggest that sister blastomeres are in general not 
equally competent for establishing ES cells lines (Lorthongpanich et al., 2008; Wakayama et 
al., 2007). Lorthongpanich et al. could establish ESCs lines from isolated blastomeres of 2-cell 
stage embryos from CD-1 outbred mice strain but were unable to obtain lines from 
blastomeres coming from 4-cell stage embryos (Lorthongpanich et al., 2008).  
The pre-blastocyst period in the mouse development constitutes a stage in which 
blastomeres are not yet committed to either the ICM or the trophoectodermal lineage. It is 
therefore conceivable that ESCs lines derived from morulae or earlier cleavage stage 
embryos might originate before cells were committed to one or other of these two lineages 
and thus exhibit a wider developmental potential than those of ICM or epiblast origin. 
Alternatively, permissiveness for ESCs derivation could be restricted to a specific stage of 
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early development to which embryos must progress irrespective of the time they are 
explanted (Tesar, 2005). 
In many of the cases when karyotype was perfomed, the established ESCs lines showed that 
they were male. One possible reason is that XY lines are relatively more stable, while XX 
lines are unstable and have a tendency to become XO (Baharvand and Matthaei, 2004; 
Kawase et al., 1994). However, the majority of the lines obtained by Tesar were found to be 
XX (Tesar, 2005). 

7. Differentiation of mESCs 
When factors that maintain the stemness of ESCs are removed, they are capable of 
differentiate into a wide range of cell types derived from the germ layers: ectoderm, 
mesoderm and endoderm. This differentiation can be achieved by formation of embryoid 
bodies (EBs), which were defined by Dang et al. as aggregates of differentiating cells derived 
from one or more pluripotent stem cells that form or has the potential to form cells from 
each of the three embryonic germ layers (Dang et al., 2002). 
The differentiation state acquired by EBs is often affected by the culture conditions at which 
they are exposed to. In some occasions, growth factors are added to the medium to promote 
differentiation to the desired cell type, such as: basic fibroblast growth factor (bFGF), 
transforming growth factor β (TGFβ), activin-A, bone morphogenetic protein 4 (BMP4), 
hepatocyte growth factor (HGF), epidermal growth factor (EGF), nerve growth factor (NGF), 
and retinoc acid (RA) (Kurosawa, 2007). 
The three-dimensional cell aggregate formed by the EB facilitates multicellular interactions 
where cell to cell contact and gap junctions are established. An EB can model the processes of 
cell differentiation produced during early mammalian development (Kurosawa, 2007). 
Synchronous differentiation of EBs recapitulates organ-specific development and it is achieved 
in culture by formation of uniformly sized EBs (Ezekiel et al., 2007). There are some results 
which indicate that prior to day 3, EBs in suspension culture are, in terms of development, 
equivalent to pregastrulation-stage embryos. Between days 3 and 5, the EBs contain cell types 
present in embryos during gastrulation. Since day 6, these cell aggregates show similarities to 
embryos in the stage of early organogenesis (Ezekiel et al., 2007). However, EB differentiation 
does not reconstitute the complete array of embryonic development showing no “body plan”, 
and formation of the primitive streak and cell movements associated to gastrulation do not 
occur (Jackson et al., 2010; Rippon and Bishop, 2004).  
There are a variety of methods proposed to induce EB formation. All of these protocols were 
created to promote the efficient and reproducible obtainment of the cell types desired, as the 
pattern and efficiency of differentiation are affected by parameters like ESCs density, media 
components (aminoacids, growth factors and extracellular matrix proteins), pH and 
osmolarity, as well as the quality and type of serum employ (Wobus and Boheler, 2005). 
A common technique is to simply deprive ESCs from the feeder cells or the presence of LIF, 
and culture them under conditions that initially prevent their adherence to the culture 
dishes. However, this is not always sufficient to obtain the expected results as will be 
discussed later. 
The embryoid bodies are classified as simple or cystic according to the stage of 
differentiation achieved. In general, after 2 to 4 days of culture in suspension, EBs resemble 
a morula-like structure and are called simple EBs. By days 4-5, a cavity is formed inside the 
cell aggregates giving rise to cystic EBs, which look like an embryo in the blastula or egg 
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The mESCs cultured on a feeder layer of MEFs were seen well polarized, with its organelles 
in close proximity to the MEFs and some extensions of different length and microvilli 
projected to the feeder cells. Coated vesicles were abundant and were probably related to 
protein absorption. When attention was directed to MEFs, it was seen that they showed 
prominent Golgi complexes, and rough endoplasmic reticulum, which may be indicative of 
increased protein synthesis and secretion. Since MEFs prevent mESCs from differentiating, 
it is assumed that they secrete proteins that are important to maintain an undifferentiated 
state (Baharvand and Matthaei, 2003). When staining of mESCs with the cell surface marker 
SSEA-1 was carried out in our laboratory, the extensions projected to the MEFs mentioned 
above were observed, supporting this information (Fig. 2E) (Fagundez et al., 2009).  

6. Embryo stages capable of giving rise to mESCs 
The obtainment of mESCs is not only restricted to the blastocysts stage, since morulae have 
demonstrated being capable of forming mESCs colonies when co-culture with feeder cells. 
When Tesar cultured morulae, the ones that attached to the feeder layer produced 
outgrowths within a few days; however, the ones that did not continued with its 
development to blastocyst-stage. When morula-stage embryos were seeded without feeder 
layers onto gelatine-coated culture dishes, they failed to produce stem cells colonies. The 
embryos flattened out showing differentiation with presence of trophoblast giant cells. 
These findings show that employment of certain feeder layers may impose some restraints 
on further differentiation (Tesar, 2005).  
In 1996, Delhaise et al. first reported the establishment of one ESCs line from isolated 
blastomeres of pre-compacted 8-cell stage embryos separated by disaggregation, but it was 
not able to germ-line transmission in chimeric mice. Ten years later, Chung et al. could 
isolate blastomeres from 8-cell embryos and culture them over a feeder layer of mESCs, 
obtaining 5 lines. The authors assured that co-culture with feeder cells was critical for the 
success of the system employed. Despite being successful in the isolation, the establishment 
rate was quite low, of about 4% (Chung et al., 2006). However, Wakayama et al. derived 
mESCs lines from single blastomeres obtained by biopsy from 2-, 4- and 8-cell stage mouse 
hybrids embryos with a high success rate of 14-69%. Contrarily to the results obtained by 
Tesar with morulae seeding, all the blastomeres developed to blastocysts when plated onto 
MEFs before forming mESCs colonies (Wakayama et al., 2007). The efficiency in establishing 
ESCs lines from blastomeres of 2-, 4- and 8-cell embryos decreased according to the stage, 
being higher when they came from 2-cell stage embryos. These results demonstrate a 
pattern indicating that only 1 or 2, but not all blastomeres from each embryonic stage are 
capable of deriving ESCs, which might suggest that sister blastomeres are in general not 
equally competent for establishing ES cells lines (Lorthongpanich et al., 2008; Wakayama et 
al., 2007). Lorthongpanich et al. could establish ESCs lines from isolated blastomeres of 2-cell 
stage embryos from CD-1 outbred mice strain but were unable to obtain lines from 
blastomeres coming from 4-cell stage embryos (Lorthongpanich et al., 2008).  
The pre-blastocyst period in the mouse development constitutes a stage in which 
blastomeres are not yet committed to either the ICM or the trophoectodermal lineage. It is 
therefore conceivable that ESCs lines derived from morulae or earlier cleavage stage 
embryos might originate before cells were committed to one or other of these two lineages 
and thus exhibit a wider developmental potential than those of ICM or epiblast origin. 
Alternatively, permissiveness for ESCs derivation could be restricted to a specific stage of 
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early development to which embryos must progress irrespective of the time they are 
explanted (Tesar, 2005). 
In many of the cases when karyotype was perfomed, the established ESCs lines showed that 
they were male. One possible reason is that XY lines are relatively more stable, while XX 
lines are unstable and have a tendency to become XO (Baharvand and Matthaei, 2004; 
Kawase et al., 1994). However, the majority of the lines obtained by Tesar were found to be 
XX (Tesar, 2005). 

7. Differentiation of mESCs 
When factors that maintain the stemness of ESCs are removed, they are capable of 
differentiate into a wide range of cell types derived from the germ layers: ectoderm, 
mesoderm and endoderm. This differentiation can be achieved by formation of embryoid 
bodies (EBs), which were defined by Dang et al. as aggregates of differentiating cells derived 
from one or more pluripotent stem cells that form or has the potential to form cells from 
each of the three embryonic germ layers (Dang et al., 2002). 
The differentiation state acquired by EBs is often affected by the culture conditions at which 
they are exposed to. In some occasions, growth factors are added to the medium to promote 
differentiation to the desired cell type, such as: basic fibroblast growth factor (bFGF), 
transforming growth factor β (TGFβ), activin-A, bone morphogenetic protein 4 (BMP4), 
hepatocyte growth factor (HGF), epidermal growth factor (EGF), nerve growth factor (NGF), 
and retinoc acid (RA) (Kurosawa, 2007). 
The three-dimensional cell aggregate formed by the EB facilitates multicellular interactions 
where cell to cell contact and gap junctions are established. An EB can model the processes of 
cell differentiation produced during early mammalian development (Kurosawa, 2007). 
Synchronous differentiation of EBs recapitulates organ-specific development and it is achieved 
in culture by formation of uniformly sized EBs (Ezekiel et al., 2007). There are some results 
which indicate that prior to day 3, EBs in suspension culture are, in terms of development, 
equivalent to pregastrulation-stage embryos. Between days 3 and 5, the EBs contain cell types 
present in embryos during gastrulation. Since day 6, these cell aggregates show similarities to 
embryos in the stage of early organogenesis (Ezekiel et al., 2007). However, EB differentiation 
does not reconstitute the complete array of embryonic development showing no “body plan”, 
and formation of the primitive streak and cell movements associated to gastrulation do not 
occur (Jackson et al., 2010; Rippon and Bishop, 2004).  
There are a variety of methods proposed to induce EB formation. All of these protocols were 
created to promote the efficient and reproducible obtainment of the cell types desired, as the 
pattern and efficiency of differentiation are affected by parameters like ESCs density, media 
components (aminoacids, growth factors and extracellular matrix proteins), pH and 
osmolarity, as well as the quality and type of serum employ (Wobus and Boheler, 2005). 
A common technique is to simply deprive ESCs from the feeder cells or the presence of LIF, 
and culture them under conditions that initially prevent their adherence to the culture 
dishes. However, this is not always sufficient to obtain the expected results as will be 
discussed later. 
The embryoid bodies are classified as simple or cystic according to the stage of 
differentiation achieved. In general, after 2 to 4 days of culture in suspension, EBs resemble 
a morula-like structure and are called simple EBs. By days 4-5, a cavity is formed inside the 
cell aggregates giving rise to cystic EBs, which look like an embryo in the blastula or egg 
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cylinder stage. This kind of EBs consists of a double-layered structure, with an inner 
ectodermal layer and an outer layer of endoderm, enclosing the cavity (Fig. 3A). Commonly, 
after 8-10 days in suspension culture, structures homologous to the visceral yolk sac of 
postimplantation embryos appear in the cystics EBs (Fig. 3B,C) (Koike et al., 2007; 
Kurosawa, 2007). 
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Fig. 3. Differentiation of mESC by means of embryoid bodies. 
A) EBs of well-defined borders; B) and C) EBs showing yolk sac-like structures; D) – F) 
Immunocytochemistry of EB-derived cells stained for presence of -fetoprotein, β-III-tubulin 
and muscle actin, respectively 

The majority of the methods utilized for EB differentiation studies involve: 1) production of 
EBs in suspension culture in absence of anti-differentiation factors; 2) growth of EBs on 
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gelatine-coated culture plates; and 3) exposure of EBs to inducer agents to obtain a specific 
cell type. 
The differentiation status acquired by EBs is markedly affected by the culture conditions 
employed and this is the reason why researches have been working in the development of 
new methods to improve EBs obtainment. A short description of the most common 
procedures is provided next. 
Hanging drop culture. It is the most popular technique as it allows the formation of 
homogenous-sized EBs from a known number of ESCs. Generally, small drops containing 
400-1000 ESCs are placed on the lid of a 100mm Petri dish. The lid is then inverted to permit 
the aggregation of the cells at the bottom of the drop, and placed over a culture dish filled 
with PBS to avoid drops from drying out. After a few days, EBs are collected and cultured in 
suspension in a non-adherent surface dish. The EBs can be left there to further 
differentiation or transferred onto gelatine-coated plates (Kurosawa, 2007). 
Suspension culture in bacterial-grade dishes. A suspension with a minimum of 103 ESCs is 
seeded into a bacterial grade-dish. The cells do not attach to the plastic surface of the dish; 
instead they stick to each other forming aggregates that will give rise to EBs (Kurosawa, 
2007). Another way to form EBs employing these plates is to culture the whole colonies of 
mESCs during varying periods of time (Fagundez et al., 2009). Unfortunately, both of these 
methods produce heterogeneous EBs with distinct degrees of differentiation. However, 
when the objective of EB formation is just to corroborate in vitro pluripotency of mESCs and 
the differentiation status acquired is not of great importance, this seems to be a good 
approach since the hanging drop (HD) method is not always easy to perform, and the 
results could also be variable. In our laboratory we were not able to form EBs with HD 
technique, as cells were unable to group and failed to produce three-dimensional 
aggregates.  
Although generation of EBs in suspension culture employing whole ESCs colonies has some 
disadvantages, it seems possible that the proximity established among cells when growing 
together could be an important factor favouring the differentiation process, since cell to cell 
contact plays a major role in the early stages of embryonic development (Choi et al., 2005; 
Fagundez et al., 2009). 
Semisolid suspension culture. It was originally employed to obtain cell aggregates of clonal 
origin. A medium with methylcellulose is used to obtain a semisolid consistence which 
permits ESCs to remain in isolation. In this way, single cells are not able to coalesce and 
every one of them develops into an EB. When the culture medium is changed for a standard 
one, without methylcellulose, the resulting EBs fuse into larger structures. This method has 
been used for the study of haematopoietic differentiation, endothelial cells and in 
haematopoietic colony-forming assays (Kurosawa, 2007).  
Suspension culture in low-adherence vessels. This technique involves the use of low-
adherence containers to produce EBs. A defined number of ESCs are placed in a 96-well 
plate of round bottom or in a polypropylene 1.5 ml-conical tube. The vessels concentrate the 
cells at the bottom, promoting cell aggregation and favouring contact with each other. After 
a few days of culture, a large EB is formed. Similarly to the hanging drop method, these two 
techniques allow the formation of uniform EBs from a determined number of cells 
(Kurosawa, 2007; Kurosawa et al., 2003; Ezekiel et al., 2007). 
Generation of EBs on a STO feeder layer. Zhou et al. demonstrated that EBs can be formed 
from mESCs cultured on a low density of STO feeder cells, indicating that they can not only 
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cylinder stage. This kind of EBs consists of a double-layered structure, with an inner 
ectodermal layer and an outer layer of endoderm, enclosing the cavity (Fig. 3A). Commonly, 
after 8-10 days in suspension culture, structures homologous to the visceral yolk sac of 
postimplantation embryos appear in the cystics EBs (Fig. 3B,C) (Koike et al., 2007; 
Kurosawa, 2007). 
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A) EBs of well-defined borders; B) and C) EBs showing yolk sac-like structures; D) – F) 
Immunocytochemistry of EB-derived cells stained for presence of -fetoprotein, β-III-tubulin 
and muscle actin, respectively 

The majority of the methods utilized for EB differentiation studies involve: 1) production of 
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gelatine-coated culture plates; and 3) exposure of EBs to inducer agents to obtain a specific 
cell type. 
The differentiation status acquired by EBs is markedly affected by the culture conditions 
employed and this is the reason why researches have been working in the development of 
new methods to improve EBs obtainment. A short description of the most common 
procedures is provided next. 
Hanging drop culture. It is the most popular technique as it allows the formation of 
homogenous-sized EBs from a known number of ESCs. Generally, small drops containing 
400-1000 ESCs are placed on the lid of a 100mm Petri dish. The lid is then inverted to permit 
the aggregation of the cells at the bottom of the drop, and placed over a culture dish filled 
with PBS to avoid drops from drying out. After a few days, EBs are collected and cultured in 
suspension in a non-adherent surface dish. The EBs can be left there to further 
differentiation or transferred onto gelatine-coated plates (Kurosawa, 2007). 
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the differentiation status acquired is not of great importance, this seems to be a good 
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contact plays a major role in the early stages of embryonic development (Choi et al., 2005; 
Fagundez et al., 2009). 
Semisolid suspension culture. It was originally employed to obtain cell aggregates of clonal 
origin. A medium with methylcellulose is used to obtain a semisolid consistence which 
permits ESCs to remain in isolation. In this way, single cells are not able to coalesce and 
every one of them develops into an EB. When the culture medium is changed for a standard 
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haematopoietic colony-forming assays (Kurosawa, 2007).  
Suspension culture in low-adherence vessels. This technique involves the use of low-
adherence containers to produce EBs. A defined number of ESCs are placed in a 96-well 
plate of round bottom or in a polypropylene 1.5 ml-conical tube. The vessels concentrate the 
cells at the bottom, promoting cell aggregation and favouring contact with each other. After 
a few days of culture, a large EB is formed. Similarly to the hanging drop method, these two 
techniques allow the formation of uniform EBs from a determined number of cells 
(Kurosawa, 2007; Kurosawa et al., 2003; Ezekiel et al., 2007). 
Generation of EBs on a STO feeder layer. Zhou et al. demonstrated that EBs can be formed 
from mESCs cultured on a low density of STO feeder cells, indicating that they can not only 
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maintain undifferentiated mESCs, but also allow the formation of typical EBs. The 
generation of EBs by this method involves three steps: formation of compact cell aggregates, 
production of simple EBs, and generation of cystic EBs in suspension culture on bacterial-
grade dishes. The embryoid bodies-derived cells obtained differentiated into cardiac, 
hepatic and neural cells with specific inducers (Zhou et al., 2005).  
Embryoid bodies recapitulate many aspects of lineage-specific differentiation programmes 
as well as temporal and spatial gene expression patterns of early embryogenesis. Therefore, 
the EBs provide a valuable tool for investigating embryonic development at the cellular and 
molecular level (Zhou et al., 2005). During their in vitro maturation, mESCs undergo 
morphological changes and acquire various molecular markers of differentiated cells (Fig. 
3D-F) (Itskovitz-Eldor et al., 2000). Leahy et al. employed developmentally regulated marker 
genes to compare the temporal and spatial relationship between differentiation of EBs and 
mouse postimplantation embryos. Their experiments demonstrated that the appearance of 
developmental markers and their overall distribution in EBs is strictly correlated with their 
expression patterns observed during specific stages of embryogenesis (Leahy et al., 1999).  
Koike et al. studied the expression shifts of two genes that are highly expressed in 
undifferentiated ESCs, Oct4 and Rex-1, during formation of EBs. The expression levels of 
these two genes almost disappeared by day 5 of EB culture. These authors induced EB 
formation under different conditions starting from the same cell number of ESCs and found 
variations in the morphological appearance of the cell aggregates. They also found that the 
expression of GATA-4, a differentiation marker, increased during culture, but its expression 
profile varied more widely than Oct4 and Rex-1 according to the types of EBs. This suggests 
that the progress of differentiation in the distinct EBs is not homogenous. The culture 
conditions for EB formation, such as cell number and density, and culture configurations 
seem to be involved in the differentiation status of the resulting EBs (Koike et al., 2007). 
As mentioned above, differentiation of ESCs by means of EB formation recapitulates 
changes in the embryonic development, and factors with main roles during early 
embryogenesis might be involved in the production of EBs. Mutual cell to cell interactions 
are important for the differentiation of stem cells into the cell types derived from the three 
germ layers. Cell-cell contact and apoptosis are very important during the early 
developmental stages and are expected to be found during the formation of embryoid 
bodies (Choi et al., 2005; Doetschman et al., 1985). Apoptosis is a natural process of 
development and several studies have revealed that apoptosis-related genes are involved in 
the differentiation of ESCs to EBs (Choi et al., 2005). During EB formation, multiple foci of 
cell death appear to finally merge into a single central cavity surrounded by a monolayer of 
primitive ectoderm cells (Fig. 4C,D). After aggregation of ESCs, the more external cells 
differentiate to primitive endoderm followed by visceral and parietal endoderm. Unlike 
normal embryos, endodermal cells are located in the outer surface of the EBs and are 
connected via junctional complexes showing numerous microvilli (Karbanova and Mokry, 
2002; Rodda et al., 2002). Along with the establishment of the extraembryonic endoderm 
lineage a basement membrane is deposited between the pluripotent cells and the endoderm. 
It is proposed that this membrane induces an alteration in the pluripotent state of cells, such 
that the ones in contact with the membrane survive and reorganize to a columnar 
epithelium of primitive ectoderm, whereas the cells located at the centre and apart from the 
extracellular matrix undergo cell death and form a cavity (Rodda et al., 2002). In mice, this 
basal membrane is called Reichert´s membrane and is composed primarily by collagen IV 

Mouse Embryonic Stem Cells Basics 
from a Fertilized Zygote to These Promising Pluripotent Stem Cells 

 

37 

and glycoproteins, and it is located between parietal endoderm cells and trophoblast cells in 
rodent embryos. Reichert-like basement membrane deposits are often seen during the first 
days of EB culture and its presence can be identified by Periodic Acid Shiff (PAS) reaction 
(Fig. 4A,B) (Fagundez et al., 2009; Zhou et al., 2005). 
There are different types of culture media that can be employed to induce formation of EBs 
and results vary according to the medium chosen and whether they are supplemented either 
with FBS or Ko-SR. As mentioned earlier, FBS contains pro-differentiation factors which 
make it a useful tool in differentiation protocols (Fagundez et al., 2009). Although some 
researchers were able to obtain EBs in a serum-free media (Bettiol et al., 2007; Taha and 
Valojerdi, 2008) it is generally accepted that at least small amounts of FBS are needed to 
favour differentiation, and no EBs are obtained in complete absence of serum (Mansergh et 
al., 2009). 
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Fig. 4. Histology of embryoid bodies. 
A) Deposits of Reichert-like basement membrane (arrow); B) PAS staining showing these 
deposits (arrow); C) and D) Peripheral and central cavities originated during EB formation 

8. Teratoma formation 
Teratomas are naturally occurring tumours that contain chaotic associations of structures 
resembling normal tissues of the three germ layers including glandular epithelium, 
cartilage, bone, smooth and striated muscle, as well as neural and stratified squamous 
epithelium; nevertheless they do not show the ordered and appropriate location of tissues as 
would be found in normal embryogenesis (Aleckovic and Simon, 2008; Berstine et al., 1973). 
Teratomas are classified by their content in solid, containing only tissues; cystic, with 
pockets of fluid; or mixed, containing a combination of both solid and cystic components 
(Aleckovic and Simon, 2008).  
Teratomas can also be experimentally induced in mice injecting pluripotent stem cells into 
growth permissive ectopic sites. Embryonic stem cells are generally transplanted into 
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formation under different conditions starting from the same cell number of ESCs and found 
variations in the morphological appearance of the cell aggregates. They also found that the 
expression of GATA-4, a differentiation marker, increased during culture, but its expression 
profile varied more widely than Oct4 and Rex-1 according to the types of EBs. This suggests 
that the progress of differentiation in the distinct EBs is not homogenous. The culture 
conditions for EB formation, such as cell number and density, and culture configurations 
seem to be involved in the differentiation status of the resulting EBs (Koike et al., 2007). 
As mentioned above, differentiation of ESCs by means of EB formation recapitulates 
changes in the embryonic development, and factors with main roles during early 
embryogenesis might be involved in the production of EBs. Mutual cell to cell interactions 
are important for the differentiation of stem cells into the cell types derived from the three 
germ layers. Cell-cell contact and apoptosis are very important during the early 
developmental stages and are expected to be found during the formation of embryoid 
bodies (Choi et al., 2005; Doetschman et al., 1985). Apoptosis is a natural process of 
development and several studies have revealed that apoptosis-related genes are involved in 
the differentiation of ESCs to EBs (Choi et al., 2005). During EB formation, multiple foci of 
cell death appear to finally merge into a single central cavity surrounded by a monolayer of 
primitive ectoderm cells (Fig. 4C,D). After aggregation of ESCs, the more external cells 
differentiate to primitive endoderm followed by visceral and parietal endoderm. Unlike 
normal embryos, endodermal cells are located in the outer surface of the EBs and are 
connected via junctional complexes showing numerous microvilli (Karbanova and Mokry, 
2002; Rodda et al., 2002). Along with the establishment of the extraembryonic endoderm 
lineage a basement membrane is deposited between the pluripotent cells and the endoderm. 
It is proposed that this membrane induces an alteration in the pluripotent state of cells, such 
that the ones in contact with the membrane survive and reorganize to a columnar 
epithelium of primitive ectoderm, whereas the cells located at the centre and apart from the 
extracellular matrix undergo cell death and form a cavity (Rodda et al., 2002). In mice, this 
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and glycoproteins, and it is located between parietal endoderm cells and trophoblast cells in 
rodent embryos. Reichert-like basement membrane deposits are often seen during the first 
days of EB culture and its presence can be identified by Periodic Acid Shiff (PAS) reaction 
(Fig. 4A,B) (Fagundez et al., 2009; Zhou et al., 2005). 
There are different types of culture media that can be employed to induce formation of EBs 
and results vary according to the medium chosen and whether they are supplemented either 
with FBS or Ko-SR. As mentioned earlier, FBS contains pro-differentiation factors which 
make it a useful tool in differentiation protocols (Fagundez et al., 2009). Although some 
researchers were able to obtain EBs in a serum-free media (Bettiol et al., 2007; Taha and 
Valojerdi, 2008) it is generally accepted that at least small amounts of FBS are needed to 
favour differentiation, and no EBs are obtained in complete absence of serum (Mansergh et 
al., 2009). 
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resembling normal tissues of the three germ layers including glandular epithelium, 
cartilage, bone, smooth and striated muscle, as well as neural and stratified squamous 
epithelium; nevertheless they do not show the ordered and appropriate location of tissues as 
would be found in normal embryogenesis (Aleckovic and Simon, 2008; Berstine et al., 1973). 
Teratomas are classified by their content in solid, containing only tissues; cystic, with 
pockets of fluid; or mixed, containing a combination of both solid and cystic components 
(Aleckovic and Simon, 2008).  
Teratomas can also be experimentally induced in mice injecting pluripotent stem cells into 
growth permissive ectopic sites. Embryonic stem cells are generally transplanted into 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

38 

immuno-deficient mice leading to the formation of palpable tumours at the graft site, which 
are normally allowed to develop for 6-10 weeks before its remotion for analysis. Different 
strains of mice have been used to study the in vivo potential of ESCs, but little is known 
about the influence of the strain of the immuno-deficient mice on teratoma formation. There 
is also no evidence that the specific number of ESCs implanted has any effect on 
developmental processes in teratomas; however, no teratoma was observed when an 
inferior number from 50000 mESCs were transplanted into the hearts of immuno-deficient 
mice (Nussbaum et al., 2007). Generally, a number of 103-106 embryonic stem cells are 
injected in order to ensure teratoma formation (Aleckovic and Simon, 2008). Experiments of 
ESCs injections have demonstrated that these cells behave differently according to the site of 
transplantation, showing variation on growth rate and cell differentiation of the teratomas 
obtained. For example, cells grafted into the intrahepatic location produced larger tumours 
in a short period of time consisting of a mixture of differentiated and immature tissues, 
whereas cells transplanted subcutaneously formed smaller teratomas composed basically of 
well differentiated cells, but took longer to develop (Cooke et al., 2006). Some studies 
indicate that local environment cues from the tissue in which ESCs are transplanted may 
influence in the ability of these cells to differentiate. It has been reported that mESCs 
produce a greater ratio of cartilaginous tissues in teratomas formed in the knee comparing 
to cells grafted into the subcutaneous space. Therefore, it seems possible that implanted cells 
are more likely to differentiate into tissues resembling their surroundings, probably due to 
local environmental signals (Przyborski, 2005; Wakitani et al., 2003). However, transplanted 
ESCs do not always differentiate into phenotypes corresponding to those of implantation 
site (Deacon et al., 1998). 

9. Molecular aspects of mESCs pluripotency 
Pluripotency is the ability to give rise to all cells of the organism (Keller, 2005). In embryonic 
stem cells it is mainly orchestrated by Oct4, Nanog and Sox2, the earliest-expressed set of 
genes known to maintain pluripotency. They work in conjunction with other transcription 
factors to specify the pluripotent state and thus constitute the basis of a transcription 
hierarchy (Boyer et al., 2006).  
The property of self-renewal shown by ESCs depends on a stoichiometric balance among 
various signalling molecules and if an imbalance in any of them occurs, ESCs identity can be 
lost (Wobus and Boheler, 2005). Deprivation of Oct4 or a reduction to less than 50% of its 
normal expression level causes inappropriate differentiation of ESCs into trophoectoderm 
through upregulation of Cdx2, one of its target genes; whereas a less than two-fold increase 
results in formation of primitive endoderm and mesoderm (Johnson et al., 2006; Masui, 
2010; Nichols et al., 1998; Niwa, 2001; Niwa et al., 2000). Oct4 deficient embryos (Oct4 -/-) 

develop to a stage that resembles a blastocyst with cells allocated inside them but which not 
constitute a real ICM since these cells lack pluripotency and are composed of 
trophoectoderm cells, resulting in peri-implantation developmental arrest. As expected, 
these structures cannot be employed for production of ESCs lines (Boiani and Scholer, 2005; 
Johnson et al., 2006). Different experiments have shown that Oct4 is not sufficient for the 
maintenance of pluripontency, because forced expression fails to give rise to mESCs 
(Johnson et al., 2006). However, this is not the case of Nanog, as forced expression of this 
gene seems to make mESCs more resistant to spontaneous differentiation in the absence of 
LIF. The persistence of Nanog apparently delays the differentiation of ESCs increasing the 
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threshold of differentiation, but do not completely abolish it. Nanog-null ESCs can be 
established and still preserve pluripotency but with an increasing tendency to differentiate 
(Chambers et al., 2007). Nanog is expressed throughout the pluripotent cells of the ICM but 
its expression is decreased in extraembryonic lineages and in pluripotent cells of the peri-
implantation embryo. This leads to the hypothesis that one of the major roles of Nanog 
might be repression of GATA-6, responsible for the differentiation into extraembryonic 
endoderm (Chazaud et al., 2006). Nanog -/- embryos cannot preserve the pluripotent lineage, 
and as a consequence, arrest at peri-implantation. The ICM of these embryos, as well as 
Nanog-deficient ESCs, turn into parietal endoderm cells (Boiani and Scholer, 2005; Johnson 
et al., 2006). Sox2 -/- embryos arrest at similar time that Oct4 -/- and Nanog -/- embryos do. 
Blastocyst-like structures are formed, but lack primitive ectoderm. Therefore, Sox2 -/- 

blastocysts are incapable of ESCs derivation. As Oct4 and Nanog, Sox2 plays an important 
role in the conservation of pluripotency, but its expression is not restricted to pluripotent 
cells; early primitive ectoderm, anterior primitive endoderm, germ cells and multipotent 
extraembryonic ectoderm cells also count with the presence of this gene (Boyer et al., 2006; 
Johnson et al., 2006).  
In mouse embryonic stem cells, the maintenance of pluripotency is also regulated by the 
signal transducer and activator of transcription 3 (STAT3), whose function is triggered by 
LIF, which binds to the LIF receptor to dimerize with gp130, resulting in the 
phosphorylation of STAT3 via Janus kinase (JAK) activation. The phosphorylated STAT3 
dimerizes and translocates to the nucleus, acting as a transcription factor to activate target 
genes which include essential genes to maintain the pluripotent cell phenotype (Boiani and 
Scholer, 2005; Johnson et al., 2006; Masui, 2010; Niwa, 2001). Repression of STAT3 results in 
differentiation, whereas its artificial activation is sufficient to maintain pluripotency of the 
cells in absence of LIF (Masui, 2010). Apart from the LIF-STAT3 pathway, the pluripotency 
of mESCs is also regulated by members of the superfamily of the TGFβ, which include 
activin and BMP. The BMP4, for example, activates Smad1, which upregulates the 
expression of the inhibitor of DNA-binding genes (Id) which, in turn, suppresses 
differentiation along with the LIF signal (Masui, 2010). 
The Wnt signalling also has an important function, since administration of Wnt proteins can 
contribute to preserving the pluripotency of ESCs (Masui, 2010).  
The chromatin of ESCs displays characteristics of transcriptionally permissive euchromatin, 
like acetylated histone modifications and increased accessibility to nucleases. On the 
contrary, lineage specification is distinguished by a decreased in acetylation and an 
increased in heterochromatin formation, indicating that a restriction in developmental 
potential is associated with a marked decrease in genomic plasticity. It is possible then that 
the balance between pluripotency and lineage commitment is regulated by genetic and 
epigenetic factors as well (Boyer et al., 2006). 

10. The use of mESCs for research purposes 
Mouse ESCs have had a great impact on many fields of research. One of the advantages of 
mESCs is that they can be genetically modified. When ESCs are placed into a blastocyst, 
they can contribute to all the lineages of the embryo including the germ line. This property 
makes mESCs a useful tool to produce precise alterations in the genome to study the 
phenotypic effects of these alterations in vivo, generating “knock out” and “knock in” 
transgenic animals (Jackson et al., 2010; Rippon and Bishop, 2004; Williams et al., 1988). By 
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are more likely to differentiate into tissues resembling their surroundings, probably due to 
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ESCs do not always differentiate into phenotypes corresponding to those of implantation 
site (Deacon et al., 1998). 
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lost (Wobus and Boheler, 2005). Deprivation of Oct4 or a reduction to less than 50% of its 
normal expression level causes inappropriate differentiation of ESCs into trophoectoderm 
through upregulation of Cdx2, one of its target genes; whereas a less than two-fold increase 
results in formation of primitive endoderm and mesoderm (Johnson et al., 2006; Masui, 
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these structures cannot be employed for production of ESCs lines (Boiani and Scholer, 2005; 
Johnson et al., 2006). Different experiments have shown that Oct4 is not sufficient for the 
maintenance of pluripontency, because forced expression fails to give rise to mESCs 
(Johnson et al., 2006). However, this is not the case of Nanog, as forced expression of this 
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threshold of differentiation, but do not completely abolish it. Nanog-null ESCs can be 
established and still preserve pluripotency but with an increasing tendency to differentiate 
(Chambers et al., 2007). Nanog is expressed throughout the pluripotent cells of the ICM but 
its expression is decreased in extraembryonic lineages and in pluripotent cells of the peri-
implantation embryo. This leads to the hypothesis that one of the major roles of Nanog 
might be repression of GATA-6, responsible for the differentiation into extraembryonic 
endoderm (Chazaud et al., 2006). Nanog -/- embryos cannot preserve the pluripotent lineage, 
and as a consequence, arrest at peri-implantation. The ICM of these embryos, as well as 
Nanog-deficient ESCs, turn into parietal endoderm cells (Boiani and Scholer, 2005; Johnson 
et al., 2006). Sox2 -/- embryos arrest at similar time that Oct4 -/- and Nanog -/- embryos do. 
Blastocyst-like structures are formed, but lack primitive ectoderm. Therefore, Sox2 -/- 

blastocysts are incapable of ESCs derivation. As Oct4 and Nanog, Sox2 plays an important 
role in the conservation of pluripotency, but its expression is not restricted to pluripotent 
cells; early primitive ectoderm, anterior primitive endoderm, germ cells and multipotent 
extraembryonic ectoderm cells also count with the presence of this gene (Boyer et al., 2006; 
Johnson et al., 2006).  
In mouse embryonic stem cells, the maintenance of pluripotency is also regulated by the 
signal transducer and activator of transcription 3 (STAT3), whose function is triggered by 
LIF, which binds to the LIF receptor to dimerize with gp130, resulting in the 
phosphorylation of STAT3 via Janus kinase (JAK) activation. The phosphorylated STAT3 
dimerizes and translocates to the nucleus, acting as a transcription factor to activate target 
genes which include essential genes to maintain the pluripotent cell phenotype (Boiani and 
Scholer, 2005; Johnson et al., 2006; Masui, 2010; Niwa, 2001). Repression of STAT3 results in 
differentiation, whereas its artificial activation is sufficient to maintain pluripotency of the 
cells in absence of LIF (Masui, 2010). Apart from the LIF-STAT3 pathway, the pluripotency 
of mESCs is also regulated by members of the superfamily of the TGFβ, which include 
activin and BMP. The BMP4, for example, activates Smad1, which upregulates the 
expression of the inhibitor of DNA-binding genes (Id) which, in turn, suppresses 
differentiation along with the LIF signal (Masui, 2010). 
The Wnt signalling also has an important function, since administration of Wnt proteins can 
contribute to preserving the pluripotency of ESCs (Masui, 2010).  
The chromatin of ESCs displays characteristics of transcriptionally permissive euchromatin, 
like acetylated histone modifications and increased accessibility to nucleases. On the 
contrary, lineage specification is distinguished by a decreased in acetylation and an 
increased in heterochromatin formation, indicating that a restriction in developmental 
potential is associated with a marked decrease in genomic plasticity. It is possible then that 
the balance between pluripotency and lineage commitment is regulated by genetic and 
epigenetic factors as well (Boyer et al., 2006). 

10. The use of mESCs for research purposes 
Mouse ESCs have had a great impact on many fields of research. One of the advantages of 
mESCs is that they can be genetically modified. When ESCs are placed into a blastocyst, 
they can contribute to all the lineages of the embryo including the germ line. This property 
makes mESCs a useful tool to produce precise alterations in the genome to study the 
phenotypic effects of these alterations in vivo, generating “knock out” and “knock in” 
transgenic animals (Jackson et al., 2010; Rippon and Bishop, 2004; Williams et al., 1988). By 
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means of transgenic techniques, they have also proved their potential for modelling human 
diseases, providing an opportunity to unravel biochemical, genetic and/or physiological 
causes of a plethora of pathologies. 
Murine embryonic stem cells have the potential to produce unlimited numbers of cells in 
culture which can be used to elucidate the underlying mechanisms of pluripotency and cell 
lineage specification, allowing comprehension of processes in developmental biology and 
regulation of genes during mammalian embryogenesis. 
The plasticity of these cells makes them useful to study spatial and temporal relationships 
that determine cell, tissue and organ development.  
Mouse embryonic stem cells have become very useful for biomedical research and have 
played an important part in clarifying many of the signal transduction pathways that 
regulate progression through the cell cycle.  
Since its isolation in 1981, mouse embryonic stem cells have served as an invaluable 
instrument to explain many processes of the organism extrapolating the knowledge 
acquired to the human field, and they will continue to do so in the times to come.  
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means of transgenic techniques, they have also proved their potential for modelling human 
diseases, providing an opportunity to unravel biochemical, genetic and/or physiological 
causes of a plethora of pathologies. 
Murine embryonic stem cells have the potential to produce unlimited numbers of cells in 
culture which can be used to elucidate the underlying mechanisms of pluripotency and cell 
lineage specification, allowing comprehension of processes in developmental biology and 
regulation of genes during mammalian embryogenesis. 
The plasticity of these cells makes them useful to study spatial and temporal relationships 
that determine cell, tissue and organ development.  
Mouse embryonic stem cells have become very useful for biomedical research and have 
played an important part in clarifying many of the signal transduction pathways that 
regulate progression through the cell cycle.  
Since its isolation in 1981, mouse embryonic stem cells have served as an invaluable 
instrument to explain many processes of the organism extrapolating the knowledge 
acquired to the human field, and they will continue to do so in the times to come.  
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1. Introduction 
Mouse embryonic stem (ES) cells were first isolated in 1981 from the inner cell mass of the 
blastocyst before implantation within the uterine wall. ES cells have the unique property of 
pluripotency and also of capable of infinite self-renewal. They can be maintained in 
undifferentiated state in culture or be differentiated to multilineage cell types from all three 
embryonic layers, both in vivo and in vitro (Evans & Kaufman, 1981; Martin, 1981; Brook & 
Gardner 1997). These properties of ES cells have made them an extremely interesting and 
important tool for basic and applied research, especially for the studies of embryogenesis, 
gene function, and development.  However, current protocols for mouse ES cell derivation 
are often very inefficient and require a great deal of specialized training and expertise, the 
potential of mouse ES cells has not yet been fully and systematically exploited. 
There are numerous protocols available for mouse ES cell line derivation from blastocysts, 
and interestingly the effectiveness of derivation of ES cells is largely based on the mouse 
strain.  In practice the efficiency of derivation in strains other than 129 does not usually 
exceed 10% (Bryja et al., 2006; Batlle-Morera et al., 2008). Moreover, some protocols require 
the use of sophisticated techniques, such as isolation of inner cell mass via immunosurgery 
of intact blastocysts, isolation of epiblast cells from implanted the egg cylinderstage 
embryos, or selective ablation of differentiated cells. Other variations could include 
derivation on feeder layers, the absence of supporting feeders all together, or the use of 
conditioned media or the use of serum replacement (McWhir et al., 1996; Schoonjans et al., 
2003; Cheng et al., 2004; Tesar, 2005; Bryja et al., 2006; Doungpunta, et al., 2009). Rho kinase 
inhibitor Y-27632 and the dissociation reagent Accutase were reported to significantly 
inhibit apoptosis of human ES cells during passaging (Watanabe, et al., 2007; Ruchi, et al., 
2008), and since then we have adapted these methods in our mouse ES cell derivation 
protocol. Our data demonstrates that Y-27632 and Accutase increase the efficiency of mouse 
ES cell derivation, and the resultant ES cells retain developmental pluripotency (including 
stable karyotype, surface markers, teratoma formation, and the ability to undergo germline 
transmission). In this chapter, we describe a simple and efficient protocol for derivation of 
mouse ES cells and provide details on how to culture and manipulate the resultant cells. As 
compared to other available protocols, this method does not require special equipment, 
genetic modification, or advanced training other than regular tissue culture and animal 
handling skills. It is our hope that this protocol will allow investigators new to the ES field 
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to efficiently derive mouse ES cell lines even if they do not have previous experience  
in this area. 

2. Materials 
2.1 Mice 
Mice were purchased from Beijing Vitalriver Laboratory Animal Technology (Beijing, 
China). The mice were housed at 25°C under 50%~60% relative humidity with a 12h 
light:12h dark photoperiod (lights on at 06:00) until they were required. Mice were fed with 
commercial pelleted food and water ad libitum. All experimental protocols and animal 
handling procedures were reviewed and approved by the Laboratory Animal Care and Use 
Committee of Hebei Province. 

2.2 Equipment 
Special care should be taken to assure that the following equipment is decontaminated 
before use and periodically check that the equipment is functioning properly. 
1. Autoclaves (Boxun Apparatus YXQ-LS-30II, Shanghai)  
2. Dissecting microscope (Nikon SMZ645) 
3. Freezers and refrigerators (Xinfei BCD-213KA, Henan) 
4. Inverted microscope with 4×, 10× and 20× objectives (Olympus IX71) 
5. Liquid nitrogen storage tanks (Dongya YDS-50B-125, Sichuan) 
6. Micro fusion chamber (gap between electrodes: 0.2mm) (Eppendorf, 4308 030.003) 
7. Microforge (Narishige MF-900) 
8. Micromanipulator set (Narishige MM-89) 
9. Multiporator (Eppendorf AG 22331) 
10. Piezo impact drive system (Prime Tech, PMM-150FU) 
11. Pipette puller (PN-30) and pipette (B100-75-10) (Sutter Instrument) 
12. Sterile horizontal flow hood with UV light (Boxun Apparatus VS-840-1, Shanghai) 
13. Table-top centrifuge (Guohua TGL-16, Changzhou) 
14. Tissue culture incubator: settings: 37°C, 5% CO2, normal atmospheric concentration, 

and a saturated aqueous atmosphere (Sanyo MCO-15AC) 
15. Water bath: Set at 37°C for regular use but can also be used at 56°C to heat inactivate 

serum (BHW2, GB11241-89, Beijing) 
16. Water purification equipment and medium filtration devices (Pall PL 5123, America) 

2.3 Plasticware and other materials 
It is recommended that disposable plastic material should be used for all tissue culture 
work.  
1. Cell counter 
2. Centrifuge tubes (Nunc, 15ml and 50ml) 
3. Cryovials (Nalgene, 1.8ml) 
4. Embryo handling pipette 
5. Eppendorf tubes (1ml) 
6. Equipment for dissection (razor blades, scissors, micro dissecting scissors, straight and 

curved forceps, tweezers) 
7. Four-well plates (Nunc) 
8. Gas burner 
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9. High-quality CO2 (Beijing Oxygen Plant Specialty Gases Institute Company, Beijing) 
10. Microcapillaries harvard GC100T-10 (Harvard Apparatus LTD) 
11. Pasteur pipettes 
12. Petri dishes (Nunc, 35, 60 and 90mm diameter) 
13. Repeat pipettman (Eppendorf) 
14. Sterile filter with 0.22µm membrane with low protein binding (Millipore) 
15. Syringes (Weigao, Shandong, 1ml, 10ml, and 20ml) 

2.4 Reagents and solutions 
All chemicals, reagents and solutions should be cell culture tested or of analytical grade. 
1. 2, 2, 2-tribromoethyl alcohol (Sigma, T48402) 
2. 2-Mercaptoethanol (Invitrogen 21985-023) 
3. 70% Ethanol (Hengxing Chemical Preparation Company, Tianjin) 
4. Acetic acid (Zhongliante Chemical Preparation Company, Beijing) 
5. Agar (Sigma, A1296) 
6. Albumin from bovine serum (BSA) (Sigma, A3311) 
7. D-Glucose (Sigma, G8769) 
8. Dimethyl sulfoxide (DMSO) (Sigma, D2650) 
9. Distilled water, embryo tested (Invitrogen, 15230-162) 
10. Dulbecco’s Modified Eagle’s Medium (DMEM), (1×), liquid, with L-glutamine, 4500 

mg/L D-glucose, without sodium pyruvate (Invitrogen, 12430-054) 
11. Dulbecco’s phosphate buffered saline without Ca2+ and Mg2+ (DPBS) 1×, liquid 

(Invitrogen 14190-144) 
12. ES cell medium: DMEM supplemented with 15% fetal bovine serum, 1% non-essential 

amino acids, 1% penicillin/streptomycin, 1% L-glutamine, 0.1mM 2-mercaptoethanol, 
1000 IU/ml LIF, Filter sterilize and store at 4°C up to 3-4 weeks. 

13. ESGRO Complete Accutase (Millipore, SF006) 
14. Ethylenediaminetetraacetic acid disodium (EDTA) (Sigma, ED2SS) 
15. Fetal bovine serum (FBS) (Invitrogen, 12483-020) 
16. Fluorinert FC-77 (Sigma, F4758) 
17. Freezing medium: 90% serum plus 10% DMSO 
18. Fusion buffer: 0.3M mannitol (Sigma, M-9546) containing 0.1mM MgCl2, 0.05mM CaCl2, 

0.5mM HEPES and 0.1% BSA 
19. Giemsa stain (SSS Reagent Company, Shanghai) 
20. GlutaMAX-I Supplement (Invitrogen, 35050-061) 
21. HEPES sodium salt (Sigma, H3784) 
22. Human chorionic gonadotrophin (HCG) (Sansheng, Ningbo, 10000 IU): add 200ml 0.9% 

NaCl for 50 IU/ml aliquots and store at –20°C 
23. KaryoMAX® colcemid® solution, liquid (10μg/ml) in DPBS (Invitrogen, 15212-012) 
24. KSOM with / 1/2 amino acids, glucose and phenol red (Millipore, MR-121-D) 
25. Leukaemia inhibitory factor (LIF) (Millipore, LIF2010) 
26. M2 media (Sigma, M7167) 
27. Methanol (Hengxing Chemical Preparation Company, Tianjin) 
28. Mineral oil (Sigma, M8410) 
29. Mitomycin C (Sigma, M-4287) 
30. Mouse embryonic fibroblast (MEF) medium: DMEM supplemented with 10% fetal 

bovine serum, 1% non-essential amino acids, 1% penicillin/streptomycin, 1%  
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9. High-quality CO2 (Beijing Oxygen Plant Specialty Gases Institute Company, Beijing) 
10. Microcapillaries harvard GC100T-10 (Harvard Apparatus LTD) 
11. Pasteur pipettes 
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13. Repeat pipettman (Eppendorf) 
14. Sterile filter with 0.22µm membrane with low protein binding (Millipore) 
15. Syringes (Weigao, Shandong, 1ml, 10ml, and 20ml) 
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All chemicals, reagents and solutions should be cell culture tested or of analytical grade. 
1. 2, 2, 2-tribromoethyl alcohol (Sigma, T48402) 
2. 2-Mercaptoethanol (Invitrogen 21985-023) 
3. 70% Ethanol (Hengxing Chemical Preparation Company, Tianjin) 
4. Acetic acid (Zhongliante Chemical Preparation Company, Beijing) 
5. Agar (Sigma, A1296) 
6. Albumin from bovine serum (BSA) (Sigma, A3311) 
7. D-Glucose (Sigma, G8769) 
8. Dimethyl sulfoxide (DMSO) (Sigma, D2650) 
9. Distilled water, embryo tested (Invitrogen, 15230-162) 
10. Dulbecco’s Modified Eagle’s Medium (DMEM), (1×), liquid, with L-glutamine, 4500 

mg/L D-glucose, without sodium pyruvate (Invitrogen, 12430-054) 
11. Dulbecco’s phosphate buffered saline without Ca2+ and Mg2+ (DPBS) 1×, liquid 

(Invitrogen 14190-144) 
12. ES cell medium: DMEM supplemented with 15% fetal bovine serum, 1% non-essential 

amino acids, 1% penicillin/streptomycin, 1% L-glutamine, 0.1mM 2-mercaptoethanol, 
1000 IU/ml LIF, Filter sterilize and store at 4°C up to 3-4 weeks. 

13. ESGRO Complete Accutase (Millipore, SF006) 
14. Ethylenediaminetetraacetic acid disodium (EDTA) (Sigma, ED2SS) 
15. Fetal bovine serum (FBS) (Invitrogen, 12483-020) 
16. Fluorinert FC-77 (Sigma, F4758) 
17. Freezing medium: 90% serum plus 10% DMSO 
18. Fusion buffer: 0.3M mannitol (Sigma, M-9546) containing 0.1mM MgCl2, 0.05mM CaCl2, 

0.5mM HEPES and 0.1% BSA 
19. Giemsa stain (SSS Reagent Company, Shanghai) 
20. GlutaMAX-I Supplement (Invitrogen, 35050-061) 
21. HEPES sodium salt (Sigma, H3784) 
22. Human chorionic gonadotrophin (HCG) (Sansheng, Ningbo, 10000 IU): add 200ml 0.9% 

NaCl for 50 IU/ml aliquots and store at –20°C 
23. KaryoMAX® colcemid® solution, liquid (10μg/ml) in DPBS (Invitrogen, 15212-012) 
24. KSOM with / 1/2 amino acids, glucose and phenol red (Millipore, MR-121-D) 
25. Leukaemia inhibitory factor (LIF) (Millipore, LIF2010) 
26. M2 media (Sigma, M7167) 
27. Methanol (Hengxing Chemical Preparation Company, Tianjin) 
28. Mineral oil (Sigma, M8410) 
29. Mitomycin C (Sigma, M-4287) 
30. Mouse embryonic fibroblast (MEF) medium: DMEM supplemented with 10% fetal 

bovine serum, 1% non-essential amino acids, 1% penicillin/streptomycin, 1%  
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L-glutamine, 0.1mM 2-mercaptoethanol. Filter sterilize and store at 4°C for up to  
3-4 weeks. 

31. Paraformaldehyde (Kermel, Tianjin) 
32. Penicillin/Streptomycin (Invitrogen, 15140-122) 
33. Pregnant mare serum gonadotrophi (PMSG) (Sansheng, Ningbo, and 5000 IU): add 100 

ml 0.9% NaCl for 50 IU/ml aliquots and store at –20°C. 
34. Protease (Sigma, P8811) 
35. Tert-amyl alcohol (Sigma, 240486) 
36. Triton X-100 (Sigma, T9284) 
37. Trypsin–EDTA (0.05% with EDTA· 4Na) (Invitrogen, 25300-054) 
38. Y-27632 dihydrochloride monohydrate (Sigma, Y0503)  

3. Methods 
3.1 Isolation of mouse embryonic fibroblasts 
1. Quick and humane sacrifice of pregnant female CD1 mice (E13.5) by cervical dislocation. 
2. Dissect out uterine horns and transfer into 90mm dish. 
3. Carefully remove fetuses from the uterus using forceps and scissors and rinse in DPBS 

(see Fig.1A). 
 

 
Fig. 1. E13.5 mouse fetuses (A) and primary mouse embryonic fibroblasts (B) 

4. Cut away brain and dark red organs, wash with fresh DPBS, and remove as much blood 
clots as possible. 

5. Place tissue into a 60mm dish. Using an elbow iris scissors finely mince the fetuses into 
1mm3 pieces. 

6. Wash with fresh DPBS three times. 
7. Add 2ml of 0.05% trypsin/EDTA and incubate at 37°C for 5-10min. 
8. Inactivate trypsin/EDTA by adding equal volume of MEF medium.  Using a syringe 

pipette up and down several times  to dissociate the tissue clumps into single cells. 
9. Collect the cell suspensions in a fresh 15ml centrifuge tube and pellet cells by 

centrifugation at 200g for 5-10min. 
10. Carefully take off the supernatant and resuspend cells in 1ml MEF medium. 
11. Seed cells into approximately two 60mm dishes containing 6ml MEF medium. Incubate 

dishes in a 37°C incubator with 5% CO2 for approximately 3h. 

Effective Derivation and Manipulation of Mouse Embryonic Stem Cells   

 

49 

12. Change medium after cells attach. 
13. Allow cells to grow until confluence (repeat step 6-10). Split the cells 1:3-4 (label these 

cells as P1) (see Fig.1B).  
14. When cells reach confluence, repeat step 6-10. Resuspend cells in freezing medium and 

freeze each plate in three cryovials. 
15. Transfer the cryovials to -80°C freezer, the next day transfer cells to a liquid nitrogen 

storage tank. 

3.2 Mouse embryonic fibroblast feeder layer preparation 
1. Remove cells from liquid nitrogen and thaw quickly in 37°C H2O bath.  
2. Transfer cells to a fresh 15ml centrifuge tube and pellet cells by centrifugation at 200g 

for 5-10min. 
3. Carefully take off the supernatant and resuspend cells in 1ml MEF medium. 
4. Seed cells into 60mm dish containing 6ml MEF medium. 
5. Allow cells to grow until confluence, discard the medium and add 2ml MEF medium 

containing 10μg/ml mitomycin C. 
6. Incubate dishes in a 37°C incubator with 5% CO2 for 3h. 
7. Carefully take off the medium and wash four times with DPBS (see Note 1). 
8. Add 0.05% Trypsin/EDTA for 1min and then add an equal volume of MEF medium for 

inactivation. 
9. Using mechanical force through pipetting, recover the cells from the dish, centrifuge 

and resuspend the cell pellet in MEF medium. 
10. Seed 5×105 cells into a 35mm dish containing 2ml MEF medium. 
11. Put dishes in a 37°C incubator with 5% CO2 until use. 

3.3 Isolation of blastocysts 
1. Mouse embryonic fibroblast feeder layers should be changed into ES medium 2h prior 

to blastocyst isolation. 
2. Quick and humane sacrifice of pregnant female C57BL/6 mice (E3.5) mated to 129/Sv 

by cervical dislocation. 
3. Open the abdominal cavity, the uteri are removed by cutting across the cervix and are 

cut below the junction with the oviducts. 
4. Place the uteri in a small volume of M2 medium in a 35mm dish and flush each horn 

with M2 medium. 
5. Collect and wash blastocysts three times in M2 medium. 
6. Transfer the blastocysts onto the prepared MEF feeder layer and culture at 37°C within 

a CO2 incubator. 

3.4 Isolation and dissociation of ICM outgrowth 
1. After 4 to 5 days, gently circle the ICM outgrowths with a finely drawn glass probe, 

removing the ICM from the surrounding trophoblast cells.  
2. Take a sterile non-coated Petri dish and add several small drops (30μl) of DPBS and 

Accutase (see Note 2). 
3. Transfer the ICM outgrowths to the drops of DPBS, and then repeat this procedure in 

the Accutase drops and incubate at 37°C for 15-20 min. 
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3. Transfer the ICM outgrowths to the drops of DPBS, and then repeat this procedure in 

the Accutase drops and incubate at 37°C for 15-20 min. 
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4. Using a P200 pipette and yellow tip, transfer the ICM outgrowths to a small drop of ES 
cell medium and pipet outgrowths into small cell clumps of 5-10 cells using mechanical 
force (see Note 3). 

5. Transfer the cell clumps into 4-well plates with fresh MEF feeders and ES cell medium 
supplemented with 10μM Y-27632 (see Note 4).  

6. After 24h of culture, change replace the medium with normal ES cell medium without 
Y-27632. 

7. Change ES medium every other day, and observe the cultures. After 4 to 6 days ES cell 
colonies will appear (see Fig. 2). 

8. Definitive ES cell colonies are collected and dissociated into individual cells using the 
method above for ICM outgrowth dissociation. The cells are seeded again in 35mm 
dishes with fresh feeder layers. This is considered passage 1. 

 

 
Fig. 2. Derivation of ES cells from mouse blastocysts. A. Blastocyst (E3.5). B. Blastocyst 
attach and spread on MEF feeder layer. C. Expanded ICM outgrowth, ready for the first 
dissociation. D. ES cell colonies. 

3.5 Culture and passage of ES Cells 
1. When ES cell colonies become large and within proximity of other colonies it is 

necessary to passage 
2. Change fresh ES cell medium 2h prior to passaging. 
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3. Aspirate the old medium and wash the cells twice with DPBS. 
4. Add appropriate amount of 0.05% trypsin/EDTA solution, and incubate for 1-2min at 

room temperature. 
5. Once the cell colonies begin to detach, carefully remove trypsin/EDTA solution, and 

add 1ml ES cell medium, and further dissociate the detached ES colonies into single cell 
suspension by pipetting several times. 

6. Adjust the concentration of ES cells, and transfer the suspensions into 35mm dishes at a 
rate of 1:5. 

3.6 Freezing of ES Cells 
1. Change fresh ES cell medium 2h prior to freezing. 
2. Trypsinize cells and harvest as described earlier. 
3. Collect the cells by centrifugation at 200g for 5min. 
4. Remove the supernatant and resuspend the pellet in freezing medium. 
5. Aseptically aliquot the suspension into sterile freezing vials, label each vial with the 

date and cell type/clone number, and place the vials into a thermos cup. 
6. Freeze the cells overnight at -80°C, then transfer to the liquid nitrogen. 

3.7 Thawing of ES cells 
1. Remove a vial of frozen cells from the liquid nitrogen, and transfer to 37°C water bath. 
2. Transfer cell suspension to a 15ml centrifuge tube, and add ES cell medium to 5ml. 
3. Pellet cells by centrifugation at 200g for 5min. 
4. Carefully take off the supernatant and resuspend cells in 1ml ES cell medium. 
5. Plate ES cell suspension onto a prepared feeder layer in a 35mm dish at a suitable 

density. 

3.8 Karyotyping of ES Cells 
1. Add fresh ES cell media containing colcemid at a final concentration of 0.1μg/ml to an 

exponentially growing ES cell cultures. Return to the incubator for 40min. 
2. Wash slides in fresh fixation solution (3:1 methanol : acetic acid) and then soak them in 

ice cold water until ready to use (distilled water plus some ice). It is important for the 
slides to be both cold and wet when ready for use. 

3. Wash cells twice with DPBS. Completely dissociate colonies into single cell with 
trypsin. Add MEF media and resuspend the cells in a 15ml tube. Spin down at 200g for 
10min. Remove the supernatant. 

4. Add 1ml 0.56% KCl dropwise. Flick the tube to loose the pellet again to a single cell 
suspension (no big chucks). Add 9ml of 0.56% KCl and incubate for 15min. 

5. Add 2-3 drops of fresh fixation solution to the tube, and invert it several times, Spin 
down the cells at 200g for 5min. 

6. Remove the supernatant. Add 1ml fixation solution. Flick tube to resuspend pellet, add 
9ml fixation solution. Spin down the cells at 200g for 5min. 

7. Repeat step 6 three times and resuspend cells in appropriate fixation solution. Adjust 
cell density to 1×106/ml. 

8. Remove slide from the water, blot edges to remove excess liquid and drop the cell 
suspension (dropwise) from at least one foot above the surface of the slide (2-3 
drops/slide). Allow the cells spread and then place slides on heat stage (60°C) to speed 
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up drying). Prepare 3 or 4 slides for each sample. The remaining cells can be   stored at -
20°C for several years. 

9. Stain slides with Giemsa solution for 15min. Rinse slides with running water. 
10. Photograph chromosome spreads and count (see Fig. 3A) 

3.9 Alkaline phosphatase stain 
Staining for alkaline phosphatase should be performed at room temperature using an 
alkaline phosphatase detection kit (Boster Bio-Tech AR1023, Wuhan). 
1. Aspirate the medium and wash the ES cell cultures twice with DPBS for 1min each. 
2. Fix ES cells with 4% paraformaldehyde in DPBS at 4°C for 15min. 
3. Remove paraformaldehyde and add freshly prepared alkaline phosphatase staining 

solution. 
4. Keep reactions in the dark, and incubate at room temperature until desired degree of 

color development has occurred (This process usually takes 20-40min). 
5. Terminate the color reaction by washing with running water. 
6. Observe the images under an inverted microscope (see Fig. 3B). 
 
 

 
 

Fig. 3. A. Karyotype of ES cells. B. ES cell colonies with positive alkaline phosphatase 
activity. 

3.10 Immunostaining of ES Cells 
1. Seed ES cells on feeder layers in 4- well plate until near confluence. 
2. Remove media and fix cells with 4% paraformaldehyde for 10min at room temperature.  
3. Wash with DPBS for three times.  
4. Add 0.2% Triton X-100 in DPBS for 5min, and then wash with DPBS for three times. 
5. Add DPBS with 10% FBS for 30min. 
6. Dilute primary antibodies (rabbit anti-oct-4 polyclonal IgG, rabbit anti-nanog 

polyclonal IgG, rabbit anti-sox-2 polyclonal IgG, mouse anti-ssea-1 monoclonal IgG) 
(Santa Cruz, sc-9081, sc-33760, sc-20088, sc-21702) at 1:200 dilution rate in DPBS with 
10% FBS. 

7. Add primary antibodies and incubate cells overnight at 4ºC refrigerator. 
8. Wash with DPBS three times. 
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9. Dilute second antibodies (donkey anti rabbit IgG-FITC, donkey anti mouse IgG-FITC) 
(Santa Cruz, sc-2090, sc-2099) at 1:500 dilution rate in DPBS with 10% FBS. 

10. Add appropriate second antibodies into cells and incubate 2h at room temperate. 
11. Wash with DPBS three times and observe under an inverted fluorescent microscope 

(see Fig. 4). 
 

 
Fig. 4. Immunostaining of ES cell pluripotent markers (nanog, oct-4, sox-2, ssea-1). 

3.11 Formation of embryoid bodies 
1. Trypsinize and dissociate ES cell colonies into single cells. 
2. Collect by centrifugation and resuspend the cells at a density of 5×105 cells/ml in MEF 

medium supplemented with 10μM Y-27632. 
3. Transfer 2ml cell suspension into a 35mm dish coated with 1% agar (see Note 5). 
4. Culture overnight at incubator, carefully collect cell aggregates and transfer them into a 

new 35mm dish coated agar. Add 2ml MEF medium without Y-27632 for further 
culture. 

5. After 3-5 days, many cystic embryoid bodies appear (see Fig.5). 

3.12 Formation of teratoma 
1. Pretreat ES colonies with 10μM Y-27632 for 1h prior to dissociation. 
2. Dissociate with Accutase, harvest the cells by centrifuge at 200g for 10min and remove 

the supernatant. 
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3. Add DPBS and resuspend cells to a final density of 2×106 cells/ml. 
4. Subcutaneously inject 0.2 ml cell suspension into the CD1 mouse groin (see Note 6). 
5. Teratoma will be observed approximately 6 weeks later (see Fig. 6). 
 

 
Fig. 5. Cystic embryoid bodies by ES cell suspension culture 
 

 
Fig. 6. Formation of teratoma by injecting ES cells into CD1 mouse groin 

3.13 Production of chimeric mice by aggregation with eight-cell stage embryos 
1. Prepare several drops of KSOM culture medium containing 10μM Y-27632 in a 35mm 

Petri dish and cover with mineral oil. 
2. Sterilize a darning needle by dipping in ethanol. Make a series of 10 small depressions 

in each microdrop by pressing a darning needle into the Petri dish surface (see Note 7). 
Keep the plate in a 37°C incubator at 5% CO2. 

3. Oviducts from pregnant female mice (E2.5) are flushed with M2 to collect eight-cell 
embryos. 

4. Place several drops of M2, 0.5% protease and KSOM in 35mm Petri dish (do not mix). 
5. Wash the embryos with three drops of protease medium and transfer them into drops 

of protease. Incubate embryos at 37°C for 5-7min. 
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6. Wash embryos three times with KSOM and when zona pellucida begins to disappear 
transfer them into drops of KSOM.  

7. Transfer embryos into an aggregation plate (one embryo in each depression). Return 
plate to the incubator. 

8. Pull a glass capillary tube using a pipette puller, this will be used for ES cell clump 
preparation.  

9. Pick ES cell colonies from Petri dish and wash them three times with fresh DPBS. 
10. Transfer colonies to trypsin/EDTA and incubate at 37°C for 3-5min. 
11. Immediately transfer the colonies into a drop of KSOM and wash them three times. 
12. Colonies should be dissociated into 15-20 cell clumps using a glass capillary tube and 

mechanical force. 
13. Using a pipette, place one clump of ES cells into each depression. 
14. Return the plate to incubator and culture overnight (see Fig. 7). 
15. Transfer 8-10 aggregation blastocysts to each uterine horn of pseudopregnant CD1 

females (2.5dpc). The female CD1 mouse will deliver approximately 17 days later. 
 

 
Fig. 7. Production of chimeras by aggregation. A. 8-cell embryos without zona pellucida. B, 
C. Aggregation depression, ES cells and embryos. D. Aggregate of ES cells and embryo 

3.14 Production of chimeric mice by tetraploid blastocyst injection 
Production of tetraploid mouse embryos 
1. Collect 2-cell embryos (E1.5) of the CD1 outbred strain by flushing the oviducts and 

wash them using several drops of M2 medium. 
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3. Add DPBS and resuspend cells to a final density of 2×106 cells/ml. 
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15. Transfer 8-10 aggregation blastocysts to each uterine horn of pseudopregnant CD1 

females (2.5dpc). The female CD1 mouse will deliver approximately 17 days later. 
 

 
Fig. 7. Production of chimeras by aggregation. A. 8-cell embryos without zona pellucida. B, 
C. Aggregation depression, ES cells and embryos. D. Aggregate of ES cells and embryo 

3.14 Production of chimeric mice by tetraploid blastocyst injection 
Production of tetraploid mouse embryos 
1. Collect 2-cell embryos (E1.5) of the CD1 outbred strain by flushing the oviducts and 

wash them using several drops of M2 medium. 
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2. Transfer them into KSOM drops and keep at incubator until electrofusion. 
3. Wash 2-cell embryos through several drops of fusion buffer and place 20-30 embryos 

into the fusion buffer between the electrodes of the 0.2mm micro fusion chamber (see 
Fig. 8A). 

4. Set Eppendorf Multiporator mode to electrofusion: 2V voltage and 15s duration for 
embryo prealignment; 20V voltage, 50μs duration and two pulses for fusion. 

5. Transfer the embryos to the M2 drop and wash them through several drops of M2 
medium. 

6. Transfer the embryos into KSOM drops under mineral oil and culture at 37°C 
incubator. 

7. In the next 30-60min, choose all properly fused embryos and incubate them in KSOM 
medium under mineral oil at 37°C, 5 % CO2 (see Fig. 8B). 

8. After 24h culture, most of embryos should develop to blastocyst stage and are ready to 
be injected with ES cells. 

 

 
Fig. 8. A. 2-cell stage embryos aligned in fusion chamber. B. Fused embryos. 
Preparation of ES cells for blastocyst injection 

1. Replace fresh ES medium 3h prior to injection. 
2. Pick ES cell colonies and rinse them with DPBS. 
3. Transfer the colonies into Accutase drops and incubate at 37°C for 5 to 7min. 
4. Using a P200 pipette, transfer the colonies to a small drop of ES medium with 10μM Y-

27632, and break up the colonies into single cell suspension. 
5. Incubate the single cell suspension with 10μM Y-27632 for 1h at room temperature prior 

to injection to remove cell membrane blebs (see Fig. 9) (see Note 8). 

Microinjection needles preparation using a PN-30 micropipette puller and a MF-900 microforge 

1. Turn on the machine and choose appropriate settings. For the PN-30 puller, use magnet 
(main) 90, magnet (sub) 30, and heater 80, as the starting values. 

2. Fix one glass capillary (100mm) on the needle puller. 
3. Start the pulling process of the needle. 
4. Remove the needle carefully and check the tip under a stereomicroscope. 
5. Mount a capillary in the microforge and break this at the required diameter by fusing 

the glass onto the glass bead on the microforge and turning off the heat while drawing 
it away. 
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Fig. 9. Compare to the control cells without Y-27632 treatment (A), the treatment of Y-27632 
make ES cells smooth and soft (B) so that they can easily be picked up by injection pipette. 

6. For making holding pipets: break the holding pipet at a point where the outside 
diameter is approx 80μm and the inside diameter approx 60μm, and then move the 
holding pipet toward the glowing glass bead, and the cut will start to melt inward 
creating a smoother, narrower tip. 

7. For making injection pipets: break the injection pipet at a point where the outside 
diameter is approx 15μm and the inside diameter approx 12μm. 

8. Hold the pipet above the glass bead and heat a point about 5mm from the pipet tip. The 
pipet will bend under gravity as the glass melts. Allow the pipet to bend approx 60°. 

Piezo-supported microinjection 

1. Prepare dishes for injection using the lids of standard 35mm plastic disposable Petri 
dishes. 

2. Place a 400μl drop of M2 medium on the lid and cover it with mineral oil. 
3. Fluorinert FC-77 in a 15mm length was back-loaded into an injection pipette. Push 

Fluorinert FC-77 through the shoulder to near the tip to empty the air in the pipette 
4. Attach the injection pipette to the pipette holder of the piezo unit, and hang the piezo 

unit on the micromanipulator, and aspirate 1mm M2 into the pipette to keep ES cells 
away from Fluorinert FC-77. 

5. Attach the holding pipette on the other side of the micromanipulator. 
6. Transfer embryos and ES cells into the drop of M2 under mineral oil. 
7. Aspirate several ES cells, and use several piezo pulses (e.g., intensity=3, frequency=3) to 

penetrate the zona and trophectoderm layer (see Note 9). 
8. Advance the tip of the pipette near the opposite side of the blastocysts from where it is 

held by the holding pipette. 
9. Inject 15-20 ES cells into the blastocoel cavity (see Fig. 10A, B). 
10. Culture injected blastocysts in KSOM medium at 37°C, 5 % CO2 for 2h, and allow them 

recovery. 
11. Transfer 8-10 injected blastocysts to each uterine horn of 2.5dpc pseudopregnant CD1 

femals. 
12. Recipient mice will give birth after 17 days (see Fig. 10C, D). 
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Fig. 10. A. Piezo-actuated tetraploid blastocyst injection. B. Injected tetraploid blastocysts. C. 
Dead ES mouse pups. D. Survival ES mouse pups. 

3.15 Embryo transfer and Caesarean sections 
1. Select a pseudopregnant CD1 female (2.5dpc) as an embryo recipient. 
2. Prepare the transfer pipette, forceps and scissors etc. 
3. Anesthetized mice by intraperitoneal injection of Avertin, after drug delivery quickly 

put the mouse back into the cage (see Note 10). 
4. After the mouse is fully anesthetized place the mouse in the prone position on a lid of a 

Petri dish. Using an absorbent ball with 75% ethanol sterilize the area and shave the 
animal. 

5. Make a 0.5-1cm transverse dorsal incision at the below of the last ribs. 
6. Uncover incision to find ovarian fat pad, pull it out using forceps and hold it using clamps. 
7. Collect the embryos carefully one by one lined up in the transfer pipette with as little 

medium in between as possible. 
8. Make a hole through the uterine wall into the lumen with a 25G needle. The site of this 

hole should be near the last loop of the oviduct where it descends into the top of the 
uterine horn at the UT junction. 

9. Insert the transfer pipette into a hole and carefully expel the embryos. Check the 
transfer pipette to ensure that all embryos have been transferred. 8-10 embryos are 
usually transferred into each horn. 

10. When embryos are to be transferred into uteri, put the ovary back into the abdominal 
cavity and suture the incision. 
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11. Place the mouse in clean cage. Lighting to heat until it regaines consciousness. 
12. After 17 days, the pups will be born. 

4. Notes 
1. Mitomycin C (Sigma, M4287): Dissolve the powder into sterile distilled DMEM and 

adjust the concentration to 10μg/ml just before use. Wash layers several times with 
DPBS to completely remove any mitomycin C residue from the feeder layers. 

2. Accutase is a ready to use cell detachment solution of proteolytic and collagenolytic 
enzymes, and it does not contain mammalian or bacterial derived products. Cell lines 
tested for Accutase application includes fibroblasts, keratinocytes, vascular smooth 
muscle cells, primary chick embryo neuronal cells, bone marrow stem cells, 293 cells, 
3T3 cells, HeLa cells, insect cells, human embryonic stem cells and human neural stem 
cells. Moreover, Accutase is quite gentle on cells and will not induce cell death if cells 
are treated a little longer than the optimal time period. Thus, we use Acutase instead of 
trypsin for enzymatic dissociation of ICM. 

3. This is a key step for ES cell isolation. Watch the whole dissociation process under a 
microscope. Careful not to pipette with too much force, as single cells will not survive. 
Compared to trypsin, Accutase treated ICM outgrowths are easier to dissociate into 
small cell clumps. 

4. The ROCK inhibitor Y-27632 permits survival of dissociated human embryonic stem cells. 
Similar to human ES cells, we find that mouse ICM cells show sensitivity to trypsin. They 
undergo cell death after dissociation, and the cloning efficiency of dissociated ICM cells is 
generally very low. Our data indicates that increased cellular adhesion induced by Y-
27632 enhances the survival of dissociated ICM cells. With more ES-like colonies 
appearing when the dissociated ICM cells are seeded in medium supplemented with 10 
μM Y-27632 for 24h. Moreover, we have not observed adverse effects of Y-27632 treatment 
on pluripotency in maintenance culture even after a number of passages. 

5. Dishes are coated with agar to completely prevent cell attachment. This can increase cell 
aggregation and embryonic body formation. In brief, add 1g agar into 100ml DPBS and 
autoclave for 30min. Cool to 50°C at room temperature. Rapidly cover the internal wall 
and bottom of 35mm dishes with agar solution. Remove the extra solution and place 
dishes in hood until the remaining agar solidification. In addition, adding Y-27632 in 
the embryonic body medium can also enhance suspending cells to aggregate and 
embryonic body formation. 

6. Typically, severe combined immunodeficient mice are used for making teratoma. This 
strain of mouse is expensive and not easily raised. Our  data indicates that most mouse 
strains could be recipient for teratoma production by inguinal subcutaneous injection, 
such as CD1, C57BL/6×129/Sv. 

7. Carefully make small depressions using needle and appropriate force in the Petri dish 
surface. Too much force may break the dish and insufficient force will not produce the 
required depressions, which can easily lead to the loss of embryos and ES cells.  

8. Prior to blastocyst injection, the pretreatment of 10μM Y-27632 for 1h at room temperature 
can alter the membrane architecture of ES cells so that they can be easily collected by 
injection pipet. Otherwise, the ES cell surface is covered with blebs (see Fig. 10). 

9. Within the microinjection pipette, ES cells should be kept approximately 100μm away 
from the pipette tip. Damage to ES cells may occur if the cells are very close to the tip 
when the piezo pulses are applied. 
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10. Avertin anesthetic: 1.25% stocks avertin is prepared by mixing 2.5g of 2, 2, 2-
tribromoethyl alcohol (Sigma), 5ml of tert-amyl alcohol (Sigma) with 200ml water. 
Avertin is intraperitoneally injected at a dose of 0.02ml per gram of body weight for 
anesthetization. 
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1. Introduction 
Stem cell behavior and function is influenced by a complicated 3-D microenvironment 
consisting of extracellular matrix (ECM), neighboring cells, growth factors, hormones, and 
nutrients (Discher et al., 2009). Among them cell-ECM interaction regulates many aspects of 
cell behavior, including cell survival, growth, proliferation, differentiation, migration, and 
morphogenesis (Fig. 1) (Hynes, 1992). Tissue engineering strives to replace damaged tissues 
with stem cells seeded onto biologically derived or synthetic materials to mimic the 
regulatory characteristics of ECM and thus restore the normal control of cell function. In 
general, materials from natural sources (e.g., collagen, laminin or fibronectin) are 
advantageous for cell culture because of the presence of cell recognizable receptors (e.g., 
ECM molecule, galactose, can specifically recognize asialoglycoprotein receptor (ASGPR) on 
the hepatocytes) (Cho et al., 2006; Lutolf & Hubbell 2005). However, critical problems in 
biocompatibility, mechanical properties, degradation, pathogen transmission and numerous 
other areas remain. For tissue-engineering strategies to be successful, the complicated 
relationship between cells and the ECM must be simplified in a way to understand 
appropriate cell behavior. Through the design and expression of articial genes using 
recombinant DNA technology, it is now possible to prepare articial ECM  proteins  with  
controlled  mechanical  properties  and  with domains  chosen  to  modulate  cellular  
behaviour (Nagaoka et al., 2002; Ogwara et al., 2005;  Azuma et al., 2010; Yue et al., 2010).  
This  approach avoids  several  important  limitations  encountered  in  the  use  of natural  
ECM  proteins,  including  complex purification, immunogenicity, heterogeneous 
environment, batch-to-batch  (or  source-to-source)  variation  in  materials  isolated  from  
tissues,  and presence of xenogenetic compounds. Moreover, the designing of artificial 
extracellular matrix should enable more efficient and scalable culture of embryonic stem 
(ES) or induced pluripotent stem (iPS) cells, as well as greater control over material 
properties and tissue responses (Haque et al., 2010; Nagaoka et al., 2010a). 
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1. Introduction 
Stem cell behavior and function is influenced by a complicated 3-D microenvironment 
consisting of extracellular matrix (ECM), neighboring cells, growth factors, hormones, and 
nutrients (Discher et al., 2009). Among them cell-ECM interaction regulates many aspects of 
cell behavior, including cell survival, growth, proliferation, differentiation, migration, and 
morphogenesis (Fig. 1) (Hynes, 1992). Tissue engineering strives to replace damaged tissues 
with stem cells seeded onto biologically derived or synthetic materials to mimic the 
regulatory characteristics of ECM and thus restore the normal control of cell function. In 
general, materials from natural sources (e.g., collagen, laminin or fibronectin) are 
advantageous for cell culture because of the presence of cell recognizable receptors (e.g., 
ECM molecule, galactose, can specifically recognize asialoglycoprotein receptor (ASGPR) on 
the hepatocytes) (Cho et al., 2006; Lutolf & Hubbell 2005). However, critical problems in 
biocompatibility, mechanical properties, degradation, pathogen transmission and numerous 
other areas remain. For tissue-engineering strategies to be successful, the complicated 
relationship between cells and the ECM must be simplified in a way to understand 
appropriate cell behavior. Through the design and expression of articial genes using 
recombinant DNA technology, it is now possible to prepare articial ECM  proteins  with  
controlled  mechanical  properties  and  with domains  chosen  to  modulate  cellular  
behaviour (Nagaoka et al., 2002; Ogwara et al., 2005;  Azuma et al., 2010; Yue et al., 2010).  
This  approach avoids  several  important  limitations  encountered  in  the  use  of natural  
ECM  proteins,  including  complex purification, immunogenicity, heterogeneous 
environment, batch-to-batch  (or  source-to-source)  variation  in  materials  isolated  from  
tissues,  and presence of xenogenetic compounds. Moreover, the designing of artificial 
extracellular matrix should enable more efficient and scalable culture of embryonic stem 
(ES) or induced pluripotent stem (iPS) cells, as well as greater control over material 
properties and tissue responses (Haque et al., 2010; Nagaoka et al., 2010a). 
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Fig. 1. Components of stem cell microenvironment that determine cell fate. Stem cell 
behavior that is proliferation, differentiation, migration and apoptosis is influenced by 
coordinated interaction of soluble factors, extracellular matrix and signals from neighboring 
cells. Specific binding of signal molecules with cell-surface receptors induces complex 
intracellular signaling pathways with subsequent effect on gene expression, self-renewal, 
morphogenesis and differentiation (Lutolf & Hubbell 2005) 

2. Classification of extracellular matrix for ES cell 
The ECM is a complex composite of fibrous structural proteins (e.g. collagen, laminin, 
elastin, or fibronectin) and specialized proteins (e.g. growth factors, glycoproteins and 
proteoglycans. It provides an important model for biomaterial design (Langer & Tirrell, 
2004). ECM can be broadly categorized into natural and recombinant considering ES cell 
culture, self-renewal and differentiation. 

2.1 Natural extracellular matrix 
Various amounts and types of collagens, laminin, elastin, matrigel, fibronectin, vitronectin, 
or proteoglycans have been used as natural extracellular matrices (Nagaoka et al., 2010a). 
Generally, gelatin, that has a history of extensive use in myocardial and neural tissue 
engineering, can provoke an unspecific inflammatory response (Akhyari et al., 2008). 
Recently, it has been shown that natural matrix molecule (fibronectin-coated collagen gel) 
can induce the directed differentiation of endoderm from mouse embryonic stem (mES) cells 
without any requirement of cell sorting (Parashurama et al., 2008). But due to less control on 
structural composition of ECM, cell-matrix interaction and use of complex serum-
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supplementation, it was difficult to find the exact mechanism of collagen gel on directed 
differentiation of endoderm cells. Moreover, Eschenhagen et al. (1997) have established one 
of the convincing models of 3-D cardiac cell cultures using matrigel, where differentiation 
status and functional parameters reach a quality close to that of native myocardium. 
However, still there has been some controversy about matrigel and the question of the 
growth factor content within matrigel has been partially regarded as a potential 
contaminant. Furthermore, some of these components have no regulatory approval for use 
in human patients (Akhyari et al., 2008).  
 

Categories Targets Fused 
domain Advantages References 

Cell-cell interacton 
molecules 

E- or N-
cadherin IgG Fc 

Increased cell adhesion, 
growth and transfection, 
efficient differantiation 

Nagaoka et 
al., 2006; Yue 
et al., 2010 

Growth factor LIF IgG Fc 
Strong and stable 
signaling, controlled 
presentation 

Nagaoka et 
al., 2008b 

Co-immobilized E-cadherin 
and LIF IgG Fc 

Less dependency on LIF, 
single cell morphology, 
controlled pluripotency 

Nagaoka et 
al., 2008b 

Table 1. Characteristics of recombinant fusion proteins for stem cell culture and 
differentiation (Nagaoka et al., 2010a) 

2.2 Recombinant extracellular matrix 
In recent years, artificial ECMs gained special interest due to their excellent mechanical 
properties, process ability and low cost (Gupta et al., 2002). It is expected that synthetic 
ECMs can mimic many functions of the natural ECM including cellular 3-D architecture, 
mechanical integrity to the new tissue and the space for the diffusion of nutrients and 
metabolites (Putnam and Mooney, 1996). Among synthetic ECM molecules, the use of 
functional fusion proteins shows great promise in biology and biomedical technology due to 
simple and cheap production and purification strategy. Mostly three categories of synthetic 
ECM using recombinant fusion proteins have been explored by Akaike group in stem cell 
culture research (Table 1) (Nagaoka et al., 2010a; Haque et al., 2010). First, fusion proteins 
targeting cell-cell interacton molecules, such as cadherins (Nagaoka et al., 2006; Yue et al., 
2010). Nagaoka and coworkers has also been reported second categories of fusion proteins 
targeting cell-bound growth factor. A co-immobilized matrix consisting both types of fusion 
proteins can also used for stem cell culture and pluripotency (Nagaoka et al., 2008b). 

2.2.1 Cell-cell adhesion molecule based extracellular matrix  
Cadherins are most important family of Ca2+-dependent intercellular adhesion molecules that 
may play a role in selective cell adhesion (Miyatani et al., 1989). Akaike and coworkers used 
two members of this family, epithelial cadherin (E-cadherin) and neural cadherin (N-cadherin) 
as ECM molecule to culture and differentiate ES cells (Nagaoka et al., 2006; Yue et al., 2010). 
The different cadherin types exhibit distinct tissue distribution pattems (Takeichi et al., 1981). 
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Fig. 2. Construction of fusion proteins for artificial extracellular matrix. Generated segments 
of an extracellular domain of mouse E-cadherin, N-cadherin or LIF and IgG Fc region were 
subcloned into a eukaryotic expression vector pRC/CMV. CMV promoter, human 
cytomegalovirus immediate-early promoter/enhancer; BGH poly A, bovine growth 
hormone polyadenylation signal; Amp, ampicillin resistance gene; Neo, neomycin resistance 
gene (Nagaoka et al., 2002; 2006; 2008b; Yue et al., 2010) 
It has been known that E-cadherin mediated cell-cell interaction is essential for tissue 
morphogenesis and is also required for maintenance of organized solid tissues (Ozawa et 
al., 1990). The C-terminal domain of E-cadherin is associated with cytoplasmic proteins (α-, 
β-, γ -catenin and p120ctn) and this molecular complex regulates homophilic interaction and 
dimerization of E-cadherin in presence of Ca2+ (Ozawa et al., 1990, Takeichi, 1995; Brieher et 
al., 1996). The temporal and spatial expression of E-cadherin on the surfaces of different 
types of cells is essential for different cellular regulatory functions. For example, E-cadherin 
plays a central role during preimplantation embryonic development. In its absence, proper 
cell polarization is absent and trophectoderm formation is impaired (Larue et al., 1994; 
Reithmacher et al., 1995). Moreover, E-cadherin may fine-tune ES cell pluripotency by 
modulating intracellular β-catenin levels or Nanog expression (Chuo et al., 2008). E-cadherin 
can also regulate differentiation of ES cells by modulating its expression or expression of 
transcription factors (Nishikawa et al., 2005). Nagaoka et al. showed that the use of artificial 
ECM in absence of these natural adhesion molecules can also support both undifferentiated 
and differentiated cells to function according to their native counterparts. Designing of 
artificial ECM with immobilized extracellular domain of E-cadherin as insoluble ligands not 
only facilitated efficient proliferation of mES cells with scattering behavior (Nagaoka et al., 
2008a) but also showed enhance cell attachment and differentiation of primary hepatocytes 
(Nagaoka et al., 2006; 2008a). In chimeric protein of E-cadherin extracellular domain and 
IgG-Fc region (abbreviated as E-cad-Fc) (Fig. 2), the E-cadherin primarily attach to ECM 
through Fc region that has the potentiality to stably adsorb to a plastic surface such as 
polystyrene and dimerize via the hinge region. On the other hand, the extracellular domain 
of E-cadherin holds cells through homophilic interaction and thereby, activates specific 
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signaling pathways. The creation of such type of highly defined artificial matrix molecules 
can improve mechanical performance and help in finding the complexity of signaling in cell-
ECM interactions (Fig. 4) (Nagaoka et al., 2010a).  
The scond type of cadherin molecule, N-cadherin, is expressed in various neural tissues and 
has been implicated in the attachment of axons to other cells, raising the possibility that this 
molecule is involved in neuronal recognition mechanism (Miyatani et al., 1989). Especially 
in central neural system, N-cadherin mediated the interaction between neurons and 
astrocytes. Also, the interaction between broblast growth factor receptor (FGFR) and the 
extracellular domain 4 of N-cadherin promoted the extension of neurites, indicating the very 
close  relationship  between  N-cadherin  and  neural  system formation and function 
(Williams et al., 2001). Yue and coworkers (2010) also constructed another fusion protein, N-
cadherin fused to IgG-Fc (abbreviated as N-cad-Fc), by fusing the extracellular domain of N-
cadherin and the Fc fragment of mouse IgG protein (Fig. 2). The development of this type of 
defined extracellular matrix favors the development of homogeneous culture conditions for 
ES cell differentiation under single cell level. 

2.2.2 ECMs with immobilized fusion protein of soluble factors 
Growth factors play an important role in regulating cellular behavior and function, such as 
proliferation, migration and differentiation. The biological signals of growth factors and 
cytokines are mediated by two different forms, the secreted form and the cell membrane- or 
matrix-anchored form, which release different signal transduction cascades (Tanaka et al., 
1998). Controlled release of growth factors from engineered ECM can facilitate analysis of 
cellular morphogenesis, cell-cell interaction and monitoring of signaling pathways 
(Nagaoka et al., 2002). Ogiwara et al. (2005) proposed a novel artificial extracellular matrix 
with immobilized recombinant epidermal growth factor (EGF) fused to an IgG-Fc region 
(abbreviated as EGF-Fc) to investigate the effect of this matrix on phosphorylation of EGF 
receptor, the activation of mitogen-activated protein kinase (MAPK) and morphological 
changes in the cytoskeleton. Compared to soluble EGF, immobilized EGF-Fc showed more 
strong and stable activation of MAPK in A431 cells. Moreover, activation of Ral and cdc42 
was found in A431 cells on immobilized EGF-Fc coated surface, but absent on collagen gels 
(Ogiwara et al., 2005). Besides, as growth factors are required in only very tiny quantities to 
elicit biological response, designing artificial matrices for controlled growth factor 
presentation is necessary. Recently, many studies showed the difficulties in using soluble 
leukemia inhibitory factor (LIF) to control self-renewal of mES cells without differentiation 
(Ying et al., 2003a). Considering these limitations together with analysis of cell behavior and 
function, Nagaoka and coworkers proposed matrix anchored form of LIF to design artificial 
acellular feeder layer for mES cells. The undifferentiated state of mES cells was maintained 
on the surface coated with chimeric protein, LIF-Fc (Fig. 2). Furthermore, when cultured on 
the co-immobilized surface with LIF-Fc and E-cad-Fc, mES cells showed undifferentiated 
state and pluripotency without additional LIF supplementation. This study showed that 
immobilized LIF and E-cadherin can maintain mES cells efficiently and that the 
immobilzable LIF-Fc fusion protein is useful for the investigation of signaling pathways of 
an immobilized form of LIF in the maintenance ES cell pluripotency (Nagaoka et al., 2008b). 

2.2.3 Extracellular matrix with co-immobilized fusion proteins 
The combination of cell-adhesive matrix and a controlled-signaling scheme for a growth 
factor could allow stem cells to control cultivation and self-renewal in an efficient way (Fig. 
3). Moreover, the spatial and temporal expression of genes at different developmental stages 
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further necessities the use of co-immobilized matrix to induce differentiation of embryonic 
stem cells towards specific lineages of populations. Nagaoka and co-workers applied two 
immobilizable model proteins, E-cad-Fc and LIF-Fc, to establish a new culture system of 
mouse ES cells, and demonstrated that mouse ES cells can be effectively maintained on a co-
immobilized surface with the model proteins (Nagaoka et al 2008b). 

3. Culture of ES cells on recombinant extracellular matrix 
The purpose of using extracellular matrices to culture ES cells is many folds: (i) proliferation 
of cells under fully defined and homogeneous culture conditions, (ii) to mimic the process of 
cell differentiation, and (iii) to generate a specific type of mature cells at a high purity 
(Nagaoka et al., 2006; 2008b; Nishikawa et al., 2007). Although some progress has been 
made, this is still difficult to achieve homogeneous and fully defined culture environment. 
Despite this intractable problem, continuous attempts have been made to proliferate and 
differentiate ES-cell under homogeneous conditions in the absence of EB formation. For 
proliferation of ES cells in monolayer cultures with homogeneous environment, only few 
successes have been reported. 
 

 
Fig. 3. A proposed model of ES cell pluripotency on artificial extracellular matrix using co-
immobilized recombinant fusion protein of E-cadherin and leukemia inhibitory factor (LIF). 
LIF-dependent activation of STAT3 blocks ES cell differentiation and promotes self-renewal. 
Oct3/4 and Nanog are the most important transcription factor in this pathway. BMP signal 
is important to block neurogenesis. Cells on recombinant matrices with single cell 
morphology with uniform culture conditions and favors homogeneous distribution of 
signals inside the cell. Specific merits are enumerated in the figure for this culture condition 
(Friel et al., 2005; Nagaoka et al., 2006; 2008b) 
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3.1 Pluripotency 
Pluripotency is characterized by the ability of a stem cell to  self-renew  indefinitely  while  
maintaining  the  capacity to  differentiate  into  derivatives  of  all  three  germ  layers 
(ectoderm,  endoderm  and  mesoderm).  Pluripotency is the key for ES cells as they can be 
used for appropriate cell proliferation, cell cycle regulation, gene expression and 
differentiation. Oct3/4, Nanog and Sox2 are three important transcription factors that can 
control the maintenance of pluripotency of mouse ES cells by inhibiting differentiation to 
three germ layers (Nichols et al., 1998; Mitsui et al., 2003; Avilion et al., 2003). Despite clear 
morphological differences and different growth factor requirements, human ES cells are  
 

 
Fig. 4. Advantageous features of ES cells on the E-cad-Fc fusion protein-immobilized 
surface. (a) Single cell morphology of ES cells (EB3) on E-cad-Fc-coated plate. (b) ES cells 
adhered to E-cad-Fc-coated dishes with equivalent efficiency as to 0.1% gelatin-coated 
dishes after 3 hours of incubation. (c) ES cells show higher proliferation efficiency on the E-
cad-Fc-coated surface. (d) Transfection efficiency of ES3 cells cultured on gelatin- or E-cad-
Fc-coated surface. Relative expression of GFP was evaluated. (e, f) Pluripotency of ES cells 
on E-cad-Fc-coated surface. (e) R1 cells were maintained on gelatin or E-cad-Fc for 26 days, 
and then were cultured to form embryoid bodies. After 14 days culture of embryoid bodies, 
expression of marker genes was analyzed by RT-PCR. Lane 1: undifferentiated cells; lane 2: 
on gelatin; lane 3: on E-cad-Fc. (f) Characterization of teratomas from ES cells (EB3) cultured 
on an E-cad-Fc-coated surface. The data indicate means ± SEM. **:P<0.001 versus gelatinized 
plates. Scale bar: 50 µm. Courtesy: Nagaoka et al., 2006 
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is important to block neurogenesis. Cells on recombinant matrices with single cell 
morphology with uniform culture conditions and favors homogeneous distribution of 
signals inside the cell. Specific merits are enumerated in the figure for this culture condition 
(Friel et al., 2005; Nagaoka et al., 2006; 2008b) 
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3.1 Pluripotency 
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three germ layers (Nichols et al., 1998; Mitsui et al., 2003; Avilion et al., 2003). Despite clear 
morphological differences and different growth factor requirements, human ES cells are  
 

 
Fig. 4. Advantageous features of ES cells on the E-cad-Fc fusion protein-immobilized 
surface. (a) Single cell morphology of ES cells (EB3) on E-cad-Fc-coated plate. (b) ES cells 
adhered to E-cad-Fc-coated dishes with equivalent efficiency as to 0.1% gelatin-coated 
dishes after 3 hours of incubation. (c) ES cells show higher proliferation efficiency on the E-
cad-Fc-coated surface. (d) Transfection efficiency of ES3 cells cultured on gelatin- or E-cad-
Fc-coated surface. Relative expression of GFP was evaluated. (e, f) Pluripotency of ES cells 
on E-cad-Fc-coated surface. (e) R1 cells were maintained on gelatin or E-cad-Fc for 26 days, 
and then were cultured to form embryoid bodies. After 14 days culture of embryoid bodies, 
expression of marker genes was analyzed by RT-PCR. Lane 1: undifferentiated cells; lane 2: 
on gelatin; lane 3: on E-cad-Fc. (f) Characterization of teratomas from ES cells (EB3) cultured 
on an E-cad-Fc-coated surface. The data indicate means ± SEM. **:P<0.001 versus gelatinized 
plates. Scale bar: 50 µm. Courtesy: Nagaoka et al., 2006 
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thought to be equivalent to mouse ES cells at molecular level (Chou et al., 2008). To 
understand the molecular basis of pluripotency of mouse and human stem cells and to find 
the common regulatory mechanism, it is necessary to analyze the cells under homogeneous 
environmental condition at single cell level. 
Nagaoka and coworkers (2006, 2008b and 2010b) also showed that both human and mouse 
ES cells cultured on E-cad-Fc coated surface could be maintained with unique 
morphological character and complete ES cell features, and that they showed higher 
proliferative ability and transfection efficiency than those grown under conventional 
conditions (Fig. 4). Furthermore, they require less LIF, probably due to the homogeneous 
exposure of cells to LIF that was achieved in this culture system (Nagaoka et al., 2006). 
Moreover, Cui et al. (2004) reported the heterogeneous distribution of cell-cell adhesion 
molecules in undifferentiated ES cell colonies. These observations indicate that an 
aggregated colony formation with close cell-cell communications may generate a 
heterogeneous environment within the colonies, which potentially inhibit the proliferation 
of ES cells and the distribution of soluble factors. 
A number of new culture methods for ES cells have recently been developed that do not 
require feeder cells or serum (Xu et al., 2001; Ying et al., 2003b; Sato et al., 2004; James et al., 
2005), but a drawback of these methods is that the undifferentiated ES cells form aggregates, 
which have a potency to inhibit diffusion of soluble factors to cells, and thereby may affect 
the pluripotency of the cultured cells. Close contact between cells in these aggregates may 
lead to paracrine interactions with neighboring cells that could generate heterogeneity and 
initiate differentiation. Furthermore, aggregated cells within the colony cannot be isolated 
without trypsin treatment which imparts a strong stress on human ES cells and cause 
massive cell death. It has been reported that culture of human ES cells on E-cad-Fc stabilizes 
E-cadhein on cell surface by inhibiting endocytosis mediated degradation and thereby, 
improves ES cell survival after single cell dissociation. Moreover, Xu et al. (2010) also 
reported that both mouse and human ES cells are much more dependent on E-cadherin than 
integrin for survival after single cell dissociation in presence of LIF. Therefore, the 
application of homogeneous single cell culture system using E-cad-Fc and LIF-Fc could be 
expected to improve the difficulty in culture of ES cells (Fig. 5). 

3.2 Differentiation  
ES cells have enormous potential for the study of embryogenesis at the cell level. However, 
compared with the generation of pluripotent ES cells, little is known about molecular 
mechanisms that govern ES cell differentiation. This might be due to lack of homogeneous 
and defined culture condition to monitor the developmental pathway under single cell 
level. Until recently, differentiation of ES cells into the three germ layers is attained through 
the use of specific culture conditions: embryoid-body (EB) formation, cultures on feeder 
cells, and cultures on matrices. Most cell lineages, including the neuronal, mesoderm and 
hepatocyte lineages have been shown to be generated within the EB (Nishikawa et al., 2007). 
However, monitoring cell behavior and guided differentiation to specific cell lineages was 
not possible without the use of laborious cell sorting (Haque et al., 2010). In contrast, 
monolayers of freshly isolated cells or cell lines are often used as feeder cells to support ES-
cell activities. The maintenance of human ES cells still requires feeder cells because these 
cells do not respond to LIF (Thomson et al., 1996).  However, the difficulties for using feeder 
cell lines include maintenance of stromal cell, undefined cultural condition and possibility of 
pathogen transmission. Considering these limitations, scientists are now focused on the 
development feeder free culture condition for ES cell culture. 
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Fig. 5. Cell morphology, adhesion and maintenance of ES cell features on the co-
immobilized surface of LIF-Fc and E-cad-Fc. (a) Cells on acellular feeder layer favor single 
cell culture with homogeneous culture conditions. Specific merits are enumerated in the 
figure. (b) Morphological observation and expression of pluripotency marker, Oct-3/4 by 
mouse ES cells (EB3) on a gelatin- or E-cad-Fc-coated surface. (c) The higher proliferative 
activity of EB3 cells on 5μg ml-1 of E-cad-Fc coated matrix compared to 0.1% gelatin coated 
surfaces in the presence of LIF for 2 days. Even at lower concentration of immobilized LIF 
(LIF-Fc) at 55 units well-1, the ES cells showed higher proliferation ability on a co-
immobilized surface than on a gelatinized surface. (d) After culturing for 3 days, the 
activation of STAT3 and MAPK by immobilized LIF-Fc was analyzed by Western blotting. 
(e) Expression of three genes that are markers of the undifferentiated state was analyzed by 
RT-PCR. (f) Feeder-dependent R1 cells were maintained on the co-immobilized surface of E-
cad-Fc and LIF-Fc for 10 passages, and then cells were aggregated with four-cell stage 
tetraploid CD-1 embryos. The embryos were observed at the stage E9.5. Scale bar: 50 µm. 
Courtesy: Nagaoka et al., 2008b 
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Fig. 6. Morphological observation, cell growth and differentiation P19 embryonal carcinoma 
and MEB5 neural stem cells. (a) Morphology of P19 and MEB5 cells at day 2 on three different 
culture matrix. Scale bar: 50 µm (left, P19) and 100 µm (right, MEB5). The proliferative activity 
of P19 (b) and MEB5 (c) cells were evaluated. Immunostaining images showing expression of 
specific neural markers, βIII-tubulin (green) and Nestin (red) by P19 (d) and MEB5 (e) cells  at 
6 days of differentiation in presence or absence of retinoic acid (RA). Scale bar: 50 µm. The 
quantitative expression level of neural markers, Tubb3 (f) and Neurog1 (g), showing the 
efficient differentiation potential of P19 cells on N-cad-Fc-coated matrix. The data indicates 
means ± SD (n= 3). *p < 0.01, **p < 0.001. Courtesy: Yue et al., 2010 
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For ES-cell differentiation in monolayer cultures under chemically defined conditions, only a 
few successes have been reported. Ying and coworkers showed that differentiation of ES cells 
to neuronal cells can be induced on gelatin-coated dishes with a conventional serum-free 
medium. Researchers also reported two serum-free conditions for definitive endoderm and 
visceral endoderm that are based on the serum-free medium in the presence of insulin, 
transferring and bovine serum albumin (Yasunaga et al., 2005). Under these conditions, the 
purity of the cells was achieved after laborious cell sorting using flow cytometry, which is 
practically impossible to billions of differentiated cells for therapeutic applications. Therefore, 
single cell culture on artificial ECM using the chimeric proteins of E-cadherin or growth factors 
could be the ultimate target to obtain homogeneous population of non-stressed differentiated 
cells at high efficiencies. Yue et al. (2010) showed that differentiation of ES cells to neuronal 
cells can be achieved on N-cadherin dependent artificial ECM (N-cad-Fc). Both P19 embryonal 
carcinoma cells and MEB5 neural stem cells  cultured  on  N-cad-Fc-coated  surface  showed  
scattering morphologies  without  colony  formation  and  higher  proliferating  potency  than  
conventional  culture systems with maintenance of undifferentiated state (Fig. 6). Both of two 
cell lines cultured on N-cad-Fc-coated surface  differentiated  into  neural  cells  under  single  
cell  level. Furthermore, the expression of neuron-related markers, Tubb3, Nestin and 
Neurog1, in two cell lines cultured on N-cad-Fc-coated surface was much higher than colony 
forming conditions on gelatin-coated plates. Therefore, it will be expected that the constructed 
N-cad-Fc can be used as an artificall ECM for neural differentiation of stem cells to overcome 
the existing problems of convensional culture systems. 

4. Conclusion and future perspectives 
Biomaterials have already had an enormous impact on health care, and are already widely 
used in biomedical applications. However, relatively less effort has been made to use synthetic 
nanobiomaterials in embryonic stem cell research. Until recently, cell and matrix biologists 
have almost exclusively used natural ECM-derived materials as 3-D model systems. Precise 
control over extracellular microenvironment using engineered ECM would be useful to fulfill 
the huge demand of cells for transplantation in tissue engineering and regenerative medicine 
for development of bioartificial organs. Also,  there  will  be  increasing demands that 3-D 
recombinant fusion proteins provide better model systems for physiologic situations because 
3-D  fusion proteins induce more effctively cellular functions than 2-D ones although 2-D in 
vitro assay on 2-D recombinant fusion proteins are still applied in many cell culture studies. 
Moreover, the construction of lineage specific ECM to enrich specific population of cells for 
transplantation has not yet been developed. Matrix dependent selective induction of ES cells to 
uniform population of cells can significantly enrich specific population of differentiated cells 
for biomedical applications without the need for any laborious cell sorting and purification to 
eliminate contaminating cells. Furthermore, future research will be aimed to the design of 
hybrid materials consisting of intelligent recombinant proteins and other biomaterials with 
high mechanical characteristics for understanding developmental pathways of human ES or 
iPS cell-derived differentiated cells. 

5. References 
Akhyari, P.; Kamiya, H.; Haverich, A.; Karck, M. & Lichtenberg, A. (2008). Myocardial tissue 

engineering: the extracellular matrix. European  Journal of Cardio-thoracic Surgery, 34, 
2, (229-241). 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

70 

 
Fig. 6. Morphological observation, cell growth and differentiation P19 embryonal carcinoma 
and MEB5 neural stem cells. (a) Morphology of P19 and MEB5 cells at day 2 on three different 
culture matrix. Scale bar: 50 µm (left, P19) and 100 µm (right, MEB5). The proliferative activity 
of P19 (b) and MEB5 (c) cells were evaluated. Immunostaining images showing expression of 
specific neural markers, βIII-tubulin (green) and Nestin (red) by P19 (d) and MEB5 (e) cells  at 
6 days of differentiation in presence or absence of retinoic acid (RA). Scale bar: 50 µm. The 
quantitative expression level of neural markers, Tubb3 (f) and Neurog1 (g), showing the 
efficient differentiation potential of P19 cells on N-cad-Fc-coated matrix. The data indicates 
means ± SD (n= 3). *p < 0.01, **p < 0.001. Courtesy: Yue et al., 2010 

Artificial Acellular Feeder Layer:  
An Advanced Engineered Extracellular Matrix for Stem Cell Culture 

 

71 

For ES-cell differentiation in monolayer cultures under chemically defined conditions, only a 
few successes have been reported. Ying and coworkers showed that differentiation of ES cells 
to neuronal cells can be induced on gelatin-coated dishes with a conventional serum-free 
medium. Researchers also reported two serum-free conditions for definitive endoderm and 
visceral endoderm that are based on the serum-free medium in the presence of insulin, 
transferring and bovine serum albumin (Yasunaga et al., 2005). Under these conditions, the 
purity of the cells was achieved after laborious cell sorting using flow cytometry, which is 
practically impossible to billions of differentiated cells for therapeutic applications. Therefore, 
single cell culture on artificial ECM using the chimeric proteins of E-cadherin or growth factors 
could be the ultimate target to obtain homogeneous population of non-stressed differentiated 
cells at high efficiencies. Yue et al. (2010) showed that differentiation of ES cells to neuronal 
cells can be achieved on N-cadherin dependent artificial ECM (N-cad-Fc). Both P19 embryonal 
carcinoma cells and MEB5 neural stem cells  cultured  on  N-cad-Fc-coated  surface  showed  
scattering morphologies  without  colony  formation  and  higher  proliferating  potency  than  
conventional  culture systems with maintenance of undifferentiated state (Fig. 6). Both of two 
cell lines cultured on N-cad-Fc-coated surface  differentiated  into  neural  cells  under  single  
cell  level. Furthermore, the expression of neuron-related markers, Tubb3, Nestin and 
Neurog1, in two cell lines cultured on N-cad-Fc-coated surface was much higher than colony 
forming conditions on gelatin-coated plates. Therefore, it will be expected that the constructed 
N-cad-Fc can be used as an artificall ECM for neural differentiation of stem cells to overcome 
the existing problems of convensional culture systems. 

4. Conclusion and future perspectives 
Biomaterials have already had an enormous impact on health care, and are already widely 
used in biomedical applications. However, relatively less effort has been made to use synthetic 
nanobiomaterials in embryonic stem cell research. Until recently, cell and matrix biologists 
have almost exclusively used natural ECM-derived materials as 3-D model systems. Precise 
control over extracellular microenvironment using engineered ECM would be useful to fulfill 
the huge demand of cells for transplantation in tissue engineering and regenerative medicine 
for development of bioartificial organs. Also,  there  will  be  increasing demands that 3-D 
recombinant fusion proteins provide better model systems for physiologic situations because 
3-D  fusion proteins induce more effctively cellular functions than 2-D ones although 2-D in 
vitro assay on 2-D recombinant fusion proteins are still applied in many cell culture studies. 
Moreover, the construction of lineage specific ECM to enrich specific population of cells for 
transplantation has not yet been developed. Matrix dependent selective induction of ES cells to 
uniform population of cells can significantly enrich specific population of differentiated cells 
for biomedical applications without the need for any laborious cell sorting and purification to 
eliminate contaminating cells. Furthermore, future research will be aimed to the design of 
hybrid materials consisting of intelligent recombinant proteins and other biomaterials with 
high mechanical characteristics for understanding developmental pathways of human ES or 
iPS cell-derived differentiated cells. 

5. References 
Akhyari, P.; Kamiya, H.; Haverich, A.; Karck, M. & Lichtenberg, A. (2008). Myocardial tissue 

engineering: the extracellular matrix. European  Journal of Cardio-thoracic Surgery, 34, 
2, (229-241). 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

72 

Avilion, AA.; Nicolis, SK.; Pevny, LH.; Perez, L.; Vivian, N. & Lovell-Badge, R. (2003). 
Multipotent  cell lineages in early mouse development depend on SOX2 function. 
Genes and Development, 17, 1, (126-140). 

Azuma, K.; Nagaoka, M.; Cho, CS. & Toshihiro Akaike. (2010). An articial extracellular 
matrix created by hepatocyte growth factor fused to IgG-Fc. Biomaterials, 31, 5, 
(802–809). 

Brieher, WM.; Yap, AS. & Gumbiner, BM. (1996). Lateral dimerization is required for the 
homophilic binding activity of C-cadherin. Journal of Cell Biology, 135, 2, (487-496). 

Cho, CS.; Seo, SJ.; Park, IK.; Kim, SH.; Kim, TH.; Hoshiba, T.; Harada, I. & Akaike, T. (2006). 
Galactose-carrying polymers as extracellular matrices for liver tissue engineering. 
Biomaterials, 27, 4, (576-585). 

Chou, YF.; Chen, HH.; Eijpe, M.; Yabuuchi, A.; Chenoweth, JG.; Tesar, P.; Lu, J.; McKay, 
RDG. & Geijsen, N. (2008). The growth factor environment defines distinct 
pluripotent ground states in novel blastocyst-derived stem cells. Cell,  135, 3, (449-
461). 

Cui, L.; Johkura, K.; Yue, F.; Ogiwara, N.; Okouchi, Y.; Asanuma, K. & Sasaki, K. (2004). 
Spatial distribution and initial changes of SSEA-1 and other cell adhesion-related 
molecules on mouse embryonic stem cells before and during differentiation. The 
Journal of Histochemistry and Cytochemistry, 52, 11, (1447-1457). 

Discher, DE.; Mooney DJ. & Zandstra PW. (2009). Growth factors, matrices, and forces 
combine and control stem cells. Science, 324, 5935, (1673-1677). 

Eschenhagen, T.; Fink, C.; Remmers, U.; Scholz, H.; Wattchow, J.; Weil, J.; Zimmermann, W.; 
Dohmen, HH.; Schafer, H.; Bishopric, N.; Wakatsuki, T. & Elson, EL. (1997). Three-
dimensional reconstitution of embryonic cardiomyocytes in a collagen matrix: a 
new heart muscle model system. FASEB Journal, 11, 8, 683-694. 

Friel, R.; Sar, S. & Mee, PJ. (2005). Embryonic stem cells: Understanding their history, cell 
biology and signalling. Advanced Drug Delivery Reviews, 57, 13, (1894– 1903). 

Gupta, B.; Plummer, C.; Bisson, I.; Frey, P. & Hilborn, J. (2002). Plasma induced graft 
polymerization of acrylic acid onto poly(ethyleneterephthalate) films: 
characterization and human smooth muscle cell growth on grafted films. 
Biomaterials, 23, 3, (863-871). 

Haque, MA.; Nagaoka, M.; Hexig, B. & Akaike, T. (2010). Articial extracellular matrix for 
embryonic stem cell cultures: a new frontier of nanobiomaterials. Science and 
Technology of Advanced Materials, 11, 014106 (1-9). 

Hynes RO. (1999). Cell adhesion: old and new questions. Trends in Cell Biology, 9, 12, (M33-
37). 

James, D.; Levine, AJ.; Besser, D. & Hemmati-Brivanlou, A. (2005). TGFβ/activin/ nodal 
signaling is necessary for the maintenance of pluripotency in human embryonic 
stem cells. Development, 132, 6, (1273-1282). 

Langer, R. & Tirrell, DA. Designing materials for biology and medicine. (2004). Designing 
materials for biology and medicine. Nature, 428, 6982 (487-492).  

Larue, L.; Ohsugi, M.; Hirchenhain, J. & Kemler, R. (1994). E-cadherin null mutant embryos 
fail to form a trophectoderm epithelium. Proceedings of the  National Academy of  
Sciences of the USA,  91, 17, (8263-8267). 

Artificial Acellular Feeder Layer:  
An Advanced Engineered Extracellular Matrix for Stem Cell Culture 

 

73 

Lutolf, MP. & Hubbell. JA. (2005). Synthetic biomaterials as instructive extracellular 
microenvironment for morphogenesis in tissue engineering. Nature Biotechnology, 
23, 1, (47-55). 

Mitsui, K.; Tokuzawa, Y.; Itoh, H.; Segawa, K.; Murakami, M.; Takahashi, K.; Maruyama, M.; 
Mayeda, M. & Tamanaka, S. Cell. 113, 5, (631-642). 

Miyatani, S.; Shimamura, K.; Hatra, M; Nagafuchi, A.; Nose, A.; Matsunaga, M.; Hatra, K.  & 
Takeichi, M. (1989). Neural cadherin: role in selective cell-cell adhesion. Science, 
245, 4918, (631-635). 

Nagaoka, M.; Ise, H. & Akaike T. (2002). Immobilized E-cadherin model can enhance cell 
attachment and differentiation of primary hepatocytes but not proliferation. 
Biotechnology Letters, 24, (1857-1862). 

Nagaoka, M.; Koshimizu, U.; Yuasa, S.; Hattori, F.; Chen, H.; Tanaka, T.; Okabe, M.; Fukuda, 
K. & Akaike, T. (2006). E-cadherin-coated plates maintain pluripotent ES cells 
without colony formation. PLoS One, 1, e15. 

Nagaoka, M.; Ise, H.; Harada, I.; Koshimizu, U.; Maruyama, A. & Akaike, T.  (2008a). 
Embryonic undifferentiated cells show scattering activity on a surface coated with 
immobilized E-cadherin. Journal of  Cellular Biochemistry, 103, 1, (296-310). 

Nagaoka, M.; Hagiwara, Y.; Takemura, K.; Murakami, Y.; Li, J.; Duncan, SA. & Akaike, T. 
(2008b). Design of the artificial acellular feeder layer for the efficient propagation of 
mouse embryonic stem cells J Biol Chem, 283, 39, (26468-26476)..  

Nagaoka, M.; Jiang, HL.; Hoshiba, T.; Akaike, T. &  Cho CS. (2010a). Application of 
recombinant fusion proteins for tissue engineering. Annals of Biomedical Engineering, 
38, 3, (683–693). 

Nagaoka, M.; Si-Tayeb, K.; Akaike, T. & Duncan, SA. (2010b). Methodology article Culture 
of human pluripotent stem cells using completely defined conditions on a 
recombinant E-cadherin substratum. BMC Developmental Biology, 10, 60, (1-12). 

Nichols, J.; Zevnik, B.; Anastassiadis, K.; Niwa, H.; Klewe-Nebenius, D.; Chambers, I.; 
Scholer, H. & Smith, A. Formation of pluripotent stem cells in the mammalian 
embryo depends of the POU transcription factor Oct4. Cell, 95, 3, (379-391). 

Nishikawa, SI.; Jakt, LM. & Era, T. (2007). Embryonic stem-cell culture as a tool for 
developmental cell biology. Nature Reviews: Molecular Cell Biology, 8, 6, (502-507). 

Ogiwara, K.; Nagaoka, M.; Cho, CS. & Akaike, T. (2005). Construction of a novel 
extracellular matrix using a new genetically engineered epidermal growth factor 
fused to IgG-Fc. Biotechnology Letters, 27, (1633-1637). 

Ozawa, M.; Ringwald, M. & Kemler, R. (1990). Uvomorulin-catenin complex formation is 
regulated by a specific domain in the cytoplasmic region of the cell adhesion 
molecule. Proceedings of the  National Academy of  Sciences of the USA, 87, 11, (4246-
4250). 

Parashurama, N.; Nahmias, Y.; Cho, CH.; Poll, DV.; Tilles, AW.; Berthiaume, FO. & 
Yarmush, ML. Activin alters the kinetics of endoderm induction in embryonic stem 
cells cultured on collagen gels. Stem Cells, 26, 2, (474-484). 

Putnam, AJ. & Mooney, DJ. (1996). Tissue engineering using synthetic extracellular matrices. 
Nature Medicine, 2, 7, (824-6). 

Riethmacher, D.; Brinkmann, V. & Birchmeier, C. (1995). A targeted mutation in the mouse 
E-cadherin gene results in defective preimplantation development. Proceedings of 
the  National Academy of  Sciences of the USA, 92, 3, (855-859). 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

72 

Avilion, AA.; Nicolis, SK.; Pevny, LH.; Perez, L.; Vivian, N. & Lovell-Badge, R. (2003). 
Multipotent  cell lineages in early mouse development depend on SOX2 function. 
Genes and Development, 17, 1, (126-140). 

Azuma, K.; Nagaoka, M.; Cho, CS. & Toshihiro Akaike. (2010). An articial extracellular 
matrix created by hepatocyte growth factor fused to IgG-Fc. Biomaterials, 31, 5, 
(802–809). 

Brieher, WM.; Yap, AS. & Gumbiner, BM. (1996). Lateral dimerization is required for the 
homophilic binding activity of C-cadherin. Journal of Cell Biology, 135, 2, (487-496). 

Cho, CS.; Seo, SJ.; Park, IK.; Kim, SH.; Kim, TH.; Hoshiba, T.; Harada, I. & Akaike, T. (2006). 
Galactose-carrying polymers as extracellular matrices for liver tissue engineering. 
Biomaterials, 27, 4, (576-585). 

Chou, YF.; Chen, HH.; Eijpe, M.; Yabuuchi, A.; Chenoweth, JG.; Tesar, P.; Lu, J.; McKay, 
RDG. & Geijsen, N. (2008). The growth factor environment defines distinct 
pluripotent ground states in novel blastocyst-derived stem cells. Cell,  135, 3, (449-
461). 

Cui, L.; Johkura, K.; Yue, F.; Ogiwara, N.; Okouchi, Y.; Asanuma, K. & Sasaki, K. (2004). 
Spatial distribution and initial changes of SSEA-1 and other cell adhesion-related 
molecules on mouse embryonic stem cells before and during differentiation. The 
Journal of Histochemistry and Cytochemistry, 52, 11, (1447-1457). 

Discher, DE.; Mooney DJ. & Zandstra PW. (2009). Growth factors, matrices, and forces 
combine and control stem cells. Science, 324, 5935, (1673-1677). 

Eschenhagen, T.; Fink, C.; Remmers, U.; Scholz, H.; Wattchow, J.; Weil, J.; Zimmermann, W.; 
Dohmen, HH.; Schafer, H.; Bishopric, N.; Wakatsuki, T. & Elson, EL. (1997). Three-
dimensional reconstitution of embryonic cardiomyocytes in a collagen matrix: a 
new heart muscle model system. FASEB Journal, 11, 8, 683-694. 

Friel, R.; Sar, S. & Mee, PJ. (2005). Embryonic stem cells: Understanding their history, cell 
biology and signalling. Advanced Drug Delivery Reviews, 57, 13, (1894– 1903). 

Gupta, B.; Plummer, C.; Bisson, I.; Frey, P. & Hilborn, J. (2002). Plasma induced graft 
polymerization of acrylic acid onto poly(ethyleneterephthalate) films: 
characterization and human smooth muscle cell growth on grafted films. 
Biomaterials, 23, 3, (863-871). 

Haque, MA.; Nagaoka, M.; Hexig, B. & Akaike, T. (2010). Articial extracellular matrix for 
embryonic stem cell cultures: a new frontier of nanobiomaterials. Science and 
Technology of Advanced Materials, 11, 014106 (1-9). 

Hynes RO. (1999). Cell adhesion: old and new questions. Trends in Cell Biology, 9, 12, (M33-
37). 

James, D.; Levine, AJ.; Besser, D. & Hemmati-Brivanlou, A. (2005). TGFβ/activin/ nodal 
signaling is necessary for the maintenance of pluripotency in human embryonic 
stem cells. Development, 132, 6, (1273-1282). 

Langer, R. & Tirrell, DA. Designing materials for biology and medicine. (2004). Designing 
materials for biology and medicine. Nature, 428, 6982 (487-492).  

Larue, L.; Ohsugi, M.; Hirchenhain, J. & Kemler, R. (1994). E-cadherin null mutant embryos 
fail to form a trophectoderm epithelium. Proceedings of the  National Academy of  
Sciences of the USA,  91, 17, (8263-8267). 

Artificial Acellular Feeder Layer:  
An Advanced Engineered Extracellular Matrix for Stem Cell Culture 

 

73 

Lutolf, MP. & Hubbell. JA. (2005). Synthetic biomaterials as instructive extracellular 
microenvironment for morphogenesis in tissue engineering. Nature Biotechnology, 
23, 1, (47-55). 

Mitsui, K.; Tokuzawa, Y.; Itoh, H.; Segawa, K.; Murakami, M.; Takahashi, K.; Maruyama, M.; 
Mayeda, M. & Tamanaka, S. Cell. 113, 5, (631-642). 

Miyatani, S.; Shimamura, K.; Hatra, M; Nagafuchi, A.; Nose, A.; Matsunaga, M.; Hatra, K.  & 
Takeichi, M. (1989). Neural cadherin: role in selective cell-cell adhesion. Science, 
245, 4918, (631-635). 

Nagaoka, M.; Ise, H. & Akaike T. (2002). Immobilized E-cadherin model can enhance cell 
attachment and differentiation of primary hepatocytes but not proliferation. 
Biotechnology Letters, 24, (1857-1862). 

Nagaoka, M.; Koshimizu, U.; Yuasa, S.; Hattori, F.; Chen, H.; Tanaka, T.; Okabe, M.; Fukuda, 
K. & Akaike, T. (2006). E-cadherin-coated plates maintain pluripotent ES cells 
without colony formation. PLoS One, 1, e15. 

Nagaoka, M.; Ise, H.; Harada, I.; Koshimizu, U.; Maruyama, A. & Akaike, T.  (2008a). 
Embryonic undifferentiated cells show scattering activity on a surface coated with 
immobilized E-cadherin. Journal of  Cellular Biochemistry, 103, 1, (296-310). 

Nagaoka, M.; Hagiwara, Y.; Takemura, K.; Murakami, Y.; Li, J.; Duncan, SA. & Akaike, T. 
(2008b). Design of the artificial acellular feeder layer for the efficient propagation of 
mouse embryonic stem cells J Biol Chem, 283, 39, (26468-26476)..  

Nagaoka, M.; Jiang, HL.; Hoshiba, T.; Akaike, T. &  Cho CS. (2010a). Application of 
recombinant fusion proteins for tissue engineering. Annals of Biomedical Engineering, 
38, 3, (683–693). 

Nagaoka, M.; Si-Tayeb, K.; Akaike, T. & Duncan, SA. (2010b). Methodology article Culture 
of human pluripotent stem cells using completely defined conditions on a 
recombinant E-cadherin substratum. BMC Developmental Biology, 10, 60, (1-12). 

Nichols, J.; Zevnik, B.; Anastassiadis, K.; Niwa, H.; Klewe-Nebenius, D.; Chambers, I.; 
Scholer, H. & Smith, A. Formation of pluripotent stem cells in the mammalian 
embryo depends of the POU transcription factor Oct4. Cell, 95, 3, (379-391). 

Nishikawa, SI.; Jakt, LM. & Era, T. (2007). Embryonic stem-cell culture as a tool for 
developmental cell biology. Nature Reviews: Molecular Cell Biology, 8, 6, (502-507). 

Ogiwara, K.; Nagaoka, M.; Cho, CS. & Akaike, T. (2005). Construction of a novel 
extracellular matrix using a new genetically engineered epidermal growth factor 
fused to IgG-Fc. Biotechnology Letters, 27, (1633-1637). 

Ozawa, M.; Ringwald, M. & Kemler, R. (1990). Uvomorulin-catenin complex formation is 
regulated by a specific domain in the cytoplasmic region of the cell adhesion 
molecule. Proceedings of the  National Academy of  Sciences of the USA, 87, 11, (4246-
4250). 

Parashurama, N.; Nahmias, Y.; Cho, CH.; Poll, DV.; Tilles, AW.; Berthiaume, FO. & 
Yarmush, ML. Activin alters the kinetics of endoderm induction in embryonic stem 
cells cultured on collagen gels. Stem Cells, 26, 2, (474-484). 

Putnam, AJ. & Mooney, DJ. (1996). Tissue engineering using synthetic extracellular matrices. 
Nature Medicine, 2, 7, (824-6). 

Riethmacher, D.; Brinkmann, V. & Birchmeier, C. (1995). A targeted mutation in the mouse 
E-cadherin gene results in defective preimplantation development. Proceedings of 
the  National Academy of  Sciences of the USA, 92, 3, (855-859). 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

74 

Sato, N.; Meijer, L.; Skaltsounis, L.; Greengard, P. & Brivanlou, AH. (2004). Maintenance of 
pluripotency in human and mouse embryonic stem cells through activation of Wnt 
signaling by a pharmacological GSK-3-specific inhibitor. Nature Medicine, 10, 1, (55-
63). 

Takeichi, M.; Atsumi, T.; Yoshida, C.; Uno, K. & Okada, TS. (1981). Selective adhesion of 
embryonal carcinoma cells and differentiated cells by Ca2+-dependent sites. 
Developmental Biology, 87, 2, (340-350). 

Takeichi, M. Morphogenetic roles of classic cadherins. (1995). Current Opinion in Cell Biology, 
7, 5, (619-627). 

Tanaka, Y.; Kimata, K.; Adams, DH. & Eto, S. (1998). Modulation of cytokine function by 
heparan sulfate proteoglycans: sophisticated models for the regulation of cellular 
responses to cytokines. Proceedings of the Association of American Physicians, 110, 2, 
(118-125). 

Thomson, JA.; Kalishman, J.; Golos, TG.; Durning, M.; Harris, CP. & Hearn, JP. (1996). 
Pluripotent cell lines derived from common marmoset (Callithrix jacchus) 
blastocysts. Biology of  Reproduction, 55, 2, (254-259). 

Williams, EJ.; Williams, G.; Howell, FV.; Skaper, SD.; Walsh, FS. & Doherty, P. (2001). 
Identication of an N-cadherin motif that can interact with the  broblast growth 
factor receptor  and  is required for  axonal growth. Journal of Biological Chemistry, 
276, 47, 43879-86. 

Xu, C.; Inokuma, MS.; Denham, J.; Golds, K.; Kundu, P.; Gold, JD. & Carpenter, MK. (2001). 
Feeder-free growth of undifferentiated human embryonic stem cells. Nature 
Biotechnology, 19, 10, (971-974). 

Xu, Y.; Zhu, X.; Hahm, SK.; Wei, W.; Hao, E.; Hayek, A. & Ding, S. (2010). Revealing a core 
signaling regulatory mechanism for pluripotent stem cell survival and self-renewal 
by small molecules. Proceedings of the  National Academy of  Sciences of the USA, 107, 
18, (8129–8134). 

Yasunaga, M.; Tada, S.; Nishikawa, ST.; Nakano, Y.; Okada, M.; Jakt, LM.; Nishikawa, S.; 
Chiba, T.; Era, T. & Nishikawa, SI. (2005). Induction and monitoring of definitive 
and visceral endoderm differentiation of mouse ES cells. Nature Biotechnology, 23, 
12, (1542-1550). 

Ying, QL.; Nichols, J.; Chambers, I. & Smith, A. (2003a). BMP induction of Id proteins 
suppresses differentiation and sustains embryonic stem cell self-renewal in 
collaboration with STAT3. Cell, 115, (281-292). 

Ying, QL.; Stavridis, M.; Griffiths, D.; Li, M. & Smith, A. (2003b). Conversion of embryonic 
stem cells into neuroectodermal precursors in adherent monoculture. Nature 
Biotechnology, 21, 2, (183–186). 

Yue, XS.; Murakami, Y.; Tamai, T.; Nagaoka, M.; Cho CS..; Ito, Y. & Akaike T. (2010). A 
fusion protein N-cadherin-Fc as an articial extracellular matrix surface for 
maintenance of stem cell features. Biomaterials, 31, 20, (5287-5296). 

5 

Biomaterials for In Vitro Expansion of 
Embryonic Stem Cells 

Makoto Sakuragi1 and Yoshihiro Ito1 
1Nano Medical Engineering Laboratory, RIKEN Advanced Science Institute, Saitama 

 Japan 

1. Introduction 
In vitro expansion of stem cells is very important for achievement of regenerative medicine. 
For stem cell expansion methods, several demands are needed to be fulfilled, such as, 
efficient support of cell proliferation, uniform maintenance of pluripotency, appropriate 
purity of the stem cells which means less contamination of other cells or potent immunogen, 
efficient viability after the procedures and so on. However, it is very difficult to efficiently 
and safely culture some stem cells, such as embryonic stem cells or iPS cells. For example, 
human embryonic stem (hES) cells cultured on mouse feeder cells expressed an 
immunogenic nonhuman sialic acid [Martin, 2005]. Human iPS cell developed by 
Yamanaka’s group is cultured on MatrigelTM which is a solubilized basement membrane 
extracted from the Engelbreth-Holm-Swarm  mouse sarcoma, a tumor rich in extracellular 
matrix proteins [Takahashi, 2007]. To eliminate non-human cells and materials, some 
substitutional methods are devised. Human derived cells [Miyamoto, 2004], human derived 
materials [Ueno, 2006; Nagase, 2009; Furue, 2008], recombinant proteins [Nagaoka, 2010; 
Rodin, 2010] and culture medium which enable feeder free culture are investigated by many 
researchers. Here our strategies for development of biomaterials for expansion of ES cells 
are discussed. 

2. Culture of ES cells on chemically fixed feeder cells 
ES cells were first derived from the inner cell mass of mouse blastocysts in the early 1980s 
[Evans, 1981]. ES cells have the unique ability to give rise to any type of somatic cell lineage. 
Even after the establishment of iPS cells, ES cell features are the standards of pluripotent 
stem cells, such as, molecular marker expressions and potency to respond to differentiation 
signals. Therefore, ES cells are still important for analyzing the nature of purlipotent stem 
cells such as, molecular mechanisms of self-renewal and in vitro model of embryogenesis. In 
addition, the implementation of cell-based or regenerative therapies requires pluripotent 
stem cells as a renewable source of cells. Efficient in vitro expansion of stem cells is therefore 
important for the development of ES cell technologies and other pluripotent stem cell 
technologies. 
When ES cells are cultured, the environment in which they are propagated has the potential 
to influence their capacity to act as therapeutic agents in tissue engineering. Animal derived 
materials may change the potent immunogenic features. Artificial materials may alter the 
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purlipotency or differentiation state. It is therefore important to understand the response of 
ES cells to synthetic or biological matrices to ascertain their usefulness as implant materials. 
Previous studies demonstrate that mouse embryonic fibroblasts (MEFs) support the 
continued propagation of ES cells in the primitive undifferentiated state while retaining 
their pluripotency. In the absence of MEFs, gelatin can similarly support the growth and 
propagation of mouse ES cells in the presence of cytokine leukemia inhibitory factor (LIF), 
as described by Hamazaki et al. [Hamazaki, 2004]  
In the case of human ES cells, bFGF is reported to be useful for growth of human ES cells 
with keeping the undifferentiated state [Xu, 2005]. However, these replacements cannot be 
generalized for all lines of ES cells. For culture of primate ES cells including human ES cells, 
some types of human feeder cells were reported [Cheng, 2003; Richard, 2002]. Among them, 
human amniotic endothelial (HAE) cell, which was reported by Miyamoto et al. [Miyamoto, 
2004], are useful by taking into consideration the easiness of acquisition. However, there are 
two disadvantages of usage of these feeder cells. One is troublesome for preparation before 
each ES cell culture. In addition, the feeder cells cannot be completely removed for the next 
culture after trypsinization.  
As we reported, chemically fixed feeder cells supported the growth of hematopoietic stem 
cells [Ito, 2006]. Therefore, the feeder cells were chemically fixed for supporting the growth 
of ES cells with keeping the undifferentiated state (Figure 1) [Ito, 2007]. Glutaraldehyde 
(GA)- or paraformaldehyde (PFA)-fixed MEF cells and HAE cells were prepared for culture 
of mouse and primate (monkey) ES cells, respectively. HAE was immortalized by infection 
with hTert cDNA. 
 

 
Fig. 1. Chemically fixed feeder cells were prepared as a new technology for culture of stem 
cells 

Figure 2 shows the micrographs of mouse ES cells cultured on several materials. Although 
the colony size of mouse ES cells cultured on chemically fixed MEF cells was a little smaller 
than that on MEF which was treated with mitomycine C, they have clear outlines. This 
result indicated that the mouse ES cells grew with keeping the undifferentiated state. 
Freeze-dried chemically fixed MEF cells also supported colony formation of mouse ES cells. 
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On the other hand, on gelatin-coated surface, colony formation was not sufficient and ES 
cells spread out from the colonies. This indicates that the differentiation began on the 
gelatin-coated surface. On freeze-dried non-fixed MEF cells ES cells formed colonies but 
spread out a little. 
To confirm the undifferentiation state, the activity of alkaline phosphatase of mouse ES cells 
was measured by staining (Figure 3). The cells on chemically-fixed cells were stained 
stronger, even with and without freeze-drying, than that cultured on MEF treated with 
mitomycine C. On the other hand, the cells cultured only on the gelatin-coated dish were 
not stained so much. 
 

 
Fig. 2. Phase contrast micrographs of mouse ES cells cultured on different materials for 4 
days. A: mitomycine-C-treated MEF, B: GA-fixed MEF, C: PFA-fixed MEF, D: freeze-dried 
MEF, E: freeze-dried GA-fixed MEF, F: freeze-dried PFA-fixed MEF, G: Gelatin. Reproduced 
with permission [Ito, 2007] 
Immunostaining of SSEA-1 and SSEA-4, which are known to be the markers of 
undifferentiation and differentiation of mouse ES cells, respectively, were performed and 
the unidifferentiation of mouse ES cells on chemically fixed cells was checked. Expression of 
transcription factor Oct-3/4 of mouse ES cells was investigated by RT-PCR. On all materials, 
mouse ES cells expressed SSEA-1 and Oct-3/4, but not SSEA-4. Considering that LIF was 
added into all culture media, the expression was considered to be natural. 
Growth rates of mouse ES cells on different materials were investigated and no significant 
difference among mouse ES cells on the surfaces was observed. These results indicate that 
the chemically-fixed MEF cells supported the growth of mouse ES cells with keeping 
undifferentiated state as well as native MEF cells even with freeze-drying. 
Monkey ES cells were also investigated if they can retain the undifferentiation state on fixed 
feeder cells. Although the monkey ES cells spread out on gelatin-coated dish, the cells on 
MEF treated with mitomycine C or on chemically fixed HAE cells grew with forming 
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colonies (Figure 4). On the MEF cells, the shape of colonies was round, but on the fixed and 
immortalized HAE, the shape of colonies were spindle. It seemed that the monkey ES cells 
interacted with HAE more than MEF. In this investigation, because the immortalized HAE 
did not survive in the presence of mitomycine C, the cells were not prepared as a control. 
Therefore, MEF treated with mitomycine C was employed as the control in the present 
study. 
When the cells were stained by using the activity of alkaline phosphatase, all of the colonies 
were stained except for the cells on gelatin-coated dish as shown in Figure 5. Staining of 
SSEA-1 and SSEA-4 was performed and the result indicates the cells kept the 
undifferentiated state on these materials. This was also supported from the data on Oct-4 
expression. Freeze-drying did not reduce the supporting activity. These results confirm the 
difference between mouse ES cells and primate ES cells in an aspect of self undiferentioation 
state retaining mechanism.  
 

 
Fig. 3. Staining for Alkaline phosphatase of mouse ES cells cultured on different materials 
for 6 days. A: mitomycine-C-treated MEF, B: GA-fixed MEF, C: PFA-fixed MEF, D: freeze-
dried MEF, E: freeze-dried GA-fixed MEF, F: freeze-dried PFA-fixed. Reproduced with 
permission [Ito, 2007] 

Although fixed HAE cells have incompleteness supporting ability of monkey ES cells, they 
support the growth and colony formation. Neither chemically fixation nor freeze drying 
significantly affected the supporting activity, although the growth rates were different from 
each other. Considering fixation reagent, growth supporting ability of PFA-fixed HAE was a 
little higher than that of GA-fixed one even before and after freeze-drying. On gelatin-coated 
surface monkey ES cells grew with differentiation. 
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3. Synthetic biomateirals for ES cells maintenance and EB formation 
Synthetic culture substrates for ES cells were also reported. Harrison et al. [Harison, 2004] 
reported that fluoride-containing hydroxyapatite supported mouse ES cell growth and the 
biodegradable substrate affected the pluripotency. Horak et al. [Horak, 2004] cultured 
mouse ES cells on poly(2-hydroxyethyl methacrylate)-based slabs. Langer’s group 
[Levenberg, 2003; Anderson, 2004] cultured human ES cells in the presence of various 
materials. A Germany group [Neuss, 2008] also investigated the combination of biomaterials 
with stem cells. Considering the importance of immobilized biosignal molecules [Ito, 2008], 
Makino et al. [Makino, 2004] and Nagaoka et al. [Nagaoka, 2008] reported that immobilized 
LIF and cadherin support the growth of undifferentiated mouse ES cells, respectively. On 
the other hand, Kurosawa et al. [Kurosawa, 2003] and Konno et al. [Konno, 2005] employed 
polypropylene tubes and phospholipid polymers, respectively, for the formation of 
embryoid bodies. 
 

 
Fig. 6. Chemical structures of biomaterials used for ES cells in this investigation. 
Reproduced with permission 

We prepared different types of polymers and covalently immobilized them on conventional 
polystyrene tissue culture dishes to investigate the effects of polymer surface properties on 
the culture of mouse ES cells (Figure 6) [Konno, 2006]. Four types of photoreactive polymer 
were prepared and photoimmobilized: azidophenyl-derivatized poly(acrylic acid) (Az-PAc) 
as an anionic polymer, azidophenyl-derivatized polyallylamine (Az-PAllAm) as a cationic 
polymer, azidophenyl-derivatized poly(2-methacryloyloxyethyl phosphorylcholine-co-
methacrylic acid) (Az-PMAc50) as a zwitterionic polymer, and azidophenyl-derivatized 
gelatin (Az-gelatin) as a biological polymer. 
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Fig. 7. Mouse ES cells cultured for 3 days on synthetic biomaterials. Reproduced with 
permission [Konno, 2006] 

Phase contrast microscopic images of ES cells after three days of culture on the 
photoimmobilized polymers are shown in Figure 7. The ES cells immediately and 
spontaneously aggregated on the Az-PMAc50 surface, which comprised concentrated 
phospholipid polar groups. The Az-PAc surface, which was anionically charged, also 
induced ES cell aggregation. The ES cells appeared to form embryoid body (EB)-like cell 
aggregations that did not adhere to the Az-PMAc50 surface or the Az-PAc surface. The cell 
aggregates moved randomly when the Az-PMAc50 and the Az-PAc culture plates were 
shaken. The ES cell aggregates that formed on the Az-PMAc50 surface were larger than the 
cell aggregates formed on the Az-PAc surface. In contrast, the ES cells strongly adhered to 
the Az-PAllAm surface, which was positively charged, but did not form aggregates. On the 
Az-gelatin surface, the ES cells adhered and formed colonies. The cells did not move when 
the Az-PAllAm and Az-gelatin culture plates were shaken. 
Figure 8 shows the results of staining for ALP, a marker of the undifferentiated state of the 
cells, after four days of culture. On the Az-PAc and Az-PMAc50 surfaces, the cell aggregates 
that formed readily stained for ALP, although on the Az-PAllAm it was difficult to detect 
the staining of the colonies of cells, because the cells did not form colonies. On the Az-
gelatin surface, ES cell colonies were not densely stained for ALP, which indicates partial 
differentiation. It is considered that this result related to the cell spreading from colonies or 
the deformation of colonies, as shown in Figure 7. 
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Fig. 8. ALP staining of mouse ES cells cultured on polymers for 4 days. Reproduced with 
permission [Konno, 2006] 

Figure 9 shows the increase in cell numbers on the photoimmobilized polymer surfaces after 
five days. The highest number of cells occurred on the Az-gelatin surface. The growth of 
cells on the Az-PMAc50 and Az-PAc surfaces, to which the ES cells did not adhere, was 
lower than the growth of cells on the Az-gelatin surface. The lowest growth rate was 
observed on the Az-PAllAm surface, although the cells adhered to this surface. These results 
indicate that the biological interaction of gelatin is important for cell growth, rather than the 
simple adhesive interaction. 
The LIF/stat3 signaling cascade is involved in maintenance mechanism of mouse ES cell 
undifferentiation state [Matsuda, 1999; Sekkai, 2005]. The cytoplasmic protein stat3 is 
activated by the binding of LIF to the LIF and gp130 receptors, which both reside on the 
mouse ES cell membrane. Activated stat3 (phosphorylated stat3) induces the expression of 
the transcription factor Oct3/4. In this study, phosphorylated stat3 (p-stat3) and total stat3 
(t-stat3) in cells on the immobilized photoreactive polymer surfaces were detected using 
western blotting. The relative intensity of p-stat3 to t-stat3 (p-stat3/t-stat3), which indicates 
the activation of signal transduction, was investigated. As a result, phosphorylation of stat3 
was observed on all polymer surfaces, and no significant difference between the surfaces 
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was found. Although ALP staining was not observed in the cells on the Az-PAllAm surface 
by microscopy, at the molecular level of detection, the undifferentiated state of the cells was 
revealed. 
 

 
Fig. 9. Growth of mouse ES cells on polymers after 5 days culture (n = 5). Reproduced with 
permission [Konno, 2006] 

Expression of the transcription factor Oct3/4 is necessary for ES cells to maintain an 
undifferentiated state [Niwa, 2005]. Phosphorylation of stat3 induces the expression of 
Oct3/4. We confirmed the expression of Oct3/4 by RT-PCR. When the relative expression of 
Oct3/4 to G3PDH (HKG) was calculated using image analysis, the same level of expression 
was observed in cells on all polymer surfaces (Figure 10).  
The expression of GATA4, which is a molecular marker for the early endodermal state or 
differentiation to the EB [Kelly, 1993; Grepin, 1997], was also measured. Using the data in 
Figure 10, the relative intensity of GATA4 to G3PDH was calculated. The values were 0.4, 
0.2, 0.18, and 0.02 on Az-PMAc, Az-PAc, Az-gelatin, and Az-PAllAm, respectively. High 
expression of GATA4 occurred in cells on the Az-PMAc50 surface. This indicates that the 
Az-PMAc50 surface effectively induced EB formation and differentiation of ES cells. Strong 
expression of GATA4 was not observed in the cells on the Az-PAc surface, although the cells 
aggregated on this surface. Similar expression was observed in the cells on the Az-gelatin, 
but, in this case, the colonies were spread out. In contrast, cells grown on the Az-PAllAm 
surface did not express GATA4, which we considered was due to the lack of cell 
aggregation. 
Many researchers have investigated the behavior of ES cells cultured on various 
biomaterials. Properties such as hydrophilicity / hydrophobicity, electrostatic charge, and 
topographical roughness affect cell adhesion, growth, and differentiation. In this study, the 
effect of electrostatic charge on mouse ES cells was investigated in the presence of LIF. 
Considering that it is known that LIF activates stat 3 [Matsuda, 1999; Sekkai, 2005], and 
expression of Oct3/4 [Niwa, 2005], and ALP [Singla, 2006], it is reasonable that the 
undifferentiated state of cells was maintained on all surfaces in the presence of LIF. 
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However, the morphology, growth, and differentiation of ES cells to EBs depended on 
polymer surface properties. Neither Az-PAc nor Az-PMc50 surfaces induced adhesion of ES 
cells, which led to EB formation. When an EB did form, the growth of cells was reduced. 
Negative charges or zwitterions reduced the interaction of ES cells with the polymer surface 
and the cells aggregated to form an EB. EB size and expression of GATA4 (an indicator of 
EB formation) in cells grown on the Az-PMAc50 surface were greater compared with cells 
grown on the Az-PAc surface. Recently, we reported that EB formation was efficiently 
induced on a phosphorylcholine-derived polymer-coated surface [Konno, 2005]. Therefore, 
the reduction of cell-surface interactions with this polymer would enhance the cell–cell 
interactions. The lower interaction leads formation of EBs, and thus that explain the larger 
size of the EBs and stronger expression of GATA4 on the Az-PMAc50 surface. 
 

 
Fig. 10. RT-PCR detection of G3PDH, Oct3/4, and GATA4 from mouse ES cells cultured on 
polymers for 6 days. Reproduced with permission [Konno, 2006] 

ES cells adhere to cationic or gelatin surfaces. However, mouse ES cells formed colonies on 
the gelatin surface, but not on the Az-PAllAm surface. Some biological interactions are 
required to induce ES cells to aggregate and adhere to a surface. The growth of ES cells was 
significantly enhanced on the Az-gelatin surface, and GATA4 expression was slightly 
induced. These phenomena are the same as those for normal gelatin-coated surfaces. 

4. Thermoresponsive polymer for ES cells detachment 
Among the procedures of in vitro expansion of ES cell, enzymatic detachment of the cells 
from the culture plate is one of the most deleterious procedures to the cells. It is known that 
enzymatic separation of the ES cell colonies into single cells causes massive cell death for 
human ES cells, and chemical inhibitor of the massive cell death was investigated 
[Watanabe, 2007; Ohgushi, 2010]. 
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An approach known as cell sheet engineering has been proposed for culturing and 
passaging cells without the use of trypsin [Okano, 1993]. Using a coating of a thermally 
responsive polymer, the surface properties of the substrate can be changed by changing the 
temperature of the environment. Poly(N-isopropylacrylamide) (PNIPAAm) is a popular 
polymer of this type. It exhibits a lower critical solution temperature (LCST) of 32–33 °C, 
being hydrophilic at low temperatures and precipitating above the critical phase transition 
temperature [Xia, 2005]. This unique physical property has been exploited in the fabrication 
of thermally responsive surfaces for cell sheet engineering [Okano, 1993; Yamato, 2001; Liu, 
2002]. At cell culture temperatures above the LCST, the surface is hydrophobic, and cells or 
tissues attach to the substrate. When the temperature is lowered below the LCST, the surface 
becomes hydrophilic, and they detach. This mild technique of cell detachment preserves 
cell–cell and cell–extracellular matrix (ECM) interactions, unlike trypsinization [Kushida, 
1999; Shimizu, 2003].  
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Fig. 11. Chemically fixed feeder cells were prepared as a new technology for culture of stem 
cells. Reproduced with permission [Loh, 2009] 

Several papers have reported that the formation of ES cell aggregates is essential prior to the 
differentiation of these cells [Lee, 2000; Dang, 2004; Konno, 2005]. The formation of ES cell 
aggregates takes a minimum of 3 days, thus cells which are freshly trypsinized cannot be 
used for immediate differentiation. So, there are some advantages to detach the cells 
without trypsinization, and not to separate the colony into single cells prior to the 
differentiation.  
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We synthesized thermoresponsive polymer to recovering ES cells without enzymatic 
detachment or separation into single cells. We used a triblock copolymer of poly(N-
isopropylacrylamide)–poly[(R)-3-hydroxybutyrate]–poly(N-isopropylacrylamide) 
(PNIPAAm-PHB-PNIPAAm) [Loh, 2009] and prepared a mixture of the thermoresponsive 
polymer [Loh, 2009] and gelatin with simple drop-casting technique (Figure 11). As the 
thermoresponsive polymer PHB belongs to a class of naturally derived biologically 
synthesized polyesters known as poly[(R)-3-hydroxyalkanoate]s [Loh, 2007]. PHB has also 
been extracted from genetically modified plants [Petrasovits, 2007; Purnell, 2007]. Based on 
its advantageous properties, PHB might be suitable for a variety of biomedical applications 
such as tissue engineering scaffolds, and these have been reported to be suitable for 
enabling cell adhesion [Chen, 2003; Wang, 2005].  
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Fig. 12. Morphology of mouse ES cells cultured on gelatin/PNIPAAm-PHB-PNIPAAm 
surfaces of different thicknesses: (a) 5.66 μg/cm2 and (b) 56.6 μg/cm2. (c) Cell growth on 
different copolymer coating densities of gelatin/PNIPAAm-PHB-PNIPAAm after 3 days. 
(Gelatin coating density = 0.566 μg/cm2). (d) Cell growth on different gelatin coating 
densities of gelatin/PNIPAAm-PHB-PNIPAAm after 3 days (Copolymer coating density = 
5.66 μg/cm2). Reproduced with permission [Loh, 2009] 
As coating method, we used a simple drop-casting technique for the preparation of a 
homogeneous thermoresponsive surface, instead of using spin coating. 
Figure 12 shows the micrographs of mouse ES cells cultured on thermoresponsive polymer 
at different densities. On the surfaces at 56.6 μg/cm2, colonies had clear outlines. While, the 
colonies on the surface at 5.66 μg/cm2 had less (compare Figure 12a and Figure 12b), these 
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result suggested that the mouse ES cells grew with keeping the undifferentiated state on the 
surfaces at 56.6 μg/cm2. 
Cell numbers were counted for the layers with different surface densities and are shown in 
Figure 12c. The cell numbers were generally similar up to 5.66 μg/cm2. Cells grew on the 
layers at 56.6 μg/cm2, but the cell proliferation rate was much lower than on layers of lower 
coating density (Figure 12c). The amount of gelatin incorporated into the coating also 
affected cell proliferation (Figure 12d). 
Considering that our aim was to achieve a high growth rate of ES cells as well as a maximal 
thermal response, we decided to use substrates with gelatin and polymer coating densities 
of 0.566 and 5.66 μg/cm2, respectively. Mouse ES cells were cultured on five different coated 
surfaces. The cell growth was monitored over 4 days. The growth rate was found to be in 
the following order: gelatin > gelatin/PNIPAAm-PHB-PNIPAAm > gelatin/PNIPAAm 
homopolymer > PNIPAAm-PHB-PNIPAAm > PNIPAAm homopolymer. It is known that 
gelatin is essential for culture of ES cells. Gelatin immobilized on acrylic acid grafted poly(L-
lactide-co-ε-caprolactone) aided in the growth and adhesion of human mesenchymal stem 
cells, compared with the nonimmobilized polymer [Shin, 2008]. Our results showed that 
although cells could be cultured on the plain polymer surfaces, incorporation of the gelatin 
coating significantly improved both cell growth and adhesion. On the other hand, it 
appeared that incorporation of the polymers stunted the growth of the cells compared with 
the substrate coated with gelatin. 
The highest growth rate of ES cell was obtained with the gelatin/PNIPAAm-PHB-
PNIPAAm coating. This was more effective than the PNIPAAm coating, probably because 
of the presence of the PHB segment. As PHB-based scaffolds are suitable for cell adhesion 
[Chen, 2003; Wang; 2005; Wu, 2008], the PHB segment might contribute to the growth 
enhancement of anchorage-dependent cells although the effect was less than that of gelatin. 
Cell detachment was tested by incubating the culture dish at 4 °C for 20 min. As a control, 
cells growing on the gelatin-coated dish were also incubated at 4 °C for the same period. 
Figure 13a shows the thermoresponsive cell detachment from the cooled gelatin/PNIPAAm-
PHB-PNIPAAm surface. The cell colonies eventually detached after 20 min. On the other 
hand, as shown in Figure 13b, cells grown on the control gelatin surface did not detach. 
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0 min 5 min 10 min 20 min  
Fig. 13. Mouse ES cell detachment demonstrated on (a) a gelatin/PNIPAAm-PHB-
PNIPAAm surface compared with (b) a gelatin-coated substrate. Reproduced with 
permission [Loh, 2009] 
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We synthesized thermoresponsive polymer to recovering ES cells without enzymatic 
detachment or separation into single cells. We used a triblock copolymer of poly(N-
isopropylacrylamide)–poly[(R)-3-hydroxybutyrate]–poly(N-isopropylacrylamide) 
(PNIPAAm-PHB-PNIPAAm) [Loh, 2009] and prepared a mixture of the thermoresponsive 
polymer [Loh, 2009] and gelatin with simple drop-casting technique (Figure 11). As the 
thermoresponsive polymer PHB belongs to a class of naturally derived biologically 
synthesized polyesters known as poly[(R)-3-hydroxyalkanoate]s [Loh, 2007]. PHB has also 
been extracted from genetically modified plants [Petrasovits, 2007; Purnell, 2007]. Based on 
its advantageous properties, PHB might be suitable for a variety of biomedical applications 
such as tissue engineering scaffolds, and these have been reported to be suitable for 
enabling cell adhesion [Chen, 2003; Wang, 2005].  
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Fig. 12. Morphology of mouse ES cells cultured on gelatin/PNIPAAm-PHB-PNIPAAm 
surfaces of different thicknesses: (a) 5.66 μg/cm2 and (b) 56.6 μg/cm2. (c) Cell growth on 
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(Gelatin coating density = 0.566 μg/cm2). (d) Cell growth on different gelatin coating 
densities of gelatin/PNIPAAm-PHB-PNIPAAm after 3 days (Copolymer coating density = 
5.66 μg/cm2). Reproduced with permission [Loh, 2009] 
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PNIPAAm coating. This was more effective than the PNIPAAm coating, probably because 
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[Chen, 2003; Wang; 2005; Wu, 2008], the PHB segment might contribute to the growth 
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hand, as shown in Figure 13b, cells grown on the control gelatin surface did not detach. 
 

(a)

(b)

0 min 5 min 10 min 20 min  
Fig. 13. Mouse ES cell detachment demonstrated on (a) a gelatin/PNIPAAm-PHB-
PNIPAAm surface compared with (b) a gelatin-coated substrate. Reproduced with 
permission [Loh, 2009] 
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Fig. 14. Phase contrast microscope images mouse ES cells stained for alkaline phosphatase 
after being cultured for 3 days on the different surfaces: (a) Gelatin/PNIPAAm and (b) 
Gelatin/PNIPAAm-PHB-PNIPAAm. Reproduced with permission [Loh, 2009] 

 

 
Fig. 15. Expression levels of β-actin, Oct3/4 and GATA4 in mouse ES cells cultured on the 
different substrates, measured by reverse transcription polymerase chain reaction. Lane 1, 
gelatin control; lane 2, gelatin/PNIPAAm-PHB-PNIPAAm; lane 3, gelatin/PNIPAAm and 
lane 4, STO mouse ES cells (negative control). Reproduced with permission [Loh, 2009] 

In Figure 11b, we show a schematic diagram of the likely cell detachment process. The cells 
adhere on the substrate coated with copolymer micelles, which have a hydrophobic core 
and a collapsed PNIPAAm corona at 37 °C. When the substrate is cooled, the PNIPAAm 
segment relaxes and becomes more hydrophilic. This hydrophilic surface is not suitable for 
the attachment of the cells, and so they detach. 
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To confirm the undifferentiation state, first, the activity of alkaline phosphatase of mouse ES 
cells was measured by staining (Figure 14). Cells cultured on the different surfaces were 
tested for ALP activity after three days of culture. Staining for ALP was positive, indicating 
the undifferentiated state of the ES cells when cultured on the coated substrates. 
Second, RT–PCR was performed to check the expression level of Oct3/4 and thus to confirm 
the undifferentiated state of the ES cells. The Oct3/4 bands of the cells cultured on the 
gelatin, gelatin/PNIPAAm-PHB-PNIPAAm and the gelatin/PNIPAAm surfaces were of 
almost equal intensity, as shown in Figure 15. The negative control used in this experiment 
was mRNA extracted from STO, mouse embryonic fibroblast cells. Next, we tested for the 
expression of GATA4. Cells express GATA4 during the early endodermal state or while 
differentiating to embryoid bodies [Kelly, 1993; Grepin,1997]. We detected a weak band of 
GATA4 from the ES cells cultured on the gelatin, gelatin/PNIPAAm-PHB-PNIPAAm and 
gelatin/PNIPAAm surfaces. Overall, the ES cells showed a lower expression of GATA4 than 
the STO cells. Incorporation of the polymers as a surface coating reduced the intensity of the 
band compared with the pure gelatin surface. Taken in total, the ALP, western blotting and 
the RT–PCR results show that the mouse ES cells remained in an undifferentiated state after 
culture on these thermosensitive coatings. 

5. Conclusion 
We devised three kinds of biomaterials for in vitro expansion of ES cells. The first is 
chemically fixed feeder cells. The fixed feeder cells are easy for handling. With fixed feeder 
cells, ES cells could be cultured without contamination of other living cell, metabolism and 
alternation of feeder cells during the culture. The second is photoreactive polymers. By 
using the polymers Embryoid body like structure could be prepared. The third is 
thermoresponsive polymer. By using the polymer combined with gelatin, ES cell colonies 
could be detached from culture dish without deleterious enzymatic separation or separation 
into single cells or loss of extra cellar matirics. Each of the materials retained the ability to 
support cell proliferation and puluripotency based on molecular markers expressions. 
There is no golden standard of feeder cells or coating material of culture dish yet, for 
regenerative medicine or stem cell research. Each of feeder cells or materials has advantages 
and disadvantages. Ideally a defined artificial substrate without any biologically derived 
components is desired for stem cell culture. Therefore, as a fundamental research, some 
different surfaces were prepared and biological interactions between ES cells were 
investigated. Not only biological properties but also physico-chemical properties 
significantly affected the behavior of stem cells. In future, by consideration on these results, 
new biomaterials should be designed and developed for stem cell culture. 
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To confirm the undifferentiation state, first, the activity of alkaline phosphatase of mouse ES 
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1. Introduction 
The niche established by supportive cells and the extracellular polymeric matrix (ECM) 
probably regulates stem cell fate through multiple, complimentary mechanisms, including 
the spatiotemporally defined presentation of immobilized signaling molecules, the 
modulation of matrix stiffness, the physicochemical characteristics of the environment, and 
the creation of cytokine gradients. In contrast to tissue-specific stem cells, embryonic stem 
(ES) cells are present only transiently in the developing embryo, and therefore, do not have 
a stable niche in vivo. ES cells also differ from tissue-specific stem cells in their ability to be 
readily expanded in culture over long time periods. However, the culture systems that have 
been used successfully for ES cell expansion suggest that ES cell self-renewal versus 
differentiation is regulated in a similar manner to tissue-specific stem cells, via interactions 
with other cells, ECM components, soluble factors, and the physicochemical environment 
(McDevitt & Palecek, 2008). ES cells commute between metastable states from the inner cell 
mass (ICM) to the epiblast stage, and these reversible states are associated with distinct 
differentiation potentials (Toyooka et al., 2008; Hayashi et al., 2008; Pelton et al., 2002). Thus, 
ES cells represent a highly dynamic, self-renewing population that responds to 
environmental cues to maintain its pluripotency or to differentiate. In ES cell cultures, these 
cues include growth factors in the culture medium surrounding the ES cell colonies or 
secreted by the colonies themselves, and signals arising from the ES cells’ adhesion to the 
substrate and the stiffness of the substrate (Discher et al., 2009). 
ES cells are anticipated to serve as an unlimited cell source for cell transplantation therapy. 
However, the most common techniques for controlling ES cell fate using soluble biochemical 
and biological factors (cytokines and growth/differentiation factors) in the growth medium 
are often inefficient, and the resulting cell population (either undifferentiated or 
differentiated) is not homogenous. The idea that ES cell populations are homogenous was 
first challenged by Cui et al., who observed differential spatial distributions of adhesion 
molecules within ES cell colonies (Cui et al., 2004), and more recently by the derivation of 
epiblast stem cells from ES cell (Brons et al., 2007) and the identification of ES cell 
subpopulations in mouse ES cell cultures (Toyooka et al., 2008).  
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To improve the efficiency for controlling the ES cell fate, researchers have recently focused 
on the stimulation of receptors on the ES cell membrane through interactions with solid 
surfaces. In particular, the interactions of biologically active components with cells can be 
strengthened by fixing the signals on a surface in close contact with their targets on the cell 
membrane, because when the signaling components are dispersed in a bulk liquid 
(medium), they are less likely to encounter their targets. 
This chapter will present various surface design strategies for regulating ES cell morphology 
and function that use micro/nanoscale technologies and a wide range of natural and 
synthetic materials. First, we will introduce the principles for modifying the culture surface 
with reference to recent studies that have used various surface design strategies (reviewed 
in Dellatore et al., 2008; Keung et al., 2010; Saha et al., 2007) and their corresponding effects 
on ES cell behavior. The latter part of the chapter will describe dendrimer-immobilized 
surfaces designed in the authors' studies and their effects on the in vitro culture of mouse ES 
cells. 

2. Surface-based control of the morphology and function of cultured ES cells 
In this section, we provide an overview for designing the culture surface, as categorized into 
four general approaches for controlling ES cell fate (Table 1).  
 

Modification Examples Observations Reference 
Plasma etched 
polystyrene 

Maintenance of hESC 
pluripotency 

Mahlstedt et al., 
2010 

Plasma-deposited 
gradients of octadiene 
to acrylic acid 

Effect on mESC 
adhesion and 
differentiation 

Wells et al., 2009 

PDMS or SAM 
surfaces presenting 
terminal hydrophobic 
moieties 

Enhancement of the 
differentiation 
yields of hESCs 

Valamehr et al., 
2008 

Chemical 
modification 

Combinatorial library 
of biomaterials 
formed from acrylate 
and methacrylate 
monomers 

Uniform hESC 
differentiation into 
epithelial cells 

Anderson et al., 
2004 

ECM, such as 
matrigel, laminin, 
fibronectin 

Expansion and 
maintenance of hESCs  
and mESCs 

Stewart et al., 
2008; Meng et al., 
2010; Flaim et al., 
2008 

Laminin, fibronectin, 
and gelatin 

Promotion of mESC 
differentiation toward 
neural lineages 

Goetz et al., 2006 

Biofunctionalization 

Decellularized bone-
specific ECM 

Promotion of mESC 
differentiation toward 
the osteogenic lineage 

Evans et al., 2010 

Table 1. Various strategies for surface engineering to control ES cell fate 
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Modification Examples Observations Reference 

ECM molecules on a 
Layer-by-layer self-
assembled surface of 
HA and chitosan 

Efficient attachment of 
hESCs 

Doran et al., 2010 

E-cadherin-coated 
surface 

Increased proliferative 
ability and transfection 
efficiency for mESCs 

Nagaoka et al., 
2006 

Laminin peptides 
presented in SAMs on 
gold 

Support of hESC 
expansion by different 
peptides from the 
laminin γ  and β chain 

Derda et al., 2007 

RGD-modified 
materials 

Promotion of hESC 
differentiation toward 
the chondrogenic  
lineage 

Hwang et al., 
2006 

RGD and CRGDC-
modified materials 

Support of hESC 
culture 

Kolhar et al., 2010 

Random peptide 
libraries using phage 
display 

Expansion and 
maintenance of hESCs 
on SAMs presenting 
specific peptide 
sequences 

Derda et al., 2010 

Immobilized LIF Expansion and 
maintenance of ESCs 

Nagaoka et al., 
2008; Makino et 
al., 2004; Alberti 
et al., 2008 

Covalent binding of 
FGF-2 to polyamide 
nanofibrillar surfaces 

Support of hESC 
expansion and colony 
formation 

Nur-E-Kamal et 
al., 2008 

Biofunctionalization 
(Continued) 

Immobilized VEGF Promotion of mESC 
differentiation toward 
endothelial cells 

Chiang et al., 
2010 

Topographically 
microstructured 
surface libraries 

Effect on proliferation 
and differentiation of 
mESCs 

Markert et al., 
2009 

Electrospun 
polyamide nanofibers 

Expansion and 
maintenance of mESCs 

Nur-E-Kamal et 
al., 2006 

Nanoscale 
ridge/groove pattern 
arrays 

Promotion of hESC 
differentiation toward 
the neuronal lineage 

Lee et al., 2010 

Geometric 
modification 

Electrospun fibrous 
scaffolds 

Promotion of mESC 
differentiation toward 
the neuronal lineage 

Xie et al., 2009 

Table. 1. (Continued) 
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Table. 1. (Continued) 
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Modification Examples Observations Reference 

Geometric 
modification 
(Continued) 

Nanofibrous 
architecture 

Promotion of hESC 
differentiation toward 
the osteogenic lineage 

Smith et al., 2010 

Nanofilms made of 
PLL and HA  

Promotion of mESC 
differentiation toward 
the epiblast lineage by 
surface stiffness 

Blin et al., 2010 Mechanical 
modification 

PDMS substrates Promotion of mESC 
differentiation toward 
the osteoblast lineage by 
surface stiffness 

Evans et al., 2009 

Acronyms:  
mESC: mouse embryonic stem cell; hESC: human embryonic stem cell; PDMS: Polydimethylsiloxane; 
SAM: Self-assembled monolayer; ECM: Extracellular polymeric matrix; HA: Hyaluronic acid; RGD: 
Integrin-binding Arg-Gly-Asp; CRGDC: Cyclic RGD; LIF: leukemia inhibitory factor; FGF-2: Fibroblast 
growth factor; VEGF: Vascular endothelial growth factor; PLL: poly (L-lysine). 

Table. 1. (Continued) 

2.1 Control of cells by chemical modification of the substrate 
The chemical properties of substrates (e.g., hydrophobicity) play an important role in the 
kinetics of protein adsorption and folding, which in turn influence cellular activities. 
Mahlstedt et al. demonstrated that the physicochemical modification of polystyrene by 
plasma etching can improve the culture surface’s ability to maintain human ES cell 
pluripotency (Mahlstedt et al., 2010). Elsewhere, plasma-deposited gradients of octadiene to 
acrylic acid were fabricated to investigate the effect of carboxylic group (COOH) 
concentration on mouse ES cell adhesivity and differentiation status (Wells et al., 2009). In 
addition, by altering the hydrophobicity of a surface, the formation and differentiation 
potential of ES cells within embryoid bodies (EBs) can be tuned to promote a desirable EB 
size and composition (Valamehr et al., 2008).  
Because it is often difficult to predict how a stem cell will respond to environmental cues, 
methods have been developed for the rapid screening of interactions between biomaterials 
and stem cells. A combinatorial library of biomaterials formed from different acrylate and 
methacrylate monomers has proved to be useful for identifying environments suitable for 
the uniform differentiation of ES cells into epithelial cells (Anderson et al., 2004).  

2.2 Control of cells by biofunctionalization 
Artificial materials can be endowed with precise biological functionalities by immobilizing 
bioactive molecules such as cytokines, growth factors, ECM proteins, and adhesive peptides 
on their surface. These biomolecules can be simply adsorbed onto the material’s surface or 
covalently linked via chemical groups previously created on the surface. The biological 
response following the surface biomodification of a material depends on structural 
parameters, such as the density of the ligands, their spatial distribution, their colocalization 
with synergistic ligands, etc. 
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2.2.1 Cell-adhesive peptides and proteins 
Specific ECM-cell and cell-cell interactions are important for providing spatial anchors as 
well as signals that regulate stem cell maintenance, survival, and differentiation. Cell 
adhesion is also required for a cell to sense other contextual information, such as the 
mechanical properties of the microenvironment. Here we review the ways that engineered 
systems have been used to identify functional adhesive peptide sequences or proteins and to 
investigate their interactions with ES cells. 
ECMs can be used either for feeder-free culturing or for stimulating ES cell differentiation 
toward a desired cell lineage by incorporating tissue-specific ECM signals. Stewart et al. 
reviewed the feeder-free conditions that have been successfully applied to culture human ES 
cells using various types of ECM, such as matrigel, laminin, and fibronectin (Stewart et al., 
2008). For example, matrigel, a complex mixture of hundreds of ECM and other proteins, 
has emerged as a common substrate for human ES cell and human induced-pluripotent 
stem (iPS) cell culture. Meng and colleagues (Meng et al., 2010) investigated the adhesive 
interactions in matrigel involved in the maintenance of human ES cell pluripotency. They 
found that whereas three peptides were able, individually, to support human ES cell growth 
and pluripotency for short periods of time, their combination enhanced the quality of the 
culture and the duration of the cells’ pluripotency. This finding illustrates how engineered 
systems can be used to parse out the synergistic contribution of individual motifs within 
full-length natural proteins, which may inspire future mechanistic studies.  
Flaim and co-workers (Flaim et al., 2008) analyzed combinatorial mixtures of ECM 
molecules to understand their cooperative control of murine ES cell differentiation, and 
rapidly identified key mixtures with synergistic properties. Other groups have directed 
stem cell differentiation toward neural lineages by using laminin, fibronectin, and gelatin 
(Goetz et al., 2006). In another report, decellularized bone-specific ECM promoted the 
osteogenic differentiation of ES cells (Evans et al., 2010). Recently, Doran et al. used a 
simple, effective, and efficient method to design a defined high-protein-content surface for 
stem cell culture (Doran et al., 2010). They demonstrated the highly efficient attachment of 
human ES cells to various extracted and recombinant ECM molecules presented on a layer-
by-layer self-assembled surface of hyaluronic acid and chitosan.  
In another study, Nagaoka et al. demonstrated that mouse ES cells cultured on an E-
cadherin-coated surface maintained unique morphological characteristics,  retained the full 
complement of ES cell features, and showed a higher proliferative ability and transfection 
efficiency than those grown under conventional conditions. Furthermore, when grown on 
the E-cadherin-coated surface, the ES cells also required less leukemia inhibitory factor (LIF) 
than those grown under conventional conditions, probably due to the homogenous 
exposure to LIF achieved in this culture system (Nagaoka et al., 2006). 
Cell-adhesive ligands can, when incorporated into biomaterials, be used to mediate specific 
receptor–ligand interactions, and thereby to activate selected receptor-mediated signaling 
pathways to control cell behavior and differentiation. Several cell-adhesive peptides, such as 
the integrin-binding Arg-Gly-Asp (RGD) motif, have been incorporated into materials to 
enhance the cell–matrix interaction. For instance, RGD promotes the chondrogenic 
differentiation of human ES cells (Hwang et al., 2006). In another study, Kolhar et al. 
demonstrated that both RGD and cyclic RGD (CRGDC) can support the culture of human 
ES cells, with CRGDC increasing their adhesion 4-fold over the linear RGD peptide (Kolhar 
et al., 2010). The identification of peptide sequences such as RGD has been pivotal in 
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Modification Examples Observations Reference 

Geometric 
modification 
(Continued) 

Nanofibrous 
architecture 

Promotion of hESC 
differentiation toward 
the osteogenic lineage 

Smith et al., 2010 

Nanofilms made of 
PLL and HA  

Promotion of mESC 
differentiation toward 
the epiblast lineage by 
surface stiffness 

Blin et al., 2010 Mechanical 
modification 

PDMS substrates Promotion of mESC 
differentiation toward 
the osteoblast lineage by 
surface stiffness 

Evans et al., 2009 

Acronyms:  
mESC: mouse embryonic stem cell; hESC: human embryonic stem cell; PDMS: Polydimethylsiloxane; 
SAM: Self-assembled monolayer; ECM: Extracellular polymeric matrix; HA: Hyaluronic acid; RGD: 
Integrin-binding Arg-Gly-Asp; CRGDC: Cyclic RGD; LIF: leukemia inhibitory factor; FGF-2: Fibroblast 
growth factor; VEGF: Vascular endothelial growth factor; PLL: poly (L-lysine). 

Table. 1. (Continued) 

2.1 Control of cells by chemical modification of the substrate 
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advancing biomaterial research, because of the ease of synthesizing, manipulating, and 
tuning the properties of such materials (Hersel et al., 2003). Nevertheless, only a few 
adhesive peptide sequences have been found in natural proteins. It is likely that the 
identification of cell growth substrates would be accelerated by the discovery of new 
peptide ligands for cell-surface receptors. 
In addition, several peptide mimics of the laminin cell-binding domain have been evaluated 
in stem cell cultures. Derda et al. evaluated a wide variety of laminin peptides presented in 
self-assembled monolayers (SAMs) on gold for their ability to support human ES cell 
adhesion and proliferation (Derda et al., 2007). Four different peptides from the laminin γ 
chain and one peptide from the β chain supported ES cell expansion and the expression of 
the primitive markers Oct4, alkaline phosphatase, and SSEA4, to a similar extent as matrigel 
in six-day cultures (Derda et al., 2007). In another recent study, Derda et al. screened 
random peptide libraries using phage display to identify novel ligands to support the 
proliferation of pluripotent cells. When human ES cells were cultured on SAMs presenting 
the sequence TVKHRPDALHPQ or LTTAPKLPKVTR in a chemically defined medium, they 
expressed pluripotency markers at levels similar to those of cells cultured on matrigel 
(Derda et al., 2010). These results indicate that this screening strategy is a productive avenue 
for generating new materials that control the growth and differentiation of cells. 
The combined use of rational and library-based screening methods should provide an 
increasing number of ligands for the functionalization of synthetic systems, and may aid the 
mechanistic investigation of specific receptors and signaling events that regulate the 
responses of stem cells to their microenvironment. 

2.2.2 Cytokines and growth factors 
The ECM not only offers sites for cell adhesion, but it can also serve as a platform for the 
presentation of other biochemical factors that orchestrate cell-cell interactions. Whereas stem 
cell researchers have often investigated growth factors and cytokines as soluble factors, 
many of these proteins have matrix-binding domains that may enable them to be presented 
within the niche as “solid phase” ligands. 
For example, several studies have immobilized LIF by various strategies to maintain ES cells 
in an undifferentiated state. An immobilizable fusion protein consisting of LIF and the IgG-
Fc region, named LIF-FC, can maintain the ES cells in the undifferentiated state (Nagaoka et 
al., 2008). Similarly, a photo-immobilized LIF stimulates the activation of STAT3 for a longer 
time than does soluble LIF, and as a result, maintains ES cells in an undifferentiated state 
(Makino et al., 2004). In another study, both LIF and stem cell factor (SCF) were 
immobilized, and the threshold effects of these factors on stem cell maintenance were 
analyzed (Alberti et al., 2008). These studies demonstrated that using immobilized LIF 
reduces the need to add soluble LIF frequently to the medium. 
Finally, the covalent binding of growth factors has proved to be helpful in controlling 
human ES cell growth and differentiation. Fibroblast growth factor (FGF)-2 immobilized on 
polyamide nanofibrillar surfaces inhibits the rapid degradation of FGF-2 in solution and 
supports the expansion and colony formation of human ES cells (Nur-E-Kamal et al., 2008). 
Another study demonstrated that the cultivation of mouse ES cells on surfaces with 
immobilized vascular endothelial growth factor-A (VEGF) yields primarily endothelial cells, 
whereas their cultivation on such surfaces without VEGF yields primarily vascular smooth 
muscle-like cells (Chiang et al., 2010). 
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2.3 Control of cells by geometric modification  
Topographical structures such as grooves, ridges, and pits are present in many natural 
structures at the nanoscale level, as in the fibrous structure of collagen and other ECM 
proteins, and at the microscale level, as in the pores in bone marrow and the undulating 
basement membranes in the epidermis. The presence of topographical information in 
natural systems has motivated the use of technologies such as soft lithography, 
microfluidics, electrospinning, and the deposition of nanostructures (Khademhosseini et al., 
2006; Pirone & Chen, 2004; Yang et al., 2005) to engineer substrate materials’ topography to 
affect stem cell responses at both the nano and micro levels. 
How cells sense topographical cues from the environment has been debated, but the cellular 
response to surface topographies is known to involve cytoskeletal changes and the 
modulation of focal adhesion formation (Lim & Donahue, 2007; Biggs et al., 2008). A recent 
study indicated that integrins may be involved in these cellular responses (Wood et al., 
2008), suggesting that established adhesion signaling pathways are involved.  
Little is known about the effect of artificial micro- and nanoscale topographical surfaces on 
the ES cell differentiation state. Recently, Markert et al. investigated the influence of 
topographical microstructures on the proliferation and differentiation of mouse ES cells. 
Their findings indicated that one class of microstructures sustains the feeder-free 
proliferation of undifferentiated ES cells and another class enforces differentiation, as 
indicated by the spreading of the cells (Markert et al., 2009). Murine ES cells cultured on 
electrospun polyamide nanofibers that mimic the basement membrane texture showed 
twice the cell expansion of those cultured on coverslips, while retaining their Nanog 
expression and differentiation potential (Nur-E-Kamal et al., 2006). Lee et al demonstrated 
that nanoscale ridge/groove pattern arrays alone can effectively and rapidly induce the 
differentiation of human ES cells into a neuronal lineage, without the use of any 
differentiation-inducing agents. They proposed that elongation of the cytoskeleton during 
the morphological changes in cells guided by ridge/groove patterns results in a transfer of 
tensional force to the nucleus, which influences gene expression and signal transduction 
(Lee et al., 2010). Similarly, another study demonstrated that mouse ES cells can be induced 
to differentiate into specific neural lineages, that is, neurons, oligodendrocytes, and 
astrocytes, when seeded onto electrospun fibrous scaffolds (Xie et al., 2009). In another 
study, the nanofibrous architecture of the substrate enhanced the osteogenic differentiation 
of human ES cells compared to a more traditional scaffolding architecture (Smith et al., 
2010). 
Thus, surface engineering approaches that alter the topographical structure of the substrate 
surface can be used to modulate ES cell behavior and fate. 

2.4 Control of cells by modification of material mechanics 
Of the many mechanical properties of biological systems, stiffness or rigidity is perhaps the 
most apparent and widely studied. Mechanical stiffness reflects a material’s ability to store 
and frictionally dissipate applied mechanical energy, as reflected by storage (elastic) 
modulus and loss (viscous) modulus, respectively. The elastic modulus is the measure of the 
stress required to achieve a specific strain in a material without permanent deformation, and 
has emerged as an important regulator of stem cell function. Upon mechanical stimulation, 
cells convert mechanical signals into biochemical responses through a mechanism called, 
“mechano-transduction” (Orr et al., 2006). Cells interact with their surroundings via ECM 
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receptors such as integrins and laminin receptors. Specifically, the ECM dynamics and 
matrix stiffness are translated into cytoskeletal tension mediated by integrin–ECM 
interactions (Katsumi et al., 2004). Integrin signaling is principally mediated by focal 
adhesion kinases, and the cell’s responses to these signals can modulate a number of 
intracellular pathways that may cooperatively affect the activation SMADs, Rho GTPases, 
ERK, and other downstream signaling pathways that lead to transcriptional and epigenetic 
changes (Miyamoto et al., 1995). For example, integrin-mediated adhesion signaling 
cooperates with soluble-factor signaling to regulate Rho GTPases and generate actin 
cytoskeletal tension (Clark et al., 1998).  
Recently, Blin et al used nanofilms made of poly(L-lysine) and hyaluronan (HA), named 
PLL/HA, which were cross-linked to various extents, to modulate the nanoenvironment of 
ES cells. The adhesion of ES cells to the nanofilms increased from the native film to the 
highly cross-linked films. The adhesion process was associated with cell proliferation.  The 
dynamic balance of the ES cells between the ICM and the epiblast states was also dependent 
on the cross-linking of the nanofilms. The more cross-linked and thus stiffer the film was, 
the more cells were driven toward the epiblast fate. This finding suggests that the stiffness 
of the nanofilm can play a key role in modulating the ES cell niche to govern the ES cell self-
renewal and fate (Blin et al., 2010).  
Similarly, in another study, the behavior of ES cells grown on a flexible 
polydimethylsiloxane substrate of varying stiffness was examined. While cell attachment 
was unaffected by the stiffness of the growth substrate, both cell spreading and cell growth 
increased with increasing substrate stiffness. Moreover, several genes expressed in the 
primitive streak during gastrulation and implicated in early mesendodermal differentiation 
were upregulated in cell cultures on the stiffer substrates than on the softer ones. Finally, the 
osteogenic differentiation of ES cells was enhanced on stiff substrates compared to soft ones, 
demonstrating that the mechanical environment can play a role in both early and terminal 
ES cell differentiation (Evans et al., 2009). 

3. Strategies for culture surface design using glucose-displaying dendrimer 
substrates 
3.1 Surface design and characterization 
A schematic illustration showing preparation of culture surfaces based on dendrimer 
substrates is shown in Fig. 1.  
Starburst polyamidoamine (PAMAM) dendrimers are highly branched spherical polymers 
with well-defined structures and primary amino groups at their terminals. It is quite easy to 
modify the chemical properties of dendrimers by adjusting their terminal groups (Kawase et 
al., 2000; Tomalia et al., 2003). When an additional layer or generation is polymerized on the 
dendrimer molecules, the number of terminal amino groups is doubled. The defined 
dendrimer structure and large number of terminal amino groups allow great flexibility in 
the design variables, including the ligand species presented on the terminal groups, 
dendrimer size, and ligand density, making these polymers suitable for use as 
biocompatible nanometer-sized capsules in gene- or drug-delivery systems, as well as in 
scaffolds for cell culturing (Tomalia et al., 2003).  
Dendrimers deposited on a solid surface have unique properties that yield physical and 
chemical variations in the surface; these properties are also affected by the ligand species 
and amounts displayed on the dendrimers, and the locations of the displayed ligands. 

Surface Engineering to Control Embryonic Stem Cell Fate 

 

101 

Surfaces with different topographies can be obtained by changing the dendrimer density 
and generation number, as illustrated in Fig. 1. In addition, dendrimers can offer extended 
design parameters, such as an altered ligand ratio of D- to L-glucose isomers (termed one-
ligand display for cell anchoring) or the co-display of an adhesive ligand (D-glucose) and a 
functional ligand (e.g., growth factor) on the surface (termed multi-ligand display for cell 
anchoring and stimulation) (Fig. 1). 
D-Glucose molecules on the culture surface and glucose transporters (GLUTs) on the 
cytoplasmic membrane are assumed to function as binding and receptor sites, respectively. 
GLUTs show sharp specificity in their binding affinity for glucose isomers: they exhibit high 
affinities for D-glucose but extremely low affinities for L-glucose. D-Glucose itself does not 
induce cell signaling. However, it is likely that such high-affinity GLUTs can act as a cell-
anchoring mechanism by binding D-glucose molecules displayed on the surface. 
Evidence suggests that the nanoscale geometry of dendrimer substrates plays crucial roles in 
determining cellular responses to the substrate. The generation number of dendrimers and 
their density yield varying, cell-specific responses. Kim et al characterized various 
dendrimer-immobilized surfaces with different architectures in terms of their surface 
roughness using an atomic force microscope, and found their mean roughness to range from 
1.8-11.0 nm. The combination of displayed D-glucose and roughness promoted cytoskeletal 
formation, accompanied by the elongation of cells on the culture surface. The authors 
concluded that a dendrimer substrate with a D-glucose display offers a solid environment 
that permits the partial anchoring of the cells via the temporarily grasping of the GLUTs by 
D-glucose (Kim et al., 2007a). 
 

 
Fig. 1. Schematic illustrations showing the preparation of culture surfaces based on 
dendrimer substrates (reproduced with permission from Kim et al., 2010a) 
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Surfaces with different topographies can be obtained by changing the dendrimer density 
and generation number, as illustrated in Fig. 1. In addition, dendrimers can offer extended 
design parameters, such as an altered ligand ratio of D- to L-glucose isomers (termed one-
ligand display for cell anchoring) or the co-display of an adhesive ligand (D-glucose) and a 
functional ligand (e.g., growth factor) on the surface (termed multi-ligand display for cell 
anchoring and stimulation) (Fig. 1). 
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cytoplasmic membrane are assumed to function as binding and receptor sites, respectively. 
GLUTs show sharp specificity in their binding affinity for glucose isomers: they exhibit high 
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induce cell signaling. However, it is likely that such high-affinity GLUTs can act as a cell-
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formation, accompanied by the elongation of cells on the culture surface. The authors 
concluded that a dendrimer substrate with a D-glucose display offers a solid environment 
that permits the partial anchoring of the cells via the temporarily grasping of the GLUTs by 
D-glucose (Kim et al., 2007a). 
 

 
Fig. 1. Schematic illustrations showing the preparation of culture surfaces based on 
dendrimer substrates (reproduced with permission from Kim et al., 2010a) 
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In another study, an extended substrate design with improved cell anchoring and migration 
using the concurrent display of D-glucose and EGF was reported (Kim et al., 2007b). The 
displayed D-glucose molecules permit the cells to be in close contact with the surface via the 
grasping of GLUTs on the cytoplasmic membrane, thereby leading to increased focal 
contacts that can induce the up-regulation of EGF receptor signaling. This study used an 
advanced design to target cells by plating them on dendrimer-immobilized substrates that 
strongly stimulated cell behaviors.  
These studies demonstrated the potential for dendrimer-immobilized surfaces to regulate 
cell morphology and subsequently cell functions, via morphologic priming. Recent 
strategies and concepts for culture surface designs based on cell anchoring mechanisms, and 
using glucose-displaying dendrimer substrates to regulate cell morphology and function, 
are reviewed elsewhere (Kim et al., 2010a). In the next section, we will describe the 
morphological and functional responses of mouse ES cells cultured on a D-glucose-
displaying dendrimer (GLU/D) surface. 

3.2 Enrichment of undifferentiated mouse ES cells on dendrimer-immobilized surface  
ES cells are pluripotent cells that are characterized by their ability to propagate indefinitely 
in culture as undifferentiated cells with a normal karyotype, and to differentiate into 
derivatives of the three primary germ layers. Although ES cells are expected to serve as an 
unlimited cell source for cell-transplantation therapy, great care is required to maintain 
undifferentiated ES cell cultures, since the cells can spontaneously differentiate via 
seemingly random pathways under normal ES cell culture conditions, especially in the 
course of expanding the colony density and size (Watt & Hogan, 2000). Therefore, cultured 
ES cells may develop into colonies of heterogeneous cell types that include cells with less 
pluripotency. Our group has been investigating the possibility of using the dendrimer 
surface as a tool for obtaining cell preparations enriched in undifferentiated ES cells 
(Mashayekhan et al., 2008). 
Here we present our results showing the enrichment of undifferentiated ES cells by serial 
passaging on a fourth-generation GLU/D surface. The morphologies of the ES single cells as 
well as the ES cell colonies on different culture surfaces were compared as indicated in Fig. 
2. The single-cell observation on day 1 showed that most of the cells on the GLU/D surface 
were round, while those on the gelatinized surface exclusively showed a stretched 
morphology (Fig. 2 A, B). Moreover, the cells on the GLU/D surface formed loosely 
attached spherical colonies, while those on the conventional surface formed flatter colonies 
that were firmly attached to the surface (Fig. 2 C, D).  
Time-lapse observations showed that on the gelatinized surface, the cells started to divide 
while spreading, and they experienced contact inhibition upon becoming confluent on the 
surface, resulting in the formation of dome-shaped colonies. In contrast, the cells on the 
GLU/D surface made spherical colonies as they divided, probably because of the increased 
frequency of cell-cell contacts. As shown in Fig. 2E, the outermost layer of the spherical 
colonies near the GLU/D surface consisted of much fewer cells than in the colonies (either 
flat or compact) on the gelatinized surface, which can explain the difference in the colonies’ 
attachment strength to the two surfaces. 
Cell morphology is one of the most important parameters in the regulation of stem cell 
growth and differentiation, and is determined through signaling that reorganizes the actin 
cytoskeleton. The cytoskeleton is implicated in mechanotransduction, since it links the 
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stimulation from an extracellular environment (e.g., solid surface) with an intracellular 
signaling mechanism that regulates cell functions. Cellular mechanotransduction requires 
the rearrangement of membrane constituents, focal contact formation, and an association 
with a dynamic actin cytoskeleton and Rho family GTPase-mediated signal pathways, 
which have emerged as key regulators of cadherin-mediated cell-cell adhesion (Fukata & 
Kaibuchi, 2001).  
 

 
Fig. 2. Morphology of ES cells on different surfaces. ES cell colonies in A and B are shown 1 
day after seeding, and those in C, D, E, and F are shown 4 days after seeding. The images at 
the bottom and right sides in E and F show the tomograms sectioned at the x-z (yellow line) 
and y-z (pink line) planes, respectively. The scale bars represent 100 μm 

GLU/D surface                Gelatinized surface
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Kim et al. suggested that dendrimer-immobilized surfaces with a D-glucose display can 
induce a moderate activation of Rho family GTPases during the induced migration of 
rabbit chondrocytes. The activated Rho family GTPases can consequently promote cell-
cell interactions via N-cadherin-mediated adhesion during cell aggregation to facilitate 
the development of chondrogenic phenotypes (Kim et al., 2009). Moreover, Kim et al. 
observed the spatiotemporal activation of N-cadherin expression when they altered the 
Rho family GTPase activity in human mesenchymal stem (hMS) cells by plating them on a 
GLU/D surface; this change promoted the formation of cell aggregates, which in turn 
directed hMS cell differentiation toward a cardiomyocyte phenotype (Kim et al., 2010b). 
Recent studies showed that the morphology of single cells and of loosely attached 
spherical colonies of ES cells on a fourth-generation GLU/D surface were similar to those 
observed in hMS cells cultured on a fifth-generation GLU/D surface. Moreover, 
examination of the cytoskeletal and focal adhesion formation revealed that the development 
of stress fibers and vinculin plaques was suppressed for both ES and hMS cells cultured on 
GLU/D surfaces (Mashayekhan et al, 2008; Kim et al., 2010b). Although the detailed 
mechanism for the formation of ES cell aggregates on GLU/D is still unclear, we suggest 
that the mounded shape of the cell clusters that forms on dendrimer-immobilized surfaces 
promotes the expression of E-cadherin, a crucial cell-cell adhesion element in ES cells 
(Larue et al., 1996), which leads to the formation of spherical colonies. 
Since the majority of colonies that formed on the GLU/D surface showed a morphology 
typical of undifferentiated cells (round and compact colonies with poorly delineated cell-cell 
borders), and were loosely attached to the surface, we tested whether preparations enriched 
in undifferentiated ES cells could be obtained by performing several passages of the cells on 
the GLU/D surface.  
 
 

 
 
Fig. 3. Passaging protocol for the enrichment of ES cells in the undifferentiated state 
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The passaging protocol is illustrated in Fig. 3. The spherical colonies that were loosely 
attached to the GLU/D surface were harvested by tapping on day 4, dissociated into single 
cells by trypsin/EDTA treatment, and replated. These procedures were repeated every 4 
days. For comparison, ES cells were also cultured on a gelatinized surface; in this case, the 
entire cell population was collected on day 4, and subjected to the enzymatic treatment for 
replating. The differentiation states of the cells cultured on the different surfaces were then 
compared by alkaline phosphatase (ALP) staining and gene expression analysis. For the 
ALP analysis, the spherical colony cells grown on the GLU/D surface and the cells grown 
on the gelatinized surface at passages 1 (4-day culture) and 4 (16-day total culture) were 
harvested, trypsinized, and replated onto gelatinized plates. 
During the long-term passaging, the frequency of colonies with a spherical shape and the 
ALP activity of the spherical colony cells grown on the GLU/D surface increased gradually 
with the number of passages. Moreover, at passage 4, the percentage of ALP-positive 
colonies was significantly greater on the GLU/D surface than that on the gelatinized surface 
(Mashayekhan et al., 2008).  
 
 

 
Fig. 4. RT–PCR analysis of ES cells cultured on different surfaces after four passages. (A) 
Conventional RT–PCR analysis for three markers of undifferentiated stem cells (Rex-1, 
Nanog, and Oct3/4) and six markers of early differentiation (Fgf5, Gata4, Coup-tf1, Gsc, 
Wnt3, and T). Lanes 1, 2, 3, and 4 correspond to the spherical colony cells, attached cells, and 
total cells cultured on the GLU/D surface, and the total cells collected from the gelatinized 
surface, respectively. (B) Quantitative RT–PCR analyses for the three stem cell markers (Rex-
1, Nanog, and Oct3/4) in ES cells cultured on the GLU/D or gelatinized surface. The data 
were obtained from three independent experiments. The vertical bars show the standard 
deviation (*p < 0.05) 

As shown in Fig. 4, we performed RT–PCR on cells from the GLU/D cultures, separating 
them into three groups: spherical colony cells, cells that remained attached to the surface 
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after tapping, and cells belonging to both types of colonies. We used cells grown on a 
gelatinized surface for comparisons. First we found that the markers for undifferentiated 
cells, Rex-1 and Oct3/4, were more highly expressed in the spherical colony cells grown 
on the GLU/D surface than in the other sets of cells or those grown on the gelatinized 
surface. Quantitative RT–PCR analysis confirmed that the cells from the spherical colonies 
on the GLU/D surface had higher expression levels of Rex-1 and Oct3/4 than the other 
cells. We also tested the different cell groups for the expression of early differentiation 
markers, by conventional RT–PCR. We found that early endodermal (Gata4), 
mesendodermal (Gsc), and mesodermal (T and Wnt3) differentiation markers were 
expressed at lower levels in the spherical colony cells from the GLU/D surface than in the 
attached cells or those grown on the gelatinized surface. Among all the cells of the 
different states tested, the expression levels of all the early differentiation markers were 
highest in the cells that were attached to the GLU/D surface, which appeared as flattened 
colonies. In contrast, the markers of undifferentiated cells, Rex-1 and Nanog, were 
expressed at significantly lower levels in the attached cells than in the spherical colony 
cells cultured on the GLU/D surface (Fig. 4). Thus, ES cells exhibiting various degrees of 
differentiation existed on the GLU/D surface, in a localized or enriched manner. 
 
 

 
Fig. 5. Chimeric mice generated by blastocyte injection of ES cells cultured on the GLU/D 
surface. Dissociated ES cells from the spherical colonies on the GLU/D surface were injected 
into the blastocysts of C57BL/6J mice. The blastocysts were then transferred into the uteri of 
pseudopregnant MCH/ICR female mice. The resultant chimeric males with a white/agouti 
coat color ratio greater than 50% were bred with C57B/6J females to test for germ-line 
transmission 

Overall, our RT–PCR analysis revealed that the markers for the undifferentiated state and 
for early differentiation were expressed at higher and lower levels, respectively, in the 
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spherical colony cells passaged on the GLU/D surface, than in the cells grown on 
gelatinized surface. These results support the view that the GLU/D surface is more effective 
than the gelatinized surface for maintaining ES cells in an undifferentiated state. In the 
flattened colonies on the GLU/D surface, all the markers of early differentiation were 
detected at much higher levels than in the cells from the spherical colonies. Thus, by using 
the proposed protocol of serial passaging on the GLU/D surface, which excluded the cells 
with a relatively stretched shape and flattened colonies and selectively transferred the 
loosely attached spherical colony cells to the next passage, the ES cells could be maintained 
in the undifferentiated state. 
Finally, to confirm that the pluripotency of the ES cells grown on the GLU/D surface was 
maintained, we generated chimeric mice and checked the germ-line transmissibility of these 
cells. The ES cells were passaged four times on the GLU/D surface, and the spherical 
colonies were then dissociated into single cells prior to blastocyst injection. Among 43 
progeny mice, 16 had the agouti coat color, indicating successful germ-line transmission, as 
typically shown in Fig. 5. 
Differentiated cells are known to appear spontaneously on a gelatinized surface even in a 
complete ES medium containing serum, and the expression of mesodermal and extra-
embryonic marker genes is slightly up-regulated under these conditions, due to the 
activation of integrin signaling, which is known to inhibit mouse ES cell self-renewal by 
increasing the LIF-induced activation of ERK1/2 (Hayashi et al., 2007). Considering the 
difficulty in culturing undifferentiated mouse ES cells without feeder cells in serum-
containing medium, the GLU/D surface used in this study may be a useful biomaterial for 
culturing mouse ES cells. In the case of human ES cells, it is especially desirable to exclude 
foreign culture components like feeder cells and nonhuman-derived serum, to minimize the 
risk of pathogens such as retroviruses in therapeutic applications (Beattie et al., 2005; Amit 
& Itskovitz-Eldor, 2006; Chin et al., 2007). In this context, the application of the dendrimer-
immobilized surface is a promising novel strategy for overcoming the difficulties in 
propagating human ES cells. 

4. Conclusions and outlook for the future  
The current chapter described general strategies for designing culture surfaces to control 
the morphology and function of ES cells. In addition, we introduced our approach to 
designing a culture surface using dendrimer substrates displaying D-glucose as a ligand 
to enrich the undifferentiated state of ES cells. The results suggest that the GLU/D surface 
is a potential tool for changing both the topography and the biochemistry of the surface, 
which play key roles in modulating the niche of ES cells and in turn govern their 
morphology and fate. 
Although ES cells are potentially powerful tools in therapeutic applications for tissue 
regeneration, we still have little understanding of the microenvironment-specified 
molecular mechanisms and signaling pathways that lead to their efficient differentiation and 
to tissue formation. Identifying specific cues in the microenvironment and understanding 
how neighboring cells and the ECM control developmental fates will be required to promote 
the differentiation of ES cells into targeted cell lineages. As bioengineers learn more about 
how the microenvironment directs stem cell fate decisions, these factors can be incorporated 
into the culture conditions to better control ES cell growth and differentiation. 
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is a potential tool for changing both the topography and the biochemistry of the surface, 
which play key roles in modulating the niche of ES cells and in turn govern their 
morphology and fate. 
Although ES cells are potentially powerful tools in therapeutic applications for tissue 
regeneration, we still have little understanding of the microenvironment-specified 
molecular mechanisms and signaling pathways that lead to their efficient differentiation and 
to tissue formation. Identifying specific cues in the microenvironment and understanding 
how neighboring cells and the ECM control developmental fates will be required to promote 
the differentiation of ES cells into targeted cell lineages. As bioengineers learn more about 
how the microenvironment directs stem cell fate decisions, these factors can be incorporated 
into the culture conditions to better control ES cell growth and differentiation. 
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1. Introduction  
With recent advances in tissue engineering, regenerative medicine, cell transplantation, stem 
cell therapy, and assisted reproduction, the living cell is becoming increasingly important as 
a tool for drug screening and therapy in modern medicine (Gearhart 1998; Langer and 
Vacanti 1993). As a result of their capability of differentiating into any type of cells, the 
pluripotent embryonic stem (ES) cells are of particular importance to the modern cell-based 
medicine (Gearhart 1998). However, ES cells may differentiate gradually during passaging 
when cultured at 37 oC. Therefore, for the eventual success of using ES cells in the emerging 
cell-based medicine, it is of great importance to maintain their pluripotency in the long term 
without passaging and in a cost effective way so that the cells can be widely distributed and 
readily available to end users in both research and clinical settings. This can be done by cell 
preservation to put the cells in a state of suspended animation, which can be achieved by 
either cooling the cells to preserve (cryopreservation) at a cryogenic temperature and/or 
drying the cells to preserve (lyopreservation) at ambient temperature (Acker 2004; Blow 
2009; Coger and Toner 2000; Toner and Kocsis 2002). In either case, the cells must enter 
(before being damaged) an amorphous (or glassy) phase, a thermodynamically metastable 
state with an extremely high viscosity and low molecular mobility and activity to arrest any 
biophysical and biochemical activities within the cells. Although contemporary methods for 
cell prservation still rely on the use of cryogenic tempertaure (cryopreservation), cell 
lyopreservation at ambient temperature is gaining more and more attention, due to the 
relatively high cost of maintaining and difficulty of transporting cryopreserved cells in 
cryogenic fluids such as liquid nitrogen (Acker 2004; Blow 2009; Deb 2009; Kanias and Acker 
2006; Meyers 2006). In this chapter, the fundamentals and recent advancement of both cryo 
and lyopreservation are first summarized, followed by a critical review of the progress and 
challenges in applying the various cell preservation strategies to maintain the pluripotent 
properties of embryonic stem cells in the long term. This chapter is concluded with an 
outlook of the future directions of embryonic stem cell preservation. 

2. Cryopreservation at cryogenic temperatures 
Cell cryopreservation can be achieved by either slow-freezing or vitrification (Coger and 
Toner 2000; Fahy et al. 1984; Mazur 1984; Rall and Fahy 1985). The former relies on the 
formation of extracellular ice (the crystalized state of water) to freeze concentrate the 
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extracellular solution in the presence of a low concentration (< ~ 2 M) of cryoprotectants (or 
cryoprotective agents, or CPAs for short) such as glycerol, ethylene glycol, PROH (1,2-
propanediol or propylene glycol), and DMSO (dimethylsulfoxide). As a result, the cells 
gradually dehydrate due to osmosis during freeezing and enter a glassy phase suitable for 
long-term storage. While slow-freezing  is to vitrify what is within the cells in the presence 
of extracellular ice,  the goal of vitirfication is to have both intra and extracellular water 
enter the amorphous, glassy phase to eliminate any potential damaging (either mechanical 
or physicochemical) effect  of ice foramtion. Conventionally, vitrification is achieved by 
using an unusually high concentration (up to 7 M) of CPAs, which can cause significant 
metabolic and osmotic injury to living cells. As a result, various approaches have been 
investigated to achieve vitrification of living cells at a low concentration of CPAs such as 
that used for slow-freezing, which is called low-CPA vitrification. The three approaches 
mentioned above for cell cryopreservation can be best demonstrated in an extended phase 
diagram of temperature versus solute concentration (Fig. 1), which consists of four regimens 
representing four probable phases (liquid, subcooled liquid, supersaturated liquid, and the 
solid-like amorphous or glassy phase) of an aqueous solution. The four lines that separate 
the four regimens are called liquidus (between liquid and subcooled liquid), extended  
 

 
Fig. 1. An illustration on the extended phase diagram of the various methods for cell 
preservation at either cryogenic or ambient temperature from an initial (stable) liquid state 
(A) to a final glassy phase (I, II, III, or IV): The phase diagram is divided into four 
thermodynamic regimens by the liquidus, extended liquidus, solidus, and the line of glass 
transition; the four regimens are the liquid, subcooled liquid, supersaturated liquid, and the 
glassy phase; cells must enter the glassy phase for long-term storage; CPA represents 
cryoprotectant, and θg and θm represent the glass transition and melting temperature of pure 
sugar/CPA used as lyoprotectant or CPA, respectively. Of note, the diagram is not to scale 
(for example, the melting temperature of pure CPAs is usually below 20 oC) 
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liquidus (between subcooled liquid and supersaturated liquid), solidus (between liquid and 
supersaturated liquid), and the glass transition line (between the glassy phase and the 
unstable liquid that is either subcooled or supersaturated). A detailed description of the 
three processes of cell cryopreservation is given below. 

2.1 Slow-freezing 
For the conventional slow-freezing approach, the following steps are typically used 
(A→B→C→D→E→I in Fig. 1): (1), cells in an aqueous solution (state A) are first loaded with 
CPAs at a concentration usually up to 15 wt% (or up to ~ 2 M, state B); (2), the cells are then 
subcooled usually down to between -2  and -7 oC (C) to seed ice in the extracellular space by 
touching the sample contained usually in a cryovial with a deeply cooled (e.g., in liquid 
nitrogen) object (C→D); (3), the cells are further cooled slowly (typically, < 10 oC/min) along 
the liquidus and (if necessary) extended liquidus to between -40 and -100 oC, a process 
called freeze concentration (D→E); and (4), the cells in the frozen sample are transferred into 
liquid nitrogen for long-term storage (E→I). 
During the slow-freezing process, the formation of extracellular ice after ice-seeding leads to 
freeze concentration of the unfrozen solutions by ejecting solutes and cells from the frozen 
to unfrozen phase (note: unlike pure water that becomes frozen at a specific tempertaure, 
solutions become frozen over a temperature range that is dependent on the types of solutes 
in the solution). As a result, dehydration of cells in the unfrozen phase driven by osmosis 
ensues, which minimizes intracellular water available for ice formation inside the cells so 
that the cells can enter the glassy phase (I) when transferred into liquid nitrogen. This 
approach typically requires a specialized machine usually called controlled rate freezer 
(CRF) to achieve freezing in a controllable manner. The time required for the slow-freezing 
process is typically in hours. 

2.2 Conventional vitrification 
Vitrification by definition is ice free. In other words, no (or negligible) ice formation or 
freezing will occur in the sample during cooling (Fahy et al. 1984; Fahy et al. 2004b; Rall and 
Fahy 1985). Conventional vitrification (A→F→II in Fig. 1) has also been studied for 
cryopreservation of both cells and tissue. In this approach, biological samples (state A) are 
first loaded with a very high concentration of CPAs (up to ~ 7 M, state F) (Fahy et al. 1984; 
Fahy et al. 2004b; Rall and Fahy 1985). The samples are then cooled directly from ambient 
temperature to a cryogenic temperature usually in liquid nitrogen (state II) and stored there 
for future use.  
Although the conventional vitrification approach can be used to eliminate the detrimental 
effect of ice formation altogether, the unusually high CPA concentration required by the 
approach is toxic to most mammalian cells even in a short period of exposure (ranging from 
seconds to minutes dependent on the specific cells and tissues) (Chen et al. 2000; Chen et al. 
2001a; Fahy et al. 2004a; Fowler and Toner 2005; Heng et al. 2005; Hunt et al. 2006). 
Therefore, the samples should be cooled as soon as possible after loading with CPAs. 
Oftentimes, a mixture of multiple CPAs is used to reduce the cytotoxicity of the high CPA 
concentration required (Fuller 2004). In addition, large, membrane impermeable molecules 
such as sugars (typically sucrose and trehalose) have been used to dehydrate the cells 
somewhat before cooling and protect cell membrane from injury during cooling (Beattie et 
al. 1997; He et al. 2008b). Vitrification can be done without a specialized machine and the 
time required is much shorter than that for slow-freezing. 
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2.3 Low-CPA vitrification 
Low-CPA vitrification (A→B→III in Fig. 1) is a further advancement of the conventional 
vitrification with the goal to reduce the CPA concentration (e.g., at state F versus B) required 
for vitrification to a low, nontoxic level (similar to that used in slow-freezing). This can be 
done by creating an ultrafast cooling rate to cool the cells for cryopreservation. This is 
because the higher the cooling rate, the less the amount of cryoprotectants is required for 
achieving vitrification (Berejnov et al. 2006; Boutron 1986; He et al. 2008b; Karlsson et al. 
1994; Toner et al. 1990; Yang et al. 2009). For example, even pure water can be vitrified 
without any ice formation when the cooling rate is approximately one million degree 
Celsius per second (Bhat et al. 2005; Bruggeller and Mayer 1980; Yang et al. 2009).  
Various devices have been utilized to achieve fast cooling rates (up to ~ 20,000 oC/min) such 
as the traditional French type straw (Fig. 2), open pulled straw, electron grid, and cryoloops 
(Fowler and Toner 2005; Gardner et al. 2007; Vajta and Nagy 2006; Yavin and Arav 2007). As 
a result, the amount of cryoprotectant required for vitrification can be reduced to around 4 
M. To achieve an ultrafast cooling rate, two recent studies reported the use of a micro-
fabricated oscillating heat pipe (OHP) device (Han et al. 2008; Jiao et al. 2006). Although 
their theoretical analysis shows that a cooling rate of ~ 106 oC/min could be achieved, 
testing of the device for low-CPA vitrification using living cells has not been reported to 
date. Another recent study reported that a cooling rate as high as ~ 200,000 oC/min can be 
achieved by plunging an ultra-thin walled (10 μm) quartz microcapillary (QMC, 180 μm 
inner diameter that is slightly bigger than a human oocyte, Fig. 2) into liquid nitrogen (He et 
al. 2008b). As a result, the CPA concentration required for vitrification of mouse ES cells  
and mouse oocytes can be reduced to as low as 2.5 M altogether (He et al. 2008b; Lee et al. 
2010), which is close to the highest CPA concentration usually used for slow-freezing.  
 

 
Fig. 2. (Adapted from (He et al. 2008b)) A comparison of the conventional French-type straw 
(top) used today for cell vitrification at an unusually high CPA concentration and the 200 
µm (outer diameter), thin-walled (10 µm) quartz microcapillary (QMC, bottom) used to 
achieve ultrafast cooling to minimize the CPA concentration required for vitrification 
Another way to improve cell vitrification is to confine cells in a small space such as sub-
milimeter (in diameter) sized liquid droplets of aqueous cell suspension (Berejnov et al. 
2006; Edd et al. 2008; Franks et al. 1983). A major disadvantage of using small liquid droplets 
to confine cells is that the droplets will merge with each other unless they are dispersed in 
an oil phase, which makes it difficult to retrieve cells from the droplets. 
The hydrogel microcapsule (~250-1000 µm) of natural, biocompatible polymers such as 
alginate has been widely explored to confine or encapsulate a variety of living cells for 
transplantation and cell-based therapy (Chang 1996; Maguire et al. 2006; Magyar et al. 2001; 
Orive et al. 2003; Orive et al. 2004; Orive et al. 2006; Rohani et al. 2008; Torre et al. 2007; 
Wang et al. 2006a; Wang et al. 2006b). Recently, living cells have been encapsulated in even 
smaller (~100 µm) microcapsules for better cell survival and transplanation effcacy (Zhang 
and He 2009). These microcapsules can well retain their morphology for an extended period 
of time in physiologic solutions both in vitro and in vivo. However, cryopreservation of cells 
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encapsulated in the large (≥ ~ 250 µm) microcapsules by slow-freezing has been challenging 
because the inevitable ice formation always results in significant damage to the 
microcapsules, which in turn can damage the encapsulated cells (Heng et al. 2004; Herrler et 
al. 2006; Stensvaag et al. 2004; Wu et al. 2007). Although the conventional vitrification 
approach can overcome this problem, the unusually high concentration CPA needed is 
detrimental to stress-sensitive cells such as the ES cells (Fahy et al. 1987; Fahy et al. 1984; 
Fahy et al. 2004b; Rall and Fahy 1985; Wu et al. 2007). 
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Fig. 3. (Adapted from (Zhang et al. 2010)) Typical morphology of alginate microcapsules 
after cryopreservation in physiological saline with (A) 0, (B) 0.7, and (C) 1.4 M DMSO 
(dimethylsulfoxide); typical scanning calorimetry data for samples with (D) 0, (E) 0.7, and 
(F) 1.4 M DMSO; and (G) the ratio of peak area on the scanning calorimetry data for samples 
with microcapsules (~ 30% in volume) to that of samples without microcapsules at various 
CPA concentrations: Cooling rate, 100 oC/min 
By careful cryomicroscopy and scanning calorimetry studies, it was identified in a recent 
publication that water enclosed in ~100 µm (in diameter) alginate microcapsules can be 
preferentially vitrified over the bulk water (where the microcapsules are suspended) with 
only 1.4 M DMSO at a cooling rate of 100 oC/min (Zhang et al. 2010). Typical results from 
the cryomicroscopy studies are shown in Fig. 3 for microcapsules cryopreserved with (A) 0, 
(B) 0.7, and (C) 1.4 M DMSO. The microcapsules appeared intact post cryopreservation 
when the DMSO concentration was 1. 4 M (C) (or higher) while they were damaged 
(wrinkled) when ≤ 0.7 M DMSO was used (A and B). The wrinkled appearance of 
microcapsules in (A) and (B) presumably was a result of significant ice formation in the 
microcapsules during freezing. Since water in the bulk solution was frozen under all the 
conditions, the data suggest that water enclosed in the microcapsules was preferentially 
vitrified in the presence of 1.4 M DMSO resulting in the intact morphology in (C). 
The calorimetry data are also shown in Fig. 3 for samples with (D) 0, (E) 0.7,  and (F) 1.4 M 
DMSO either in the absence or presence of ~ 30% (by volume) alginate microcapsules. The 
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(top) used today for cell vitrification at an unusually high CPA concentration and the 200 
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encapsulated in the large (≥ ~ 250 µm) microcapsules by slow-freezing has been challenging 
because the inevitable ice formation always results in significant damage to the 
microcapsules, which in turn can damage the encapsulated cells (Heng et al. 2004; Herrler et 
al. 2006; Stensvaag et al. 2004; Wu et al. 2007). Although the conventional vitrification 
approach can overcome this problem, the unusually high concentration CPA needed is 
detrimental to stress-sensitive cells such as the ES cells (Fahy et al. 1987; Fahy et al. 1984; 
Fahy et al. 2004b; Rall and Fahy 1985; Wu et al. 2007). 
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Fig. 3. (Adapted from (Zhang et al. 2010)) Typical morphology of alginate microcapsules 
after cryopreservation in physiological saline with (A) 0, (B) 0.7, and (C) 1.4 M DMSO 
(dimethylsulfoxide); typical scanning calorimetry data for samples with (D) 0, (E) 0.7, and 
(F) 1.4 M DMSO; and (G) the ratio of peak area on the scanning calorimetry data for samples 
with microcapsules (~ 30% in volume) to that of samples without microcapsules at various 
CPA concentrations: Cooling rate, 100 oC/min 
By careful cryomicroscopy and scanning calorimetry studies, it was identified in a recent 
publication that water enclosed in ~100 µm (in diameter) alginate microcapsules can be 
preferentially vitrified over the bulk water (where the microcapsules are suspended) with 
only 1.4 M DMSO at a cooling rate of 100 oC/min (Zhang et al. 2010). Typical results from 
the cryomicroscopy studies are shown in Fig. 3 for microcapsules cryopreserved with (A) 0, 
(B) 0.7, and (C) 1.4 M DMSO. The microcapsules appeared intact post cryopreservation 
when the DMSO concentration was 1. 4 M (C) (or higher) while they were damaged 
(wrinkled) when ≤ 0.7 M DMSO was used (A and B). The wrinkled appearance of 
microcapsules in (A) and (B) presumably was a result of significant ice formation in the 
microcapsules during freezing. Since water in the bulk solution was frozen under all the 
conditions, the data suggest that water enclosed in the microcapsules was preferentially 
vitrified in the presence of 1.4 M DMSO resulting in the intact morphology in (C). 
The calorimetry data are also shown in Fig. 3 for samples with (D) 0, (E) 0.7,  and (F) 1.4 M 
DMSO either in the absence or presence of ~ 30% (by volume) alginate microcapsules. The 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

118 

area of the major peak on the heat flux curve for each sample is proportional to the amount 
of ice formed in the sample. Clearly, the amount of ice formed in samples with and without 
microcapsules was not significantly different when the DMSO concentration was ≤ 0.7 M (D 
and E), suggesting ice formed equally in the bulk solution and the microcapsules resulting 
in damage to the microcapsules shown in Fig. 3A and B. When the DMSO concentration was 
increased to 1.4 M, however, the peak area for samples with microcapsules was much 
smaller than that for samples without microcapsules (Fig. 3F), indicating much less ice 
formation in the samples with microcapsules. Presumably, the reduced ice formation in the 
samples with microcapsules was due to vitrification of water enclosed in the microcapsules 
resulting in the intact microcapsules shown in Fig. 3C. 
The ratio of the peak area for samples with ~ 30% (by volume) microcapsules to that of 
samples without microcapsules was further quantified and is shown in Fig. 3G. The ratio 
was not different from 1, suggesting equal ice formation in the bulk solution and the 
microcapsule when the DMSO concentration was ≤ 0.7 M. When the DMSO concentration 
was 1.4 M, the ratio was ~ 0.7 suggesting that water encloased in the microcapsules (30% by 
volume) were preferentially vitrified under this condition. When further increasing DMSO 
to 2.1 M, the ratio increased back to 0.91, presumably due to the vitrification of more bulk 
water. Therefore, water enclosed in the microcapsules can be preferentially vitrified in the 
presence of 1.4 M DMSO while more than 2.1 M DMSO is required to vitrify the same 
amount of water in the bulk solution, indicating the capability of alginate microcapsules in 
enhancing vitrification of the enclosed water even at a cooling rate of 100 oC/min. The 
preferential vitrification of water enclosed in the microcapsule is due to its higher viscosity 
(Ahearne et al. 2005; Qin 2008; Zhang et al. 2006) and small volume (sub-nanoliter) and is 
expected to be much more significant at much higher cooling rates (e.g., > 10,000 oC/min) 
(Chen and Li 2008; Karlsson et al. 1994; Yang et al. 2009; Zhang et al. 2010; Zhao et al. 2006). 
The preferential vitrification of water enclosed in small alginate microcapsules 
demonstrated in Fig. 3 should be able to enhance vitrification of living cells encapsulated in 
the microcapsules at high cooling rates (e.g., > 10,000 oC/min). This is because it can not 
only depress ice formation and growth in the microcapsule but also prevent ice (if any) 
propagation into cells from the bulk solution where ice is usually formed first (because of its 
much bigger volume) (Berejnov et al. 2006; Fahy et al. 1987; Franks et al. 1983; He et al. 
2008b; Karlsson et al. 1994; Mazur et al. 2005a; Mazur et al. 2005b; Toner 1993; Toner et al. 
1990; Yavin and Arav 2007). This hypothesis is confirmed by a recent study where the 
C3H10T1/2 mouse mesenchymal stem cells encapsulated in ~100 µm alginate 
microcapsules were vitrified using a 400 µm, thin-walled quartz microcapillary at a low-
CPA concentration (1.4 M DMSO) (Zhang et al. 2010). Typical images of the cells are shown 
in Fig. 4 for both before (A-D) and after (E-H) the low-CPA vitrification procedure. 
Before vitrification, both the non-encapsulated (A and B) and microencapsulated (C and D) 
cells remained alive, indicating that the microencapsulation process did not result in any 
significant damage to the cells. After vitrification, many of the non-microencapsulated cells 
appeared swollen with damaged plasma membrane (E) and were significantly injured (red, 
F) with a cell viability of 42.0 ± 4.4%. For the microencapsulated cells, however, most of 
them appeared intact (G) and viable (green, H) after vitrification. The viability of the 
microencapsulated cells post cryopreservation was determined to be 88.9 ± 2.9%, which is 
more than twice of that of the non-encapsulated cells and is only ~ 5% less than that before 
vitrification. 
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Fig. 4. (Adapted from (Zhang et al. 2010)) Typical phase and fluorescence images of non-
encapsulated (A, B, E, and F) and microencapsulated (C, D, G, and H) cells before (A-D) and 
after (E-H) cryopreservation by low-CPA vitrification. In the fluorescence micrographs, live 
and dead cells were stained green and red, respectively. Scale bars: 100 µm 

After liquefying the microcapsules, the collected cells were found to attach well with an 
attachment efficency (ratio of the number of cells attached in the cryopreserved samples to 
that in the control fresh samples at day 1, one day after seeding the cells) of ~ 85 and 37% for 
the microencapsulated and non-microencapsulated cells, respectively (Fig. 5).  Moreover, 
the viable cells with low-CPA vitrification proliferate normally just like the control fresh 
cells (Fig. 5). These data clearly demonstrate the capability of the small alginate 
microcapsule in protecting cells from injury during low-CPA vitrification, presumably by 
minimizing ice formation (or enhancing vitrification) in the microencapsulated cells.  
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Fig. 5. Proliferation of the non-microencapsulated and microencapsulated mesenchymal 
stem cells in 3 days after vitrifcation using 1.4 M DMSO in the 400 µm quartz microcapillary 
together with control fresh cells without cryopreservation: The total number of cells seeded 
for each of the three conditions were the same 
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area of the major peak on the heat flux curve for each sample is proportional to the amount 
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Fig. 5. Proliferation of the non-microencapsulated and microencapsulated mesenchymal 
stem cells in 3 days after vitrifcation using 1.4 M DMSO in the 400 µm quartz microcapillary 
together with control fresh cells without cryopreservation: The total number of cells seeded 
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3. Lyopreservation at ambient temperature 
The idea of dry or lyopreservation at ambient temperature is actually not new as many 
lower organisms, resurrection plants, and seeds can survive extreme drought in nature 
upon rehydration, a phenomenon called anhydrobiosis or life without water (Armstrong 
July, 1996; Browne et al. 2002; Clegg 2001; Crowe and Cooper 1971; Crowe and Crowe 2000; 
Crowe et al. 2004; Crowe et al. 1992; Perry 1999). A high concentration of small sugars 
(disaccharides typically sucrose for plants and trehalose for lower organisms) have been 
found in these organisms and plants when they are in the anhydrobiotic (or desiccated) 
state. Learning from nature, both sucrose and trehalose have been investigated as the 
protective agent (also called lyoprotectant) in protocols of lyopreservation (Crowe and 
Crowe 2000; Crowe et al. 2001; Crowe et al. 2005; Eroglu et al. 2000; Wolkers et al. 2002). 
Two methods of desiccation have been studied to dry cells in aqueous samples for 
lyopreservation: evaporative drying and freeze-drying (or lyophilization) which are 
illustrated in Fig. 1 as well. 

3.1 Evaporative drying 
During desiccation by evaporative drying (A→B→IV in Fig. 1), water in an aqueous sample 
with cells is removed by exposing the sample to a dry environment (e.g., dry air, inert gas 
such as nitrogen, or vacuum) without freezing (or ice formation) after loading with up to ~ 
15 wt% lyoprotectants. Forced convection is usually used to increase the drying rate of 
natural convection. Desiccation by evaporative drying has been used to achieve 
lyopreservation of biomacromolecules such as proteins and lipids, pharmaceutical drugs,  
 

A B 

 
Fig. 6. (Adapted from (Aksan et al. 2006) and (He et al. 2008a)) (A) Evaporative drying of 0.2 
M aqueous trehalose solution in micorchannels: The brightness in the solution in the lower 
panel indicate the viscosity of solution (the stronger the intensity, the higher the viscosity is 
in the solution), which clearly shows a glassy skin formed on the interface between the 
solution and the dry nitorgen gas (N2) during drying and the heterogeneity of viscosity in 
the residual solution; and (B) predicted diffusivity in the trehalose sloution during 
evaporative drying at various times: The glassy skin forms after 3 minutes drying and has 
an extremely low diffusivity while the diffusivity in the rest of the solution is much higher, 
indicating a significant residual water in the dried residual solution 
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prokaryotic cells (microbials), and blood cells (red cells and platelets), but not eukaryotic 
mammalian cells. 
A major engineering difficulty to dry the glass-forming disaccharide solution for cell 
lyopreservation by evaporative drying is that a thin glassy skin can easily form on the 
interface between the solution and the dry environment (Fig. 6A). The glassy skin has an 
extremely high viscosity and low diffusivity (Fig. 6B) leading to incomplete drying (up to 
20% residual water after hours drying) and heterogeneity in the evaporatively dried sample. 
This problem might be alleviated by breaking up the solution into micron or submicron 
sized droplets or thin-films (He et al. 2008a). 

3.2 Freeze-drying 
A typical freeze-drying process is illustrated in Fig. 1 as A→B→C→D→G→ H→IV: (1), cells 
in an aqueous solution (state A) is first supplemented with lyoprotectants at a concentration 
of up to ~ 15 wt% (state B); (2), the sample is subcooled to usually between -2 and -7 oC (C)  
to seed extracellular ice in the sample by touching the sample with a deeply cooled object 
(C→D); (3), the sample is further cooled to between -30 and -50 oC slowly at a cooling rate 
usually less than 10 oC/min (D→G); (4), the ice formed in the sample during freezing is then 
sublimated (i.e., from solid ice crystal to vapor directly without going through the liquid 
water phase) by exposing the sample to a vacuum usually less than 10 Pa at the phase G 
(primary drying); and (5) a secondary drying process is then done by heating the sample in 
vacuum slowly to ambient temperature to further dehydrate the sample for additional 
hours to days (G→H→IV). The samples are then sealed and preserved in the dry phase (IV) 
at ambient temperature for future use. Freeze-drying has been used successfully in 
achieving lyopreservation of many biomacromolecules such as proteins and lipids and 
many pharmaceutical drugs. It has also been used for lyopreservation of prokaryotic cells 
such as microbials and blood cells including the red cells and platelets, but not eukaryotic 
cells at this time. 
For freeze-drying, it is crucial to keep the temperature below the so-called collapse 
temperature (TC) (Abdul-Fattah et al. 2007; Bellows and King 1972; Felix 2007; Fonseca et al. 
2004a; Fonseca et al. 2004b; Gieseler et al. 2005; Kramer et al. 2009; MacKenzie 1966; Meister 
and Gieseler 2006; Meister et al. 2006; Nail et al. 2002; Pikal 1985; Pikal and Shah 1990; Pikal 
et al. 1983; Rey and May 1999)) during primary drying (at the phase G). Otherwise, the 
sample may collapse during primary drying (Fig. 7A) and blow up during secondary drying 
(Fig. 7B), resulting in incomplete drying and heterogeneity (Fig. 7C versus D) in the freeze-
dried product as that in evaporatively dried sample. Consequently, the biostability of the 
freeze-dried biologicals could be significantly compromised (Hancock et al. 1995; He et al. 
2008a; He et al. 2006b). More importantly, a recent study reported that the collapse 
temperature of cell culture medium-based trehalose solutions important for freeze-drying 
mammalian cells can be much lower than that of a simple binary trehalose-water solution 
(TC = ~ -30 oC) and trehalose solutions used for freeze-drying pharmaceuticals and 
prokaryotes (Yang et al. 2010a), as shown in Fig. 7E. 
Beside the engineering challenge to effectively dry the trehalose solutions, effective delivery 
of the small hydrophilic lyoprotectants (trehalose and sucrose) into mammalian cells has 
been challenging as the first step toward cell preservation at ambient temperature. This is 
because lyoprotectants such as trehalose must be present both intra and extracellularly to 
provide the maximum protection during drying, but mammalian cells lack a mechanism to 
synthesize trehalose endogenously and their plasma membrane is impermeable to the 
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Beside the engineering challenge to effectively dry the trehalose solutions, effective delivery 
of the small hydrophilic lyoprotectants (trehalose and sucrose) into mammalian cells has 
been challenging as the first step toward cell preservation at ambient temperature. This is 
because lyoprotectants such as trehalose must be present both intra and extracellularly to 
provide the maximum protection during drying, but mammalian cells lack a mechanism to 
synthesize trehalose endogenously and their plasma membrane is impermeable to the 
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sugars (Acker 2004; Chen et al. 2001b; Eroglu et al. 2002).  Over the past decades, a number 
of approaches have been explored to introduce trehalose into living cells for preservation 
purposes. The most straightforward approach is to deliver exogenous trehalose into the 
cytosol of living cells by direct microinjection. This approach has been successfully used for 
intracellular delivery of trehalose to cryopreserve mammalian oocytes that have a large size 
(~ 100 μm in diameter) and are generally limited in quantity (less than a few hundred) 
(Bhowmick et al. 2002; Eroglu et al. 2005; Eroglu et al. 2003; Eroglu et al. 2002). 
 

(E) 

(A) 

(B) 

(C) (D) 

 
Fig. 7. (Adapted from (Yang et al. 2010a)) (A) Typical photograph showing collapsed vs. 
intact sample after primary drying (at -38 oC) of 0.2 versus 0.4 M trehalose in DMEM with 
10% fetal bovine serum; (B) the collapse sample blew up during secondary drying (heating 
at 0.5 oC/min to room tempertaure) as a result of the evaporation of the significant residual 
water after primary drying while the non-collapsed sample appeared intact; SEM (scanning 
electron microscopy) images showing homogeneous microporous structure in the intact 
sample (C) and heterogeneous microstructure in the collapsed and blew-up sample (D) after 
secondary drying; and the collapse tempertaure (TC) as a function of trehalose concentration 
in various solutions: DMEM, Dulbecco‘s modified eagle medium (aqueous) widely used for 
culturing mammalian cells 
However, the microinjection approach is difficult (if not at all impossible) to apply for most 
living cells that are generally much smaller (< ~ 20 μm) than mammalian oocytes and 
usually present in a large quantity (millions). Small living cells have been genetically 
engineered to synthesize trehalose endogenously. This approach requires the constant 
production of adenoviral vectors that exhibit significant cytotoxicity, particularly at high 
multiplicities of infection (Gordon et al. 2001; Guo et al. 2000; Puhlev et al. 2001). Trehalose 
has also been introduced into mammalian cells or their organelles through engineered or 
native transmembrane pores (Acker et al. 2003; Chen et al. 2001b; Elliott et al. 2006; Eroglu et 
al. 2000; Liu et al. 2005), electroporation (Reuss et al. 2004; Shirakashi et al. 2002), fluid-phase 
endocytosis (He et al. 2006a; Oliver 2004; Wolkers et al. 2003), and lipid phase transition 
(Beattie et al. 1997; He et al. 2006a). 
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In spite of the various approaches being explored, a consistent report of cell preservation 
using trehalose for small eukaryotic living cells is still absent (Acker 2004; Crowe 2007; 
Crowe et al. 2005; Kanias and Acker 2006). This could be due to the inability to deliver a 
sufficient amount of intracellular trehalose (≥ ~ 0.1 M) for cell preservation using some of 
the approaches (e.g., fluid phase endocytosis). In addition, cells could be too severely 
compromised during the delivery step to withstand further freezing/dehydration stresses 
during preservation, considering the highly invasive nature of some of the approaches (e.g., 
electroporation). Recently, research has been sought to use nanoparticles (liposome and 
polymeric nanocapsules) as the intracellular delivery vehicles of the small hydrophilic 
lyoprotectants with promising outcomes (Holovati and Acker 2007; Holovati et al. 2009; 
Scott 2006; Zhang et al. 2009). 
Besides the non-reducing disaccharides (trehalose and sucrose), small stress proteins 
particularly, the late embryogenesis abundant (LEA) proteins have been suggested to be an 
important part of the molecular repertoire that renders desiccation tolerance in 
anhydrobiotic organisms and are attracting more and more research attention (Browne et al. 
2002; Clegg 2001; Crowe and Crowe 2000; Crowe et al. 2004; Crowe et al. 1992; de Castro et 
al. 2000; Hand et al. 2007; Huang and Tunnacliffe 2007; Iturriaga 2008; Li and He 2009; Perry 
1999; Tunnacliffe et al. 2001). 

4. Biophysics in cell preservation 
As mentioned above, one or more protective agents (cryo and lyoprotectants for cryo and 
lyopreservation, respectively) are required to protect cells from being damaged during 
preservation. Although it has not been well established, the mechanism of protection provided 
by these agents is usually hypothesized to be three folds: 1) acting as water to form hydrogen 
bonds with proteins and lipids so that their functional conformations can be preserved during 
water deficit (Clegg et al. 1982; Crowe 1993a; Crowe 1993b; Crowe et al. 1998), 2) promoting 
preferential hydration of the biomacromolecules in cells during water loss (Cottone 2007; 
Cottone et al. 2005; D'Alfonso et al. 2003; Roche et al. 2006), and 3) forming a stable glassy 
matrix with extremely low molecular mobility to prevent the 3D intracellular structure from 
collapse and to suspend any degradative and metabolic reactions in response to water loss 
(Crowe et al. 1998; Crowe et al. 2001; He et al. 2006b; Sun et al. 1996). 
At the cellular level, two biophysical events (cell dehydration and intracellular ice formation 
(IIF)) have been well established to be the major causes of cell injury. During slow-freezing, 
these two biophysical events result in the classical inverted U-curve of cell survival as a 
function of cooling rate during freezing with the cell survival being the highest at the 
optimal cooling rate (CRSF), as demonstrated in Fig. 8. At a very slow cooling rate (< CRSF), 
cell dehydration induced biochemical/biophysical alterations are the dominant mechanism 
of cell injury while at a not-so-high cooling rate (< CRV), cells are mainly damaged by IIF. 
With the further increase of cooling rate to higher than CRV, the kinetics of cooling is faster 
than that of both IIF and cell dehydration and cell injury due to both events is minimized. 
As a result, the cell survival increases with the increase of cooling rate till it reaches 100%. 
Both CRSF and CRV are dependent on the cell type, the CPA type (propylene glycol has been 
reported to be superior to ethylene glycol in terms of the capability of vitrification (He et al. 
2008b)), and the CPA concentration. Of note, the damaging (both osmotic and metabolic) 
effect of an unusually high concentration of CPAs required by the conventional vitrification 
is not considered in the figure. 
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lyoprotectants with promising outcomes (Holovati and Acker 2007; Holovati et al. 2009; 
Scott 2006; Zhang et al. 2009). 
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bonds with proteins and lipids so that their functional conformations can be preserved during 
water deficit (Clegg et al. 1982; Crowe 1993a; Crowe 1993b; Crowe et al. 1998), 2) promoting 
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matrix with extremely low molecular mobility to prevent the 3D intracellular structure from 
collapse and to suspend any degradative and metabolic reactions in response to water loss 
(Crowe et al. 1998; Crowe et al. 2001; He et al. 2006b; Sun et al. 1996). 
At the cellular level, two biophysical events (cell dehydration and intracellular ice formation 
(IIF)) have been well established to be the major causes of cell injury. During slow-freezing, 
these two biophysical events result in the classical inverted U-curve of cell survival as a 
function of cooling rate during freezing with the cell survival being the highest at the 
optimal cooling rate (CRSF), as demonstrated in Fig. 8. At a very slow cooling rate (< CRSF), 
cell dehydration induced biochemical/biophysical alterations are the dominant mechanism 
of cell injury while at a not-so-high cooling rate (< CRV), cells are mainly damaged by IIF. 
With the further increase of cooling rate to higher than CRV, the kinetics of cooling is faster 
than that of both IIF and cell dehydration and cell injury due to both events is minimized. 
As a result, the cell survival increases with the increase of cooling rate till it reaches 100%. 
Both CRSF and CRV are dependent on the cell type, the CPA type (propylene glycol has been 
reported to be superior to ethylene glycol in terms of the capability of vitrification (He et al. 
2008b)), and the CPA concentration. Of note, the damaging (both osmotic and metabolic) 
effect of an unusually high concentration of CPAs required by the conventional vitrification 
is not considered in the figure. 
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Fig. 8. Cell survival accounting for the effect of intracellular ice formation (IIF, ), cell 
dehydration ( ), the combination of IIF and cell dehydration at both low (for slow-freezing, 

) and high  (for vitrification, ) cooling rates. At a very slow cooling rate (< CRSF), cell 
dehydration induced biochemical/biophysical alterations are the dominant mechanism of 
cell injury while at not-so-high cooling rates (< CRV), cells are mainly damaged by IIF; with 
the further increase of cooling rates to higher than CRV, cell injury due to both cell 
dehydration and IIF is negligible. Both CRSF and CRV are dependent on the cell type, the 
CPA type, and the CPA concentration. Of note, the damaging (both osmotic and metabolic) 
effect of an unusually high concentration of CPAs required by the conventional vitrification 
is not considered in the figure 
Bothe cell dehydration and IIF can be quantified by modeling. IIF has been studied using 
both phenomenological and mechanistic models (Pitt 1990; Toner 1993). The mechanistic 
model has been widely used and delineates the ice formation process as two consecutive 
events: (1) Nucleation to form ice nuclei and (2) the subsequent growth of the nuclei (Hobbs 
1974; Toner 1993). Nucleation of intracellular ice can be catalyzed by either a surface (surface 
catalyzed nucleation, SCN) such as the cell plasma membrane or a volume of subcooled 
solution (volume catalyzed nucleation, VCN) such as the cytoplasm (Hobbs 1974; Toner 
1993). The rate of ice nucleation (I) due to either VCN or SCN can be estimated as follows 
(Toner et al. 1990; Toner et al. 1992): 
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where Tf is the equilibrium freezing point of the intracellular solution, N is the number of 
water molecules either in the cells (for VCN) or in contact with the cell plasma membrane 
(for SCN), η is viscosity, Ω and κ are two model parameters that are usually called the 
kinetic and thermodynamic model parameter, respectively, and the subscript 0 represents 
the isotonic solution state. The two model parameters (constants) under isotonic solution 
state (Ω0 and κ0) need to be determined a priori by experimental studies and have been 
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reported in the literature for a number of cell types as summarized elsewhere (He and 
Bischof 2003; Toner 1993; Yang et al. 2010b). The cumulative probability of intracellular ice 
formation (PIIF) can then be calculated as follows (Toner 1993; Toner et al. 1990): 

 ( )0
1 exp

tVCN VCN
IIFP VI dt= − −∫  (2) 

 ( )0
1 exp

tSCN SCN
IIFP AI dt= − −∫  (3) 

 (1 )Tot SCN SCN VCN
IIF IIF IIF IIFP P P P= + −  (4) 

where V and A are the cell volume and surface area available for catalyzing the nucleation 
of intracellular ice, respectively. Significant IIF is usually manifested as darkening of the cell 
cytoplasm when observed under a bright field of light microscopy, which has been used 
widely to quantify the kinetics of IIF (Diller 2005; Toner et al. 1991; Yang et al. 2010b).  
Of note, the above IIF model is valid only when the ice nucleation (the first step of IIF) is the 
rate-limiting step of IIF which is often true when freezing cells/tissues at not very high 
cooling rates (e.g., less than a few hundred Celsius per minute) and in the absence of a high 
concentration of CPA (e.g., less than 10 wt%) (Toner 1993). When cooling cells/tissue with 
much higher cooling rates and/or a high concentration of intracellular CPA (e.g., during 
vitrification and after significant cell dehydration during slow-freezing), the rate limiting-
step of IIF is the growth of the ice nuclei. The IIF under these conditions is said to be 
diffusion-limited for which more complicated models are needed to predict the amount of 
intracellular ice (Chen and Li 2008; Karlsson et al. 1993; Karlsson et al. 1994; Yang et al. 2009; 
Zhao et al. 2006). To better predict the diffusion-limited ice nucleation and growth, an 
advanced model such as the free volume model that can account for the effect of glass 
transition on solution viscosity and diffusion coefficient might be necessary. Such free 
volume models for several cryo and lyoprotectants have been reported in (He et al. 2006b).  
In order to predict the probability of IIF using the above model during slow-freezing 
where freeze concentration induced cell dehydration is significant, information on the cell 
volume, V (or cell surface area, A, related to the diameter of the cells when the cells 
assume a spherical geometry), during freezing is required. The following model has been 
commonly used to predict the cell volume change during freezing (Karlsson et al. 1994; 
Mazur 1963): 

 1 1lnp g fb s

w b s s s w g ref

L AR T hdV V V V
dt V V V n R T Tν φ ν

⎡ ⎤⎛ ⎞Δ− −
⎢ ⎥= − − −⎜ ⎟⎜ ⎟− − +⎢ ⎥⎝ ⎠⎣ ⎦

 (5) 

where νw is the partial molar volume of water, n represents amount (in mole), ϕs is the 
dissociation constant of solutes (e.g., 2 for NaCl), Vb is the osmotically inactive volume in 
cells, Δhf is the latent heat of fusion of water, Tref is a reference temperature (either ice-
seeding temperature or the equilibrium melting point of intracellular solution), T is thermal 
history, the subscripts s and w represent solute (including CPAs) and water, respectively, 
and Lp is the cell plasma membrane permeability to water that can be calculated as follows 
(Levin et al. 1976): 
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where Tf is the equilibrium freezing point of the intracellular solution, N is the number of 
water molecules either in the cells (for VCN) or in contact with the cell plasma membrane 
(for SCN), η is viscosity, Ω and κ are two model parameters that are usually called the 
kinetic and thermodynamic model parameter, respectively, and the subscript 0 represents 
the isotonic solution state. The two model parameters (constants) under isotonic solution 
state (Ω0 and κ0) need to be determined a priori by experimental studies and have been 
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reported in the literature for a number of cell types as summarized elsewhere (He and 
Bischof 2003; Toner 1993; Yang et al. 2010b). The cumulative probability of intracellular ice 
formation (PIIF) can then be calculated as follows (Toner 1993; Toner et al. 1990): 
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where V and A are the cell volume and surface area available for catalyzing the nucleation 
of intracellular ice, respectively. Significant IIF is usually manifested as darkening of the cell 
cytoplasm when observed under a bright field of light microscopy, which has been used 
widely to quantify the kinetics of IIF (Diller 2005; Toner et al. 1991; Yang et al. 2010b).  
Of note, the above IIF model is valid only when the ice nucleation (the first step of IIF) is the 
rate-limiting step of IIF which is often true when freezing cells/tissues at not very high 
cooling rates (e.g., less than a few hundred Celsius per minute) and in the absence of a high 
concentration of CPA (e.g., less than 10 wt%) (Toner 1993). When cooling cells/tissue with 
much higher cooling rates and/or a high concentration of intracellular CPA (e.g., during 
vitrification and after significant cell dehydration during slow-freezing), the rate limiting-
step of IIF is the growth of the ice nuclei. The IIF under these conditions is said to be 
diffusion-limited for which more complicated models are needed to predict the amount of 
intracellular ice (Chen and Li 2008; Karlsson et al. 1993; Karlsson et al. 1994; Yang et al. 2009; 
Zhao et al. 2006). To better predict the diffusion-limited ice nucleation and growth, an 
advanced model such as the free volume model that can account for the effect of glass 
transition on solution viscosity and diffusion coefficient might be necessary. Such free 
volume models for several cryo and lyoprotectants have been reported in (He et al. 2006b).  
In order to predict the probability of IIF using the above model during slow-freezing 
where freeze concentration induced cell dehydration is significant, information on the cell 
volume, V (or cell surface area, A, related to the diameter of the cells when the cells 
assume a spherical geometry), during freezing is required. The following model has been 
commonly used to predict the cell volume change during freezing (Karlsson et al. 1994; 
Mazur 1963): 
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where νw is the partial molar volume of water, n represents amount (in mole), ϕs is the 
dissociation constant of solutes (e.g., 2 for NaCl), Vb is the osmotically inactive volume in 
cells, Δhf is the latent heat of fusion of water, Tref is a reference temperature (either ice-
seeding temperature or the equilibrium melting point of intracellular solution), T is thermal 
history, the subscripts s and w represent solute (including CPAs) and water, respectively, 
and Lp is the cell plasma membrane permeability to water that can be calculated as follows 
(Levin et al. 1976): 
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where Lpg is the permeability of the cell membrane to water at the reference temperature 
(Tref) and ELp is the activation energy for water transport across the cell plasma membrane. 
In the equation, Lpg and ELp are two model parameters (constants) that need to be 
determined a priori using experimental data. Cell dehydration during freezing can be 
measured using either a specialized cryostage mounted on a light microscope (Diller 2005; 
Toner et al. 1991) or differential scanning calorimetry (Bischof 2000; Devireddy et al. 2001; 
Devireddy et al. 1998; Luo et al. 2002). Many studies have been performed to determine the 
two model parameters for various cells, which have been reviewed and tabulated elsewhere 
(Bischof 2000; Han and Bischof 2004; He and Bischof 2003; Yang et al. 2010b). 
Although cell dehydration and intracellular ice formation (IIF) can be predicted using the 
above models, a quantitative understanding of the mechanistic link between the two 
biophysical events and cell injury has not been well established despite some early efforts in 
this respect as reviewed in (He and Bischof 2003). The incidence of significant IIF (defined as 
darkening of cell cytoplasm) correlates strongly with cell death in many cell types (i.e., 50% 
of IIF in many cell populations yields 50% of dead cells) (Toner 1993). However, the exact 
amount or percentage of intracellular ice that is significant enough to result in irreversible 
cell death is still unclear. Some studies even suggest that a small amount of intracellular ice 
might be beneficial to cell survival (Acker and McGann 2002; Acker and McGann 2003). 
Therefore, further studies to establish mechanistic models capable of accounting for the 
effect of all the freezing induced biophysical events including IIF and freeze concentration 
(i.e., the so-called solute effect), and low temperatures per se is important to further our 
understanding of low temperature biology and its biomedical applications such as 
cryosurgery and cryopreservation. 

5. Preservation of embryonic stem (ES) cells  
Currently, the two most commonly used approaches for ES cell cryopreservation are slow-
freezing and conventional vitrification (Hunt and Timmons 2007; Li et al. 2010; Martin-
Ibanez et al. 2008). A summary of the major advantages and drawbacks of the two 
approaches is given in Table 1. Although a low, non-toxic CPA concentration (usually ≤ ~ 
1.5 M) is used in slow-freezing, it is always associated with mechanical and physicochemical 
injury to cells due to ice formation and slow-freezing (usually ≤ 1 oC/min) induced cell 
dehydration (Bischof 2000; Gao and Critser 2000; Mazur 1984; Toner 1993). The conventional 
vitrification approach diminishes ice formation altogether to a harmless level (Fahy et al. 
1987; Fahy et al. 1984; Fahy et al. 2004b; Rall and Fahy 1985; Wu et al. 2007). The unusually 
high (as high as 7 M) concentration of CPA required, however, can result in significant 
metabolic and osmotic injury to cells (Chen et al. 2000; Chen et al. 2001a; Fahy et al. 2004a; 
Fowler and Toner 2005; Heng et al. 2005; Hunt et al. 2006). Consequently, it is necessary to 
use multiple steps of CPA loading/dilution and maintain a short exposure time (within a 
few minutes) to high concentration CPA in each step to minimize injury (Reubinoff et al. 
2001), which makes the procedure complicated, stressful, and particularly, difficult to 
control in that the time for the diffusion of CPAs into the cells to reach equilibrium usually 
takes at least 5-10 minutes (He et al. 2008b; Heng et al. 2005; Jain and Paulson 2006; Pedro et 
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al. 2005). In addition, a cocktail of various CPAs rather than one CPA has been commonly 
used to reduce the CPA toxicity. 
 

Slow-freezing          Low-CPA vitrification         Conventional vitrification 
Drawbacks Advantages Advantages Drawbacks 

Cell injury due to   
ice formation  and
cell dehydration 

Low, non-toxic 
CPA (≤ ~ 1.5 M)

Negligible 
ice formation and 

negligible 
cell dehydration 

High CPA (4-7 M) 
induced metabolic 
and osmotic injury 

Table 1. A summary of the major advantages and drawbacks of the commonly used slow-
freezing and conventional vitrification approaches for cell cryopreservation today: The low-
CPA vitrification approach combines all the advantages of the two commonly used 
approaches while avoiding their shortcomings 
The inherent drawbacks associated with the two conventional approaches can result in 
damage that is (mild to many other types of cells though) sufficient to induce and/or 
accelerate apoptosis (programmed cell death or cell suicide) in dissociated ES cells 
considering that the ES cells are particularly susceptible to apoptosis (Heng et al. 2009; Heng 
et al. 2006; Martin-Ibanez et al. 2008). This may explain why adding ROCK (Rho-associated 
kinase) inhibitors in the cryopreservation medium to inhibit apoptosis can significantly 
improve the survival and function of human ES cells post cryopreservation (Baharvand et 
al. 2010; Claassen et al. 2009; Heng et al. 2007; Martin-Ibanez et al. 2008). Although keeping 
ES cells in aggregates (embryonic body or EB) can reduce apoptosis, it is even more difficult 
to cryopreserve the aggregates by either slow-freezing or conventional vitrification. 
Moreover, sub-optimal cryopreservation can induce epigenetic changes and impose a 
selection bias for their outgrowth (Baran and Ware 2007). Therefore, it is of great importance 
to achieve low-CPA vitrification of ES cells in that it combines all the advantages of the two 
conventional approaches while avoiding all their shortcomings, as demonstrated in Table 1. 
A recent study has demonstrated that an ultrafast cooling rate (~200,000 oC/min) can be 
achieved by plunging a 200 µm (outer diameter), thin-walled (10 µm) quartz microcapillary 
(QMC, Fig. 2) into liquid nitrogen (He et al. 2008b). With this QMC ultrafast vitrification 
technique, R1 ES cells can be vitrified at a CPA concentration of as low as 2.5 M altogether 
(He et al. 2008b). Figure 9A shows the immediate (within 3 hr) and 1 day viability of the 
cells post cryopreservation using various CPAs. Only a small percentage of cells (~ 20%) can 
survive when using 2 M PROH (1,2-propanediol) alone as the CPA. When adding 0.5 M 
trehalose into the solution, however, the immediate cell viability increased to ~ 80%, even 
though trehalose could not permeate the cell membrane and was present only 
extracellularly. The immediate cell viability for cells cryopreserved using 0.5 M trehalose 
alone was ~ 65%. 
Unlike the immediate viability, only few cells were able to survive at day 1 when using 0.5 
M extracellular trehalose (< 2%) as the sole CPA (Fig. 9A). This result indicates the necessity 
of intracellular CPA to protect cells from within during cryopreservation. Similarly, only a 
minimal number of cells were able to survive at day 1 when using 2 M PROH (~12%) as the 
sole CPA. The 1 day viability, however, was much higher (~ 72%) when the cells were 
cryopreserved using the combination of 0.5 M extracellular trehalose and 2 M cell 
membrane permeable CPA (PROH). Therefore, PROH and extracellular trehalose appear to 
have a synergistic effect on protecting the ES cells from damage during vitrification. Such 
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where Lpg is the permeability of the cell membrane to water at the reference temperature 
(Tref) and ELp is the activation energy for water transport across the cell plasma membrane. 
In the equation, Lpg and ELp are two model parameters (constants) that need to be 
determined a priori using experimental data. Cell dehydration during freezing can be 
measured using either a specialized cryostage mounted on a light microscope (Diller 2005; 
Toner et al. 1991) or differential scanning calorimetry (Bischof 2000; Devireddy et al. 2001; 
Devireddy et al. 1998; Luo et al. 2002). Many studies have been performed to determine the 
two model parameters for various cells, which have been reviewed and tabulated elsewhere 
(Bischof 2000; Han and Bischof 2004; He and Bischof 2003; Yang et al. 2010b). 
Although cell dehydration and intracellular ice formation (IIF) can be predicted using the 
above models, a quantitative understanding of the mechanistic link between the two 
biophysical events and cell injury has not been well established despite some early efforts in 
this respect as reviewed in (He and Bischof 2003). The incidence of significant IIF (defined as 
darkening of cell cytoplasm) correlates strongly with cell death in many cell types (i.e., 50% 
of IIF in many cell populations yields 50% of dead cells) (Toner 1993). However, the exact 
amount or percentage of intracellular ice that is significant enough to result in irreversible 
cell death is still unclear. Some studies even suggest that a small amount of intracellular ice 
might be beneficial to cell survival (Acker and McGann 2002; Acker and McGann 2003). 
Therefore, further studies to establish mechanistic models capable of accounting for the 
effect of all the freezing induced biophysical events including IIF and freeze concentration 
(i.e., the so-called solute effect), and low temperatures per se is important to further our 
understanding of low temperature biology and its biomedical applications such as 
cryosurgery and cryopreservation. 

5. Preservation of embryonic stem (ES) cells  
Currently, the two most commonly used approaches for ES cell cryopreservation are slow-
freezing and conventional vitrification (Hunt and Timmons 2007; Li et al. 2010; Martin-
Ibanez et al. 2008). A summary of the major advantages and drawbacks of the two 
approaches is given in Table 1. Although a low, non-toxic CPA concentration (usually ≤ ~ 
1.5 M) is used in slow-freezing, it is always associated with mechanical and physicochemical 
injury to cells due to ice formation and slow-freezing (usually ≤ 1 oC/min) induced cell 
dehydration (Bischof 2000; Gao and Critser 2000; Mazur 1984; Toner 1993). The conventional 
vitrification approach diminishes ice formation altogether to a harmless level (Fahy et al. 
1987; Fahy et al. 1984; Fahy et al. 2004b; Rall and Fahy 1985; Wu et al. 2007). The unusually 
high (as high as 7 M) concentration of CPA required, however, can result in significant 
metabolic and osmotic injury to cells (Chen et al. 2000; Chen et al. 2001a; Fahy et al. 2004a; 
Fowler and Toner 2005; Heng et al. 2005; Hunt et al. 2006). Consequently, it is necessary to 
use multiple steps of CPA loading/dilution and maintain a short exposure time (within a 
few minutes) to high concentration CPA in each step to minimize injury (Reubinoff et al. 
2001), which makes the procedure complicated, stressful, and particularly, difficult to 
control in that the time for the diffusion of CPAs into the cells to reach equilibrium usually 
takes at least 5-10 minutes (He et al. 2008b; Heng et al. 2005; Jain and Paulson 2006; Pedro et 
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al. 2005). In addition, a cocktail of various CPAs rather than one CPA has been commonly 
used to reduce the CPA toxicity. 
 

Slow-freezing          Low-CPA vitrification         Conventional vitrification 
Drawbacks Advantages Advantages Drawbacks 

Cell injury due to   
ice formation  and
cell dehydration 

Low, non-toxic 
CPA (≤ ~ 1.5 M)

Negligible 
ice formation and 

negligible 
cell dehydration 

High CPA (4-7 M) 
induced metabolic 
and osmotic injury 

Table 1. A summary of the major advantages and drawbacks of the commonly used slow-
freezing and conventional vitrification approaches for cell cryopreservation today: The low-
CPA vitrification approach combines all the advantages of the two commonly used 
approaches while avoiding their shortcomings 
The inherent drawbacks associated with the two conventional approaches can result in 
damage that is (mild to many other types of cells though) sufficient to induce and/or 
accelerate apoptosis (programmed cell death or cell suicide) in dissociated ES cells 
considering that the ES cells are particularly susceptible to apoptosis (Heng et al. 2009; Heng 
et al. 2006; Martin-Ibanez et al. 2008). This may explain why adding ROCK (Rho-associated 
kinase) inhibitors in the cryopreservation medium to inhibit apoptosis can significantly 
improve the survival and function of human ES cells post cryopreservation (Baharvand et 
al. 2010; Claassen et al. 2009; Heng et al. 2007; Martin-Ibanez et al. 2008). Although keeping 
ES cells in aggregates (embryonic body or EB) can reduce apoptosis, it is even more difficult 
to cryopreserve the aggregates by either slow-freezing or conventional vitrification. 
Moreover, sub-optimal cryopreservation can induce epigenetic changes and impose a 
selection bias for their outgrowth (Baran and Ware 2007). Therefore, it is of great importance 
to achieve low-CPA vitrification of ES cells in that it combines all the advantages of the two 
conventional approaches while avoiding all their shortcomings, as demonstrated in Table 1. 
A recent study has demonstrated that an ultrafast cooling rate (~200,000 oC/min) can be 
achieved by plunging a 200 µm (outer diameter), thin-walled (10 µm) quartz microcapillary 
(QMC, Fig. 2) into liquid nitrogen (He et al. 2008b). With this QMC ultrafast vitrification 
technique, R1 ES cells can be vitrified at a CPA concentration of as low as 2.5 M altogether 
(He et al. 2008b). Figure 9A shows the immediate (within 3 hr) and 1 day viability of the 
cells post cryopreservation using various CPAs. Only a small percentage of cells (~ 20%) can 
survive when using 2 M PROH (1,2-propanediol) alone as the CPA. When adding 0.5 M 
trehalose into the solution, however, the immediate cell viability increased to ~ 80%, even 
though trehalose could not permeate the cell membrane and was present only 
extracellularly. The immediate cell viability for cells cryopreserved using 0.5 M trehalose 
alone was ~ 65%. 
Unlike the immediate viability, only few cells were able to survive at day 1 when using 0.5 
M extracellular trehalose (< 2%) as the sole CPA (Fig. 9A). This result indicates the necessity 
of intracellular CPA to protect cells from within during cryopreservation. Similarly, only a 
minimal number of cells were able to survive at day 1 when using 2 M PROH (~12%) as the 
sole CPA. The 1 day viability, however, was much higher (~ 72%) when the cells were 
cryopreserved using the combination of 0.5 M extracellular trehalose and 2 M cell 
membrane permeable CPA (PROH). Therefore, PROH and extracellular trehalose appear to 
have a synergistic effect on protecting the ES cells from damage during vitrification. Such 
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synergistic interaction between trehalose and PROH/DMSO has also been observed in other 
studies (Dash et al. 2008; Wusteman et al. 2003). The proliferation/growth of the attached ES 
cells post cryopreservation using the combination of 0.5 M trehalose and 2 M PROH was 
similar to that of the control (fresh) cells over a 3-day observation period (Fig. 9B).  
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Fig. 9. (Adapted from (He et al. 2008b)) (A) Immediate and 1 day viability of fresh (No Cryo) 
cells and cells cryopreserved using 0.5 M trehalose (0.5 M Tre), 2 M PROH (1,2-
propanediol), and the combination of 0.5 M trehalose and 2 M PROH (Tre&PROH); (B) 
normalized (to the data at day 1) proliferation  of fresh and cryopreserved (using 0.5 M 
trehalose and 2 M PROH) cells over three days in culture; and micrographs showing 
undifferentiated properties of the ES cells post vitrification:  (C) staining for the surface 
glycoprotein SSEA-1, (D) green fluorescence protein (GFP) expression denoting 
transcriptional activity, (E) merged view of SSEA-1, GFP and nuclei staining (in blue using 
DAPI), (F) phase contrast image of two ES cell colonies, and alkaline phosphatase expression 
viewed at both high (G) and low (H) magnifications 
Typical Micrographs showing the undifferentiated properties of the ES cells post 
vitrification are given in Fig. 9C-H. Preservation of the undifferentiated properties were 
verified by the high level staining of the membrane surface glycoprotein SSEA-1 (C) and 
expression of GFP (green fluorescence protein) under the control of the transcription factor 
OCT-4 (D). The merged view (E) of the red (SSEA-1), green (GFP), and blue (DAPI to stain 
cell nuclei) channels indicates extensive co-expression of the two markers overlapping with 
the cell nuclei. The phase image (F) shows cells with high nuclei/cytoplasm ratios and 
compact colony formation typical of pluripotent mouse ES cells. The histochemical staining 
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shows strong expression for alkaline phosphatase at high magnification (G) which was well 
distributed within each colony as observed at a lower magnification (H). These results 
suggest that the ES cells retained their undifferentiated properties post cryopreservation by 
ultrafast vitrification at the reduced CPA concentration (2.5 M altogether). Further studies to 
test the capability of the cryopreserved cells in differenriating into different types of cells in 
vitro and forming specific tissue in vivo are necessary to ultimately confirm preservation of 
the pluripotent properties of the cells after vitrification using the reduced CPA. 

6. Outlook 
Although the use of QMC can significantly reduce the required CPA concentration for ES 
cell vitrification from 4-7 M to 2.5 M, it is desired to further decrease the CPA concentration 
to ≤ 1.5 M which is usually used for slow-freezing. Therefore, it is of great interest and 
importance to further test the efficacy of the low-CPA vitrification technique in preserving 
the more stress sensitive ES cells by encapsulating the ES cells in small alginate 
microcapsules. The other advantage of microencapsulating the ES cells for vitrification is 
that the microencapsulated ES cells can be used directly for transplantation in vivo, provided 
that the wall permeability of the microcapsules is low enough to exclude immunoglobulin 
and other immunological factors from getting into the microcapsules to kill the 
encapsulated cells. The latter allows the use of non-autologous cells for the treatment of 
diseases, which significantly expands the capability of the ES cell-based medicine. 
Ultimately, it is important to achieve lyopreservation of ES cells at ambient temperature to 
allow convenient and wide distribution of the ES cell-based medicine to end users (just like 
what we are doing with lyophilized pharmaceutical drugs today), particulalry those in 
remote areas. However, no successful and consistent lyopreservation of mammalian cells 
(not to mention ES cells) has been reported in the literature. Hopefully, with the advances of 
modern nanotechnology for the intracellular deliver of small hydrophilic molecules 
(disaccharide such as trehalose)  and our understanding on anhydrobiotism in nature and 
the biophysics of freeze-drying and evaporative drying, lyopreservation of ES cells can be 
realized in the near future. 
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synergistic interaction between trehalose and PROH/DMSO has also been observed in other 
studies (Dash et al. 2008; Wusteman et al. 2003). The proliferation/growth of the attached ES 
cells post cryopreservation using the combination of 0.5 M trehalose and 2 M PROH was 
similar to that of the control (fresh) cells over a 3-day observation period (Fig. 9B).  
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Fig. 9. (Adapted from (He et al. 2008b)) (A) Immediate and 1 day viability of fresh (No Cryo) 
cells and cells cryopreserved using 0.5 M trehalose (0.5 M Tre), 2 M PROH (1,2-
propanediol), and the combination of 0.5 M trehalose and 2 M PROH (Tre&PROH); (B) 
normalized (to the data at day 1) proliferation  of fresh and cryopreserved (using 0.5 M 
trehalose and 2 M PROH) cells over three days in culture; and micrographs showing 
undifferentiated properties of the ES cells post vitrification:  (C) staining for the surface 
glycoprotein SSEA-1, (D) green fluorescence protein (GFP) expression denoting 
transcriptional activity, (E) merged view of SSEA-1, GFP and nuclei staining (in blue using 
DAPI), (F) phase contrast image of two ES cell colonies, and alkaline phosphatase expression 
viewed at both high (G) and low (H) magnifications 
Typical Micrographs showing the undifferentiated properties of the ES cells post 
vitrification are given in Fig. 9C-H. Preservation of the undifferentiated properties were 
verified by the high level staining of the membrane surface glycoprotein SSEA-1 (C) and 
expression of GFP (green fluorescence protein) under the control of the transcription factor 
OCT-4 (D). The merged view (E) of the red (SSEA-1), green (GFP), and blue (DAPI to stain 
cell nuclei) channels indicates extensive co-expression of the two markers overlapping with 
the cell nuclei. The phase image (F) shows cells with high nuclei/cytoplasm ratios and 
compact colony formation typical of pluripotent mouse ES cells. The histochemical staining 
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shows strong expression for alkaline phosphatase at high magnification (G) which was well 
distributed within each colony as observed at a lower magnification (H). These results 
suggest that the ES cells retained their undifferentiated properties post cryopreservation by 
ultrafast vitrification at the reduced CPA concentration (2.5 M altogether). Further studies to 
test the capability of the cryopreserved cells in differenriating into different types of cells in 
vitro and forming specific tissue in vivo are necessary to ultimately confirm preservation of 
the pluripotent properties of the cells after vitrification using the reduced CPA. 

6. Outlook 
Although the use of QMC can significantly reduce the required CPA concentration for ES 
cell vitrification from 4-7 M to 2.5 M, it is desired to further decrease the CPA concentration 
to ≤ 1.5 M which is usually used for slow-freezing. Therefore, it is of great interest and 
importance to further test the efficacy of the low-CPA vitrification technique in preserving 
the more stress sensitive ES cells by encapsulating the ES cells in small alginate 
microcapsules. The other advantage of microencapsulating the ES cells for vitrification is 
that the microencapsulated ES cells can be used directly for transplantation in vivo, provided 
that the wall permeability of the microcapsules is low enough to exclude immunoglobulin 
and other immunological factors from getting into the microcapsules to kill the 
encapsulated cells. The latter allows the use of non-autologous cells for the treatment of 
diseases, which significantly expands the capability of the ES cell-based medicine. 
Ultimately, it is important to achieve lyopreservation of ES cells at ambient temperature to 
allow convenient and wide distribution of the ES cell-based medicine to end users (just like 
what we are doing with lyophilized pharmaceutical drugs today), particulalry those in 
remote areas. However, no successful and consistent lyopreservation of mammalian cells 
(not to mention ES cells) has been reported in the literature. Hopefully, with the advances of 
modern nanotechnology for the intracellular deliver of small hydrophilic molecules 
(disaccharide such as trehalose)  and our understanding on anhydrobiotism in nature and 
the biophysics of freeze-drying and evaporative drying, lyopreservation of ES cells can be 
realized in the near future. 
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1. Introduction  
Cells in the body respond to signals emanating from the interaction with neighbouring cells, 
from the surrounding extracellular matrix, and from soluble signalling molecules. These 
signals are perceived by the cell as topographical, mechanical, and chemical cues (Martínez 
et al., 2009). One example of a defined physical topography embedded in the extracellular 
matrix (ECM) is provided by the collagen structure. Collagen molecules are about 300 nm 
long and 1.5 nm wide and can form fibrils up to tens of microns in length and with a 
diameter of 260-410 nm (Bettinger et al., 2009). Furthermore, the spatial organisation and 
density of ECM is characteristic of individual tissue types (Martínez et al., 2009), and these 
natural structures serve to guide interacting cells in terms of cell morphology, migration, 
and function. Among mechanical cues, tissue elasticity has been found to vary from 0.1-0.3 
kPa for embryonic stem (ES) cells and endoderm through increasing values for various 
differentiated cells to more than 30 kPa for demineralised bone (Reilly & Engler 2010).  Such 
mechanical cues are also recognised in early development with cell-cortex tension being 
involved in germ-layer sorting (Krieg et al., 2008), indicating that mechanical signals have 
implications for the decision of stem cell fate. Chemical cues from the surroundings are 
provided from biochemical mixtures of soluble chemokines, cytokines, and growth factors, 
as well as insoluble receptor ligands and ECM molecules. Stem cells reside in three-
dimensional tissue-specific stem-cell niches were the cells are exposed to a controlled 
microenvironment including both chemical, mechanical, and topographical cues from the 
surrounding matrix and cells (Reilly & Engler 2010). 
For the development of cell-based therapies, where growth and differentiation of cells must be 
controlled in the laboratory or in the body, it is therefore a challenge to develop biomaterials 
that exploit these biological principles of guiding cells through specific interactions with their 
environment. Human embryonic stem (hES) cells are potentially valuable in cell-based 
therapies since they are able to differentiate into cells of all three germ layers as well as to self-
renew and being expanded without loss of pluripotency. However, one prerequisite for such 
clinical use is that expansion and differentiation protocols must fulfil defined quality 
standards including xenofree culture conditions (Unger et al., 2008), maintenance of 
pluripotency during expansion, and uniform differentiation into a specific cell type.  
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matrix (ECM) is provided by the collagen structure. Collagen molecules are about 300 nm 
long and 1.5 nm wide and can form fibrils up to tens of microns in length and with a 
diameter of 260-410 nm (Bettinger et al., 2009). Furthermore, the spatial organisation and 
density of ECM is characteristic of individual tissue types (Martínez et al., 2009), and these 
natural structures serve to guide interacting cells in terms of cell morphology, migration, 
and function. Among mechanical cues, tissue elasticity has been found to vary from 0.1-0.3 
kPa for embryonic stem (ES) cells and endoderm through increasing values for various 
differentiated cells to more than 30 kPa for demineralised bone (Reilly & Engler 2010).  Such 
mechanical cues are also recognised in early development with cell-cortex tension being 
involved in germ-layer sorting (Krieg et al., 2008), indicating that mechanical signals have 
implications for the decision of stem cell fate. Chemical cues from the surroundings are 
provided from biochemical mixtures of soluble chemokines, cytokines, and growth factors, 
as well as insoluble receptor ligands and ECM molecules. Stem cells reside in three-
dimensional tissue-specific stem-cell niches were the cells are exposed to a controlled 
microenvironment including both chemical, mechanical, and topographical cues from the 
surrounding matrix and cells (Reilly & Engler 2010). 
For the development of cell-based therapies, where growth and differentiation of cells must be 
controlled in the laboratory or in the body, it is therefore a challenge to develop biomaterials 
that exploit these biological principles of guiding cells through specific interactions with their 
environment. Human embryonic stem (hES) cells are potentially valuable in cell-based 
therapies since they are able to differentiate into cells of all three germ layers as well as to self-
renew and being expanded without loss of pluripotency. However, one prerequisite for such 
clinical use is that expansion and differentiation protocols must fulfil defined quality 
standards including xenofree culture conditions (Unger et al., 2008), maintenance of 
pluripotency during expansion, and uniform differentiation into a specific cell type.  
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Reproducible and defined ES cell-culturing systems must ensure cell expansion without 
compromising the quality of the cells as monitored by maintained chromosomal integrity 
and expression of pluripotency markers. For murine embryonic stem (mES) cells the 
ultimate quality control is the ability to enter the mouse germ line after blastocyst injection 
and give rise to viable offspring (Longo et al., 1997). For hES cells the strictest control of 
maintenance of an undifferentiated state is the ability to differentiate into three germ layers 
during teratoma formation after injection into immunodeficient mice (Thomson et al., 1998).   
Murine and human ES cells share common characteristics such as high alkaline phosphatase 
(ALP) levels, a high nucleus to cytoplasm ratio, as well as the expression of a set of ES-cell- 
characteristic transcription factors including Nanog, Oct4, and Sox2. They exhibit distinct 
growth properties with mES cells growing in attached three-dimensionally rounded 
colonies and hES cells growing in flat colonies (Koestenbauer et al., 2006). While mES cells 
can be re-seeded as single cells after trypsination, the maintenance of hES cells requires a 
laborious step of manually cutting colonies for re-seeding, which is labour-intensive and 
comprises the means for clonal expansion. Differences with respect to the specific signals 
needed to maintain pluripotency of ES cells are reflected by the different soluble additives 
incorporated in the specialised culturing protocols developed for mES or hES cells. 
Additives to the culture media include biological signalling molecules like LIF (leukemia 
inhibitory factor) (Williams et al., 1988), BMP4 (bone morphogenetic protein 4) (Ying et al., 
2003), or artificial inhibitors targeting specific cellular enzymes (Ying et al., 2008) in mES cell 
culture, and bFGF (basic fibroblast growth factor) and activin A  (Akopian et al., 2010) in 
hES cell culture. 
Both hES (Thomson et al., 1998) and mES (Evans & Kaufman 1981) cells were originally 
derived on mouse feeder cells, (i.e. a layer of fibroblasts) in serum containing culture 
medium. The layer of feeder cells contributes soluble molecules, ECM proteins (Horák & 
Fléchon 1998), as well as topographical and mechanical cues. However, the development of 
defined, xenofree culture conditions is a requirement for the use of hES cells in human cell 
therapy. Control and reproducibility of hES cell protocols have been improved by applying 
a gelatinous protein mixture secreted by a mouse sarcoma cell line manufactured under the 
product names Matrigel or Geltrex (Akopian et al., 2010) as culture surface. This ECM 
protein mixture is currently used as the standard reference surface in experiments 
concerning feeder-cell-free culture of hES cells, but during routine expansion feeder cells are 
still the preferred substrate in many laboratories in spite of the laborious preparation 
demands (Brafman et al., 2009;  Braam et al., 2008;  Mei et al., 2010;  Nagaoka et al., 2010). 
Furthermore, neither Matrigel nor Geltrex are xenofree or chemically defined products and 
consequently incompatible with human cell therapy. With Matrigel and Geltrex being the 
generally applied feeder cell free standard surface there is a perspective for new smart 
biomaterials in trying to mimic the environmental demand of the ES cells, thereby 
contributing to better defined, xenofree, and reproducible expansion protocols.   
Similar to the advantages of means for controlled expansion of undifferentiated ES cells 
there is also a great need for stringent protocols for controlled differentiation of ES cells for 
scientific and potential therapeutic purposes. Differentiation of mouse and human ES cells 
takes place in cell aggregates called embroid bodies or on two-dimensional surfaces. Both 
strategies result in a mixture of cell types even though populations are enriched for the 
desired cell type by means of soluble supplements (Keller 2005). A major hurdle towards the 
clinical use of hES cells is that the ability of pluripotent cells to induce teratomas must be 
lost from the batch of cells eventually used for therapy (Fong et al., 2010). It is therefore 
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desirable that protocols for hES cell differentiation eliminate any pluripotent cells with 
teratogenic properties. To identify culture conditions that lead to efficient and controlled 
differentiation of ES cells much effort has been put into the development of specific media 
supplements. However, it is now also recognised that biomaterials influence differentiation 
of ES cells not only through ECM-ligand presentation to integrin receptors but that also 
signals inherent in the synthetic biomaterials influence stem-cell state (Bakeine et al., 2009;  
Evans et al., 2009;  Mahlstedt et al., 2010;  Villa-Diaz et al., 2010). Consequently cues 
contributed by biomaterials are a promising and relatively unexplored tool which could 
increase the control of differentiation into desired cell types and help eliminate potentially 
teratogenic pluripotent cells from batches intended for therapeutic purposes.  
The contemporary production of smart biomaterials takes advantage of several 
manufacturing techniques (Reviewed in (Schmidt & Healy 2009;  von der Mark et al., 2010)). 
Development is accelerated by the screening of large biomaterial arrays, including 
combinations of patterning of proteins and signalling molecules (Brafman et al., 2009;  Flaim 
et al., 2005), topography (Lovmand et al., 2009;  Markert et al., 2009), modified self-
assembling monolayers (Derda et al., 2007), or polymers (Anderson et al., 2004;  Mei et al., 
2010). In this chapter we review how stem cells respond to mechanical, chemical, and 
topographical cues and how such cues in synthetic two-dimensional biomaterials determine 
the cellular response. We refer to the vast amount of data generated by combinatorial 
screening approaches using two-dimensional polymer libraries derived by organic 
synthesis, and illustrate through our own work that the equally important input from 
surface topography can also be addressed by the systematic screening of libraries. To 
rationally design biomaterials with a predictable effect on stem cells we need to integrate 
optimised surface topography with optimal mechanical properties and surface chemistry. 
We expect that such synthetic designs based upon integrated random screening approaches 
will provide superior materials for use in stringent protocols that control stem-cell fate as 
well as novel insight into how environmental cues affect the state and signalling processes 
of ES cells.   

2. Mechanical cues 
In this section, mechanical cues affecting the programming of ES cells towards specific 
lineage differentiation or self-renewal are discussed. To illustrate fundamental principles we 
also refer to studies using multipotent stem cells.  
The main mechanical link between the ECM and the intracellular actin skeleton is made up of 
the integrin family of membrane-spanning proteins. Integrins bind to RGD sequences in ECM 
proteins like for instance laminin, fibronectin, and vitronectin (Geiger et al., 2001). A key 
cellular response to binding of extracellular ligands to integrins is the recruitment of multiple 
structural proteins and signalling molecules into focal adhesions (Geiger et al., 2001). Such 
binding of extracellular ligands to integrins has been found to influence the differentiation 
state of ES cells (Burdon et al., 1999;  Li et al., 2007;  Na et al., 2010). E.g. a distinct type of 
laminin, which is present in the ES cell niche in vivo (Cooper & MacQueen 1983), supported 
the propagation of undifferentiated ES cells through activation of a specific integrin while 
other laminin subtypes did not have the same effect (Rodin et al., 2010).  In mES cells focal 
adhesion assembly following integrin ligation was found to lead to activation of the kinases 
FAK, Rho, and ERK1/2 (Park et al., 2010), where ERK1/2 activation is known to link focal 
adhesion formation to the control of ES cell differentiation state (Burdon et al., 1999). 
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desirable that protocols for hES cell differentiation eliminate any pluripotent cells with 
teratogenic properties. To identify culture conditions that lead to efficient and controlled 
differentiation of ES cells much effort has been put into the development of specific media 
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of ES cells not only through ECM-ligand presentation to integrin receptors but that also 
signals inherent in the synthetic biomaterials influence stem-cell state (Bakeine et al., 2009;  
Evans et al., 2009;  Mahlstedt et al., 2010;  Villa-Diaz et al., 2010). Consequently cues 
contributed by biomaterials are a promising and relatively unexplored tool which could 
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Development is accelerated by the screening of large biomaterial arrays, including 
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topographical cues and how such cues in synthetic two-dimensional biomaterials determine 
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Externally applied force through integrin ECM interactions promotes the local growth of focal 
adhesions through an assembly process dependent upon the Rho kinase (Riveline et al., 2001). 
However, not only the size of focal adhesions but also their molecular composition changes in 
response to applied tensional stress (Sawada & Sheetz 2002). When integrins pull on the ECM, 
more tension will result from stiffer than from softer extracellular substrates, and it has been 
hypothesised that this might in turn lead to various conformational changes in 
mechanosensory proteins that connect the cytoskeleton and the ECM (Reilly & Engler 2010). 
Such changes may cause a change in binding-site exposure and focal-adhesion composition, 
thereby potentially transforming mechanical signals into a downstream intracellular response.    
By using growth supports that mimicked different tissue-specific elasticities, multipotent stem 
cells were found to be stimulated towards the expression of markers characteristic of tissues 
with the elasticity in question (Engler et al., 2006). In the same study, cells grown on a stiffer 
matrix were stiffer and more tense than cells grown on a more elastic matrix. In the case of ES 
cells, such an effect of matrix stiffness on cellular differentiation is less clarified than in the case 
of multipotent stem cells, but mES cell morphology has been found to respond to changes in 
synthetic matrix stiffness, and mesendoderm marker expression to be upregulated on stiffer 
substrates compared to softer ones (Blin et al., 2010;  Evans et al., 2009). In addition, cell 
softness regulated the spreading of mES cells in response to mechanical stress imposed via 
integrin ligands in a process dependent on myosin II, F-actin, and cdc42, but not Rac 
(Chowdhury et al., 2010). Myosin II activity was also critical for the previously mentioned 
elasticity-directed lineage-specific differentiation of multipotent stem cells (Engler et al., 2006) 
indicating that cytoskeletal tension is involved in the regulation of stem cell differentiation 
state in response to mechanical cues. This response is mediated by modulation of focal 
adhesion length and myosin II activity (Engler et al., 2006). The finding that disruption of 
cytoskeletal structures manipulated cell morphology and specifically directed the cells 
towards an adipogenic fate (Feng et al., 2010) also supports an involvement of cytoskeletal 
tension in regulation of hES cell differentiation state. Besides externally imposed mechanical 
cues like matrix stiffness also cyclic biaxial strain affects the differentiation state of hES cells 
(Saha et al., 2006). Although diverse, these studies establish that mechanical cues affect the 
differentiation state of ES cell by means of an interplay between cell shape, focal adhesion 
organisation, cell stiffness, myosin II activity, and cytoskeleton rearrangement. 

3. Chemical cues  
3.1 Immobilisation of signalling ligands 
In vitro, many signals are imposed on cells through addition of soluble factors to the culture 
medium. This approach, however, is poorly compatible with transplantation based 
therapies. Hence, the immobilization of naturally soluble macromolecules to affect 
intracellular signalling poses an attractive alternative. Biomaterials with immobile growth 
factors can be used to modulate cell behaviour including attachment, proliferation, 
alignment, and migration (Mieszawska & Kaplan 2010), but have also recently been used to 
control the ES cell differentiation state (Alberti et al., 2008;  Brafman et al., 2009;  Chiang et 
al., 2010;  Nagaoka et al., 2008). 
Immobilised LIF activated the same intracellular pathways as soluble LIF and independently 
supported formation and growth of pluripotent mES cells (Alberti et al., 2008;  Makino et al., 
2004). The intensity of activation of intracellular signalling pathways by immobilised LIF was 
dose-dependent illustrating the possibility of fine tuning the cellular response to immobilised 
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signalling molecules (Alberti et al., 2008). Furthermore, lower amounts of immobilised LIF was 
necessary to maintain the pluripotent phenotype compared to soluble LIF (Nagaoka et al., 
2008). The efficient cytokine induced signalling observed with immobilised LIF might be 
related to the fact that the soluble form induced LIF receptor internalisation whereas the 
immobilised form did not. This suggests that the high efficiency of immobilised LIF is due to 
prolonged signalling owing to the lack of receptor internalisation.  
With respect to hES cells, formation of undifferentiated colonies was supported by 
immobilising bFGF in combination with ECM molecules (Brafman et al., 2009). The same 
approach was used to induce hES cell differentiation by co-immobilisation of BMP4 and 
retinoic acid (Brafman et al., 2009). These experiments proved the applicability of 
immobilising growth factors for differentiation purposes. Taking this a level further, a 
cutting-edge setup showed that 100 μm wide lanes of VEGF (vascular endothelial growth 
factor) and collagen IV stamped onto an otherwise non-adhesive surface directed site-
specific differentiation of mES cell derived angiogenic progenitor cells into endothelial cells 
(Chiang et al., 2010). Taken together, the immobilisation of signalling molecules appears to 
be a versatile approach offering numerous possibilities of direction of site-specific 
differentiation in a dose-dependent manner. 
Following a different line of thinking, non-adhesive surfaces with immobilised E-cadherin 
were used to mimic ES cell-cell interactions (Nagaoka et al., 2006;  Nagaoka et al., 2010). 
Under these conditions, mES cells exhibited scattered growth of discrete cells with 
pseudopodial protrusions but still they maintained their germline competence (Nagaoka et 
al., 2006). Also, the morphology of hES cell colonies was affected by the non-adhesive 
surfaces with immobilised E-cadherin (Nagaoka et al., 2010). Interestingly, the cells 
proliferated at the same rate as cells cultured on Matrigel even though no integrin binding 
was involved in the initial attachment to the E-cadherin surfaces. 
Immobilised signalling molecules thus provide an extremely powerful tool for mimicking 
the ES cell niche and thereby modulating ES cell differentiation and colony morphology in a 
site specific manner. This opens new perspectives for transplantation based therapies. 

3.2 Modified organic polymers 
Another promising approach for the development of chemically defined biomaterial 
surfaces for ES-cell culture involves the synthesis of organic polymers and takes advantage 
of screening of large combinatorial arrays. Acrylate polymers synthesised from different 
combinations of two monomers have been applied in high through-put screening of hES 
cells (Anderson et al., 2004;  Mei et al., 2010). In such screenings the initial arrays identify 
hits based upon a small number of events whereas subsequent secondary arrays with a high 
number of replicates are used to decrease experimental error, thereby achieving an efficient 
and thorough analysis. Acrylate polymers possess both mechanical, chemical, and 
topographical cues (Mei et al., 2010). By means of different arrays, specific polymers were 
found to support proliferation and differentiation into cytokeratin-positive cells (Anderson 
et al., 2004) and some were found to support clonal propagation of undifferentiated hES 
cells (Mei et al., 2010).  Especially the hydrophilicity and the chemical composition of the 
surface appeared to be important for the biological performance (Mei et al., 2010). 
Extensive analysis of surface chemistry by secondary ion-mass spectrometry revealed that 
biological performance could in fact be predicted from the surface chemical composition 
with small hydrocarbon ions, oxygenated hydrocarbon ions derived from esters, as well as 
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ions from cyclic structures being associated with favoured formation of undifferentiated 
colonies (Mei et al., 2010).  
Polymers built from monomers with a high acrylate content supported the clonal expansion of 
undifferentiated ES cells (Mei et al., 2010). Further coating of di- or triacrylate polymers of 
moderate surface wettability with recombinant vitronectin supported clonal expansion in 
chemically defined media, thus providing a protocol for the clonal expansion of hES cells 
under fully defined conditions (Mei et al., 2010). Tissue-culture plastic coated with 
recombinant vitronectin was previously shown to support hES-cell expansion (Braam et al., 
2008) but under these conditions clonal propagation led to differentiation (Mei et al., 2010), 
thereby emphasising the importance of the physicochemical characteristics of the coated 
material. This result might partly be related to the fact that surface chemistry alters the 
exposure of integrin binding sites of ECM proteins (Keselowsky et al., 2005). The importance 
of ECM conformation is emphasised by the finding that cyclic RGD strongly sustained hES cell 
expansion as compared to a linear RGD sequence (Kolhar et al., 2010). Melkoumian et al. 
applied an acrylate surface with covalently bound short (~ 15 aa long) peptides of vitronectin 
and bone sialoprotein including the RGD motif and found that this surface supported long-
term self-renewal of hES cells (Melkoumian et al., 2010). This points to a fruitful avenue for 
enhancing the biological function of optimised polymer surfaces through covalent coupling of 
chemically synthesised minimal peptides recognised by specific cellular receptors.   
Through analysis of the combinatorial arrays of acrylate polymers, surfaces of moderate 
hydrophilicity (i.e. a water contact angle ~ 70°) were found to robustly support the expansion 
of hES cells (Mei et al., 2010). However, another study reported that plasma etching of tissue-
culture plast, which was found to reduce the water contact angle from the value 66° of non-
etched plast  to less than 10°, supported hES-cell expansion (Mahlstedt et al., 2010), indicating 
that hydrophilicity is not the sole determining parameter. This is also confirmed by studies 
including poly(α-hydroxy esters) (Harrison et al., 2004b), where the surface that best facilitated 
mES cell colonisation had a water-contact angle around 70° while other surfaces of the same 
hydrophilicity performed less well. Interestingly, surface hydrophilicity also affects embroid 
body formation (Valamehr et al., 2008). Embroid body size as well as the expression of 
differentiation markers could be tuned by varying surface hydrophilicity. Hence, hydrophilic 
surfaces resulted in smaller aggregates and hydrophobic surfaces in intermediate, regularly 
sized aggregates, which were found to exhibit sustained expression of germ-layer markers. 
Studies of individual polymers or other chemically defined biomaterials are informative in 
their specific context (Harrison et al., 2004a;  Horák et al., 2004;  Kroupová et al., 2006;  Li et 
al., 2006). However, the pioneering polymer-array study (Anderson et al., 2004) showed that 
differences among polymers with respect to their effect on proliferation of hES cells in some 
cases depend upon soluble media supplements. This re-enforces the value of systematic 
high through-put screening for biomaterial effects in various cellular protocols to avoid 
overlooking superior effects from specific combinations. 

4. Topographical cues 
4.1 The basis of topographical effects on cells 
In their natural environments cells are exposed to both nano and microscale topographical 
cues provided by other cells and the surrounding ECM. For years it has been known that 
designed topographical cues influence important cellular processes such as adhesion, 
morphology, migration, proliferation (Curtis & Wilkinson 1997), and differentiation  
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(a) No topography (b) Ridge topography 

  
(c) Square pillar pattern (d) Hexagonal pillar pattern 

Fig. 1. Topographical alignment of neurites of fetal rat cortex cells on poly-D-lysine-coated 
structured surfaces. The topographical patterns are indicated by the inserts (not to scale) in 
the lower right corner of each panel. (a), (b), (c): Stained for Tau1 expression in axons.  
(d): Stained for β-tubulin expression in neurites. The images were kindly provided by Trine 
Elkjær Crovato. 

(Dalby et al., 2007), and it has become clear that also ES cells are affected by topographical 
signals (Gerecht et al., 2007). The most commonly designed topographies applied in 
biomaterials are usually groove/ridge patterns, defined or random pillar patterns, pit patterns, 
or surface roughness (Bettinger et al., 2009). Figure 1 shows an illustrative example of the 
guidance of cell morphology by topography, namely the alignment of neurites according to 
topographical patterns. A variety of cell types have been applied to numerous nano and 
microscale variations of these different topographies and this scattered approach has brought 
about a lot of non-systematic information, which makes it difficult to draw general 
conclusions. There are, however, consistent ideas of how topography imposes an effect on 
mammalian cells. In this regard a distinction between micro and nanoscale topographies must 
be made. 
Biomaterials with designed microscale topographies are aimed at controlling cell shape and 
position. The generally appreciated idea of how microscale topography induces a cellular 
response involves irregular tension imposed on the cell in the encounter with the geometric 
features. This cytoskeletal stress leads to a change in nucleus shape and possibly 
concomitant alterations in gene expression (Martínez et al., 2009).  
Nanoscale topography, where feature sizes lie in the range of the dimensions of single 
proteins,  modulate integrin binding and focal adhesion formation in that integrins require 
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less than 73 nm separation between the ligands presented to them in order to cluster and 
facilitate cell spreading and attachment (Arnold et al., 2004). In addition, topography in the 
range 0-250 nm affects adsorption, conformation, and therefore biological functionality of 
ECM proteins (Martínez et al., 2009). 
Whenever the effect of topography relies on focal adhesions it is relevant that both nano and 
microscale topographies contribute a spatial organisation of focal adhesion formation. Also, 
focal adhesion formation is modulated by the size of integrin ligand-presenting protein 
patches presented to the cell on planar surfaces (Malmström et al., 2010). Hence, 200 nm 
patches only supported formation of small and few focal complexes while 500 and 1000 nm 
patches facilitated increasingly more and large complexes with matching effects on cell 
attachment and spreading. Increasing pillar diameter from one to two micrometers has been 
observed to facilitate focal adhesion formation in embryonic fibroblasts (Figure 2). In fact, 
individual focal adhesions can adopt sizes up to the extent of several μm2 (Geiger et al., 2001).  
 

 
   (a) Pillar diameter 1 μm   (b) Pillar diameter 2 μm    

Fig. 2. Embryonic fibroblasts on topographies with pillar distances of 1 μm and pillar 
diameters of 1 μm (a) and 2 μm (b) compared to planar surfaces. Cells were stained with 
anti-vinculin antibody. Notice the border between the topographical pattern and the planar 
surface. The images were kindly provided by Annette Füchtbauer. 

Therefore, when designing topographical biomaterials it should be taken into consideration 
at which level the different topographical magnitudes affect the cells depending on which 
cue one intends to impose on the cells. 

4.2 ES cell response to topographical surfaces  
4.2.1 Morphology 
Actin polymerisation is essential for cell morphology and attachment and is expected to be 
involved in the cellular response to topography by a mechanism involving filopodia formation 
during contact guidance (Bettinger et al., 2009). In this connection signalling through the Rho, 
Rac, and Cdc42 pathway, which is involved in the formation and organisation of the actin 
cytoskeleton, is a possibility. Clarification of this, however, awaits further investigation. 
One of the most intensively studied topographical designs is line gratings to which ES cells 
morphologically respond in ways similar to somatic cells (Curtis & Wilkinson 1997). Hence, 
line gratings directed elongation of hES cells in an orientation parallel with the topographical 
features under culture conditions which conventionally favour self-renewal (Gerecht et al., 
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2007) or neuronal differentiation (Lee et al., 2010). Under other conditions morphological 
aspects like cell spreading and protrusion formation of hES cell derived osteoprogenitor cells 
were changed in response to topography (Smith et al., 2010). Taken together, this implies that 
topography is able to cause versatile morphological responses of ES cells.  
This morphological response was reflected in alteration of the organisation of the 
cytoskeletal components α-actin, tubulin, and vimentin (Gerecht et al., 2007), thus 
emphasising the effect of topography on the ES cell cytoskeleton. 

4.2.2 Attachment and proliferation 
Biomaterial topography also affects cell attachment and proliferation. When the topography 
of the biologically derived ECM material Matrigel was changed owing to adsorption onto 
different surfaces this affected both attachment and proliferation of hES cells (Kohen et al., 
2010). The importance of surface topography for attachment was further emphasised by the 
finding that mES cells were not able to adhere to a planar polyamide surface in contrast to a 
fibrillar surface of the same material (Nur-E-Kamal et al., 2006). Proliferation of hES cells, 
mES-cell-derived cardiomyocytes, and ES-cell-derived neural precursors was reduced in 
response to defined topographical patterns as different as fibronectin-coated 600 nm 
groove/ridges (Gerecht et al., 2007), fibronectin coated pillars (diameter 5 μm) of 15 μm but 
not of 5 μm height (Biehl et al., 2009), and nano-roughness (Bakeine et al., 2009), 
respectively. More specifically, proliferation and/or attachment of mES cell derived neural 
precursors inversely correlated with increasing gold surface roughness in the range 0-30 nm 
(Bakeine et al., 2009). The reduction in proliferation caused by nano grooves/ridges was 
abolished by addition of actin skeleton-disrupting agents (Gerecht et al., 2007) and the 
inhibitory effect of microscale topography was reversed by blocking the actions of Rho or 
myosin light-chain kinase (Biehl et al., 2009), indicating that the actin skeleton organisation 
and tension play an important part in mediating the topographical cue that affects 
proliferation of ES cells. The fact that this breadth of topographical features produced from 
different materials inhibits cellular proliferation of ES cells in spite of differentiation state 
and species of origin suggests that topography in general inhibits proliferation of ES cells 
compared to planar surfaces. However, a single study showed that mES-cell proliferation 
was increased by the three-dimensionality of a nanofibrillar polyamide surface (Nur-E-
Kamal et al., 2006). The increase in proliferation on this topographic surface correlated with 
an increase in PI3K (phosphoinositide 3-kinase) and Rac activity while Rho and Cdc42 
activities were practically unchanged. PI3K activity has been linked to regulation of both 
proliferation and self-renewal of ES cells in other studies (Welham et al., 2007). 

4.2.3 Self-renewal and differentiation 
In recent years it has become clear that topography is also involved in the regulation of 
differentiation. The first convincing report in this field came from Dalby et al., who showed 
that mesenchymal stem cells were induced to differentiation into bone-mineralising cells in 
response to nothing but topography (Dalby et al., 2007). Lately also a few reports on the 
influence of defined topography on the differentiation of ES cells or ES-cell-derived 
progenitor cells have been published (Markert et al., 2009; Bakeine et al., 2009; McFarlin et 
al., 2009; Lee et al., 2010). 
The few available studies concerning ES cells and topography have been carried out with 
different biomaterials and feature-size ranges which makes comparison difficult. In our 
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laboratory we chose a systematic, array-based approach called BioSurface Structure Array 
(BSSA) (Lovmand et al., 2009), in order to achieve a more general insight into the connection 
between topography and ES-cell phenotype (Markert et al., 2009). We designed 10 defined 
topographical pattern series based on circular and/or square protrusions (Figure 3). Also a 
single pattern series with interrupted groove/ridge features inspired by shark-skin 
configuration was included. Iteration series of the patterns were generated by varying the 
horizontal pattern dimensions illustrated by X and Y in figure 3. Thus, protrusion-based 
patterns with varying feature (X=1, 2, 4, or 6 μm) and gap sizes (Y = 1, 2, 4, or 6 μm) were 
generated giving rise to 16x10 topographies with highly different protruding areas.  
 

 
(a) 2-D projection of BSSA topographical pattern design (b) 3-D view of topography A 

Fig. 3. Topography pattern designs of BSSA. (a) Two-dimensional projections of pattern A-
K. Series A-J are each produced with 16 different combinations of feature size X and gap 
between features Y: (X,Y) =(1,1), (1,2), (1,4), (1,6); (2,1), (2,2), (2,4), (2,6); (4,1), (4,2), (4,4), (4,6); 
(6,1), (6,2), (6,4), (6,6). Iteration of the K series specified by T = 1,2,3,4,5,6,7, or 8 defines K 
patterns of varying length, but with constant gap and feature broadness (1 μm). (b) Three 
dimensional presentation of topography A where Z is the protrusion height; A(X,Y,Z). X, Y, 
Z and T are in μm. 
Interrupted groove/ridge topographies were produced in different lengths by letting T 
adopt the values 1 through 8 μm resulting in 8 topographies (Figure 3). This total of 169 
different topographies including one non-structured surface was produced as a tantalum 
BSSA for cell culturing. Furthermore, the topographical BSSA was produced in three 
different heights (Z = 0.6, 1.6, or 2.4 μm). 
The surface of the BSSA was coated with a layer of tantalum (i.e. tantalum oxide) which has 
previously been successfully applied for cell culture and is a promising material for stem 
cell-based implantation procedures (Stiehler et al., 2008). To our knowledge it is, however, 
unprecedented to seed ES cells on this material.  
When seeding two feeder-dependent mES cell lines on the topographical tantalum BSSA 
without feeder cells, we found that colony number and morphology varied among the 
different topographies. The examples shown in figure 4 are representative of the differences 
observed. It appears that colony number increased with structure height for both cell lines. 
Also both cell lines exhibited larger/more spread colony morphology on the F(X,Y)=F(4,1) 
topography than on the F(X,Y)=F(1,2) where the colonies formed were mainly compact and 
well defined as expected for undifferentiatied mES cells. On the K structures, here exemplified 
by K(T)=K(7), the colonies were elongated and tended to spread out. Even though the two cell 
lines behaved differently on the non-structured control surface, they exhibited similar 
responses to the topographies, thus emphasising the strength of the topographical cues. 
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Fig. 4. Mouse ES cell colonies on selected tantalum BSSA topographies. CJ7 and KH2 mES 
cells were seeded at a density of 2.6x104 cells/cm2 in conventional medium containing LIF. 
Colonies were fixed after three days and stained for alkaline phosphatase activity. Colony 
formation on the selected topographies F(1,2), F(4,1), and K(7) is shown at three different 
vertical feature heights (Z=0.6,1.6, or 2.4 μm). A non-structured (NS) control surface is also 
included. Scalebar: 500 μm. 

To substantiate the topographically induced variations in colony number and colony 
spreading the findings were quantified using automated estimation procedures. It became 
obvious that the heights of the topographies were of major importance for formation of 
undifferentiated colonies and colony spreading while the shape of the geometric features 
(circle, square) in the A-J topography patterns did not contribute consistently to colony 
variations. More specifically, we found that increasing feature height, Z, from 0.6 μm to 2.4 
μm heavily increased the number of undifferentiated colonies formed on the tantalum 
topographies while decreasing feature height resulted in colony spreading and colony areas 
of reduced alkaline phosphatase activity, which suggested that differentiation had 
commenced in spite of the presence of LIF. Others have reported that increasing surface 
roughness of acrylate polymers in the root mean-square range 0-110 nm had no major 
impact on the formation of undifferentiated hES-cell colonies (Mei et al., 2010). Our findings, 
however, indicate that an even higher number of undifferentiated colonies might be 
achieved by further increasing the height of our defined micro topographies. Moreover, we 
found that the lateral dimensions of the A-J topographies were decisive for the morphology 
and the number of colonies formed, in the sense that the largest numbers of undifferentiated 
mES-cell colonies were generated on topographies with feature width, X, 1 μm and a 
distance between adjacent features, Y, of 2 or 4 μm. At the same time colony spreading was 
most heavily induced on the topographical patterns with the smallest distances between 
features, Y=1. Combining the latter observation with unpublished results from our lab 
showing that mES cells lie on top of topographical features (Figure 5) suggests that cells 
spread more easily onto adjacent protrusions when the distance between them is reduced. 
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Fig. 4. Mouse ES cell colonies on selected tantalum BSSA topographies. CJ7 and KH2 mES 
cells were seeded at a density of 2.6x104 cells/cm2 in conventional medium containing LIF. 
Colonies were fixed after three days and stained for alkaline phosphatase activity. Colony 
formation on the selected topographies F(1,2), F(4,1), and K(7) is shown at three different 
vertical feature heights (Z=0.6,1.6, or 2.4 μm). A non-structured (NS) control surface is also 
included. Scalebar: 500 μm. 
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and the number of colonies formed, in the sense that the largest numbers of undifferentiated 
mES-cell colonies were generated on topographies with feature width, X, 1 μm and a 
distance between adjacent features, Y, of 2 or 4 μm. At the same time colony spreading was 
most heavily induced on the topographical patterns with the smallest distances between 
features, Y=1. Combining the latter observation with unpublished results from our lab 
showing that mES cells lie on top of topographical features (Figure 5) suggests that cells 
spread more easily onto adjacent protrusions when the distance between them is reduced. 
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(a)  Single mES cell on pillar topography (b) Colony of mES cells on pillar 
topography 

Fig. 5. Scanning-electron microscopy of CJ7 cells on B(X,Y,Z)= B(1,4,2.4) topography. 
(a) Single mES cell. (b) mES cell colony. We thank Jenny Malmström for kindly sharing her 
scanning electron microscopy expertise. Scalebar 5 μm. 

The elongation of the mES-cell colonies induced by the interrupted groove/ridge K 
topography is in line with the elongation induced in individual cells in response to line 
gratings (Gerecht et al., 2007;  Lee et al., 2010). The observed colony elongation was 
accompanied by increased colony spreading and loss of alkaline-staining intensity in the 
presence of LIF (Markert et al., 2009) - both characteristics of mES-cell differentiation. This 
makes topography a plausible cue for aiding the elimination of pluripotent cells which is 
critical for cell based therapies. 
Colony morphology is an important pluripotency marker for mES cells. Therefore, we 
investigated the strength of the topographical cues on mES-cell-colony morphology in the 
absence of LIF. Surprisingly, it turned out that the variations in colony spreading induced 
by the iterated A-J topographies were also valid when LIF was not added to the culture 
(Markert et al., 2009). To further explore the sustained impact of the topographical cues we 
serially passaged mES cells 6 times on the F(X,Y,Z) = F(1,2,2.4) topography in conventional 
mES-cell-culture medium containing LIF. Under these conditions we found that the 
F(1,2,2.4) topography sustained the germ line competence of mES cells throughout 6 
passages. It is an intriguing question to which extent the topographical cues provided by the 
various topographical patterns in the BSSA affect the differentiation state of mES cells. 
Equally exciting would it be to find out in more detail how the signals imposed by the 
defined topographies are translated into an intracellular response. However, our 
observations that topography has a positive effect on ES-cell self-renewal has been reported 
by others as well (McFarlin et al., 2009). The expression of the pluripotency marker Nanog in 
mES cells was found to be upregulated in response to a topographic polyamide surface 
(Nur-E-Kamal et al., 2006) and when hES cells were cultured on gelatin-coated polyurethane 
groove/ridge patterns of 300 nm feature height and a number of pitches in the range of 400-
4000 nm, these were also found to affect the mES-cell differentiation state (McFarlin et al., 
2009). It is, however, unclear exactly from which pitch ranges the published data have been 
obtained. Still, these authors found that topography reinforced the soluble cues in the sense 
that topography inhibited spontaneous differentiation under conditions which promoted 
self-renewal and stimulated differentiation under culture conditions which promoted 
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differentiation. While it has been amply demonstrated that topography per se has an 
influence, indirect effects owing to altered access of the topographically elevated ES-cell 
colonies to the growth medium may also play a role in this case. 
Topographical biomaterials have also been applied for directed differentiation. Neuronal 
differentiation of neuronal precursors generated from mES cells was increased by a gold 
surface roughness of 21 nm compared to a planar surface or a surface with 30 nm roughness 
(Bakeine et al., 2009). These authors combined the optimal (21 nm) nanoscale roughness 
with microscale groove/ridge topographies and found that neurons differentiating on this 
surface extended their neurites in parallel with the gratings. Moreover, unpublished results 
from our laboratory show that mES-cell-derived neuronal cells also can align in a 
characteristic pattern on pillar-structured surfaces (Figure 6). Also, neurons derived from 
hES cells showed extensions of neurites in parallel with the topographical features (Lee et 
al., 2010). Topography alone was able to stimulate the differentiation of hES cells into 
neurons when cells were cultured in media free from traditional neuronal inducers on 
ridge/groove (350 nm/350 nm) topography with ridge height 500 nm (Lee et al., 2010). 
Altogether, these results emphasize the importance of considering topographical cues when 
designing biomaterials for both self-renewal and differentiation of ES cells. Our work 
highlights the important effects of defined micro-topography on ES-cell-colony formation 
and morphology. Since cell shape (Feng et al., 2010) and colony morphology (Lee et al., 
2009) are linked to ES-cell differentiation, topography offers an extra level of possibilities for 
directing ES-cell fate through modulation of cell and colony morphology. Furthermore, the 
BSSA approach has been applied to other cell types as well, thereby facilitating immediate 
comparison between cell types over the same topographical patterns and ranges produced 
in the same material (Kolind et al., 2010;  Lovmand et al., 2009). 
 

    
                        (a) Planar surface                (b) Surface with pillar topography 
Fig. 6. Neuronal cells derived from mES cells on (a) planar surface and (b) pillar-structured 
surface F(X,Y,Z)=F(6,4,2.4) from the BSSA library. The cells were stained for β-tubulin 
expression in neurites. The pictures were kindly provided by Trine Elkjær Crovato.   

5. Conclusion 
In this chapter we have highlighted the controlled self-renewal or directed differentiation of 
ES cells through an integrated input from chemical, topographical, and mechanical cues. 
In general contemporary methodologies for self-renewal of ES cells a layer of feeder cells 
grown on standard tissue-culture plastic and the feeder-cell generated ECM provide  
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topographical, and mechanical signals, whereas the chemical signals include specfic media 
supplements as well as products of the feeder-layer. Among the developments towards easy 
and stringent protocols for expansion or differentiation of ES cells under xeno-free and fully 
defined conditions, we emphasise development of novel biomaterials in which cell fate is 
partly or fully controlled by signals embedded in the surface of these materials.  
The coupling of natural ligands such as specific peptides or recombinant proteins to surfaces 
have already led to sophisticated biomaterials with specific influence on cell behaviour. 
Immobilisation of soluble signalling molecules such as differentiation blockers or growth 
factors may enhance control and alleviate the need for specific soluble media additives. In 
another development integrin-ligands such as ECM proteins or artificial RGD-containing 
peptides may control not only cell-adhesion and morphology, but also the state of 
differentiation.  
Array-based screening of surfaces generated by combinatorial chemistry of non-biological 
polymers have provided immense information on differences in cellular response to 
variations in surface chemistry. Remarkably, in such arrays a statistical analysis of the 
relationship between surface chemistry and biological read-out allowed the prediction of the 
cellular response to a given surface chemistry, even though the underlying mechanisms are 
far from understood (Mei et al., 2010;  Yang et al., 2010). In a more recent development, 
polymer-based screenings have also been applied to screening of the impact of mechanical 
properties of the growth substrate on cellular behaviour. In fact, in such polymer-based 
screenings it may not be possible to fully discriminate between a chemical or a mechanical 
effect. Array-based screenings of the response of ES cells to chemical and mechanical cues 
currently contribute vast amounts of information that may aid the design of specialised 
biomaterials and provide new insight into regulatory mechanisms in ES cells.   
It is well established that surface topography plays a role for the behaviour of ES cells, with 
nanosized features affecting interaction at the single protein level and microsized features 
affecting overall cell attachment and geometry. In this area, array-based screenings for the 
impact of topography have defined optimal structures for self-renewal or differentiation, 
but only on a given type of material and within a given window of analysis. However, we 
expect the overall potential of optimising topography for ES cell cultivation to be far from 
exhausted.  
 

 
Fig. 7. Cellular reponse to topographical, chemical, and mechanical cues provided by 
synthetic biomaterials. The responding cell integrates signals from various external cues 
through complex regulatory circuits to determine the morphology and mechanical 
properties of a cell as well as its gene expression programme and state of differentiation.    

Future specialized biomaterials may mimic the natural stem-cell niche by combining 
optimised surface topography with mechanical features, signals from specialised ECM-
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components and other chemical cues as illustrated in figure 7. Such materials may be fine-
tuned to allow improved signalling in a concentration-dependent manner and optimisation 
of geometric patterning for site-specific attachment and differentiation to allow extended 
applications in regenerative medicine. The signals from mechanical, chemical, and 
topographic cues act in concert to determine cell fate through an influence on cell shape and 
cytoskeleton organisation as well as gene expression and differentiation state. Sophisticated 
biomaterials with cues that control stem cell fate will allow defined means for investigation 
of the integrated regulatory mechanisms that determine stem cell fate in response to signals 
in the environment.  
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1. Introduction 
Human embryonic stem cells (hESC) are derived from the inner cell mass of 
preimplantation embryos and defined by their extensive self-renewal capacity and their 
potential to differentiate into any cell types of three germ layers (ectoderm, mesoderm and 
endoderm). Since the first hESC line was established in the year of 1998, much progress has 
been made on studies of hESC culture, cell line establishment, and directed differentiation.  

2. Culture system of hESC 
Culturing hESC in vitro requires not only keeping their multiplication and undifferentiated 
diploid condition but also maintaining their potential to differentiate into three germ layers. 
hESC lines are traditionally derived and maintained on mouse embryonic fibroblasts (MEF); 
even now using MEF as feeder is one widespread way that scientists adopt for hESC 
cultures. Because of the xenogeneic property of MEF and rapid senescence, people began to 
search for various kinds of human fibroblasts as feeders and the use of them has been 
suggested as a plausible alternative. At present, there have developed many kinds of human 
cell feeders and attempted feeder-free (and serum-free) culture system, non-conditioned 
medium culture system.  

2.1 Feeder-containing culture system  
As one of the earliest used feeders for hESC, MEF promotes hESC proliferation by secreting 
mitogenic factors like fibroblast growth factor (FGF) and inhibit hESC differentiation by 
secreting differentiation inhibiting factors like leukaemia inhibitory factor (LIF). However, 
not only MEF enter senescence rapidly, but also need prepare primary MEF cells 
uninterruptedly. Moreover the use of MEF and other components of animal origin in the 
culture media for hESC substantially elevates the risk of contaminating these cell lines with 
infectious agents of animal origin, thereby severely limiting their potential for clinical 
application[1]. As the therapeutic potential of hESC lies in the transplantation of 
differentiated cell types for various degenerative diseases, it is important to eliminate 
potential xenogeneic contamination[2]. Otherwise, hESC in prolonged culture in vitro may 
cause higher karyotype instability and uncontrollable spontaneous differentiation 
phenomenon, which also confine manipulation in clinical application[3]. Accordingly, many 
research groups attempt to use various kinds of human-source cells as feeders, such as 
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human embryo fibroblast[4], adult fetal muscle fibroblast, adult skin and adult fallopian 
tube, human marrow stromal cells (hMSC)[5], human foreskin fibroblast (hFF)[6], human 
placenta-derived feeder (HPC)[7], human amniotic epithelial (HAE)[8], and post natal human 
fibroblast.  
The number of colonies, number of cells produced, and cell survival rates, all of these 
indexes are significantly higher on MEF than on human feeder cells (P < 0.01) and the 
number of AP-positive colonies and cell quantity are also significantly higher on hMSC than 
on hFF (P < 0.01). It implies that hMSC is superior to hFF in supporting the proliferation of 
hESC[9]. SNUhES3 (hESC line) cultured on MEF for 50 passages display three chromosomal 
abnormalities: t(3:5) in the 10th, trisomy 12 in the 20th, and complex of t(3:5) and trisomy 12 
in the 30th passage. In the HPC group, only one chromosomal abnormality is noted at the 
30th passage: t(3:5)[7]. 
In another study, people derivatized FGF2 expressing germ layer derived fibroblast cells 
(GLDF) from hESC lines[2]. These feeder cells with fibroblast cells-like properties 
maintained the properties of hESC in prolonged culture over 30 passages. Furthermore, 
these GLDF cells could secrete FGF2 to maintain pluripotency of hESC cultures even in 
the absence of supplemental FGF2. Otherwise human embryonic lung fibroblasts 
(hELF)[10] overexpress LIF that result in the higher expressing of hESC multipotency genes 
Oct4 and Nanog. 
Choosing human-derived cells as feeders solves the puzzle of biological safety in some 
degree, but need to prepare and identify the feeder uninterruptedly. Moreover, the growth 
cycle is finite, the manipulation is elaborate, all of this limite hESC large amplification and 
stable passage, bring disadvantages to large-scale culture of hESC[11]. To overcome this 
constraint, there has developed feeder-free culture system. It may not only offer chance for 
hESC large-scale culture but also accelerate the step of clinical application. 

2.2 Feeder-free culture system 
In order to simplify the culture of hESC, several research groups have engaged to establish 
the feeder-free culture system. Unlike feeder-based cultures, which require the simultaneous 
growth of feeder and stem cells, resulting in mixed cell populations, stem cells grown on 
feeder-free systems are easily separated from the surface, presenting a pure population of 
cells for downstream applications. The conditioned medium is prepared by adding 
proliferation promoting factors and differentiation inhibiting factors, or cells that secrete the 
above factors are used. Two main strategies are adopted: (1) using conditioned medium 
(CM) and culture dishes coated with extracellular matrix as matrigel, laminin or fibronectin; 
(2) feeder-free and serum-free culture system, in which hESC are cultured in special 
medium containing serum replacement (SR) and various kinds of growth factors promoting 
hESC self-renewal. 
It has been successful to culture hESC using feeder-free system with matrigel or laminin, 
but MEF conditioned medium is required which may propagate infectious agents of 
animal origin to hESC[12]. Besides, matrigel is a mixture derived from murine tumors, 
containing many extracellular matrix and various kinds of growth factors. For this reason, 
the ideal feeder-free cultures should deploy xeno-free extracellular matrix and 
conditioned medium. 
A novel feeder layer-free culture system for hESC, has been presented. The defined culture 
system is based on serum replacement, a combination of growth factors including 
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transforming growth factor β1 (TGFβ1), LIF, bFGF and fibronectin matrix[13]. BMP-11/GDF-
11 and Myostatin/GDF-8 are both members of the TGF-β superfamily that can activate 
SMAD2/3phosphorylation via the type I receptors ALK4, ALK5, or ALK7, ultimately 
maintain hESC undifferentiated, maintain POU5f1, NANOG, TRA-1-60, and SSEA4 
normally expression[14]. BMP4 synergizing with LIF can maintain mouse ESC self-renewal, 
while BMPs alone induce hESC differentiation. hESC cultured in unconditioned medium 
(UM) are subject to high levels of BMP signaling activity. The BMP antagonist noggin 
synergizes with bFGF to repress BMP signaling and sustain undifferentiated proliferation of 
hESC in the absence of fibroblasts[15].  
Genetic manipulation of hESC is important for both present research and future commercial 
applications. Under the feeder-free and serum-free conditions, plasmid transfection, virus 
infection, and siRNA transfection are highly effective. Stable genetically modified hESC 
lines can be generated with these genetic manipulations without loss of pluripotency or 
differentiation potential. The majority of lines generated in this system display a normal 
karyotype[16]. Immunofluorescence microscopy and quantitative PCR analyses of hESC 
under feeder-free conditions have illustrated with new results on cellular localization of 
transcriptional factors and components of the Hedgehog, Wnt, and PDGF signaling 
pathways to primary cilia in stem cell maintenance and differentiation[17].  

3. Directed differentiation of hESC 
Upon differentiation, hESC can give rise to a variety of cell types, including nerve cells, 
cardiac muscle cells, endothelial cells, hematopoietic cells, and insulin-producing beta cells, 
highlighting the importance of these cells in studying the developmental mechanisms and 
the potential in transplant therapy.  

3.1 Neural cells 
Studies indicated that neuroectodermal precursors in neural rosettes could be induced by 
replating EBs into the DMEM/F12 medium containing insulin, transferrin (TFN), corporin, 
putrescine, liquemine, FGF2. Immunostaining of neuroectodermal cells in rosettes for early 
neural markers Sox1 and nestin, and the neuronal marker TuJ1, showed that the radially 
organized columnar neuroepithelial cells coexpressed Sox1 and nestin[18]. All these hESC-
derived neural progenitor cells could differentiate into neurons, astrocytes and 
oligodendrocytes. 
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by progressive and 
selective loss of dopaminergic (DA) neurons in the midbrain substantia nigra[19]. The 
prevailing pharmacological strategy has side effects over time, therefore, much attention has 
been focused on the transplantation of DA-synthesizing cells. Studies showed that after 
differentiation of passage 2 cells, 30–50% of the total cells derived from hESC were Tuj1-
positive neurons, among the Tuj1-positive neuronal population 64–79% of the cells 
expressed TH[20]. 
For the purpose of applying the hESC to PD, many researchers have tried to develop 
protocols increasing the purity of DA neurons. Myung Soo Cho, etc [21] introduce a method 
that hESC give rise to functional tyrosine hydroxylase-positive (TH+) neurons up to nearly 
86% of the total hESC-derived neurons. The most unique feature of this method is the 
generation of homogeneous spherical neural masses (SNMs) from the hESC-derived neural 
precursors, and it only takes two weeks to induce of DA neurons from SNMs.  
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hESC-derived DA nerons and neural progenitors raise Ca2+ from intra- and extracellular 
compartments in response to depolarization, glutamate, ATP and dopamine D2 receptor 
activation, while cAMP is elevated in response to forskolin and 3-isobutyl-
methylxanthine[22]. Analysis of hESC and hESC-derived neural stem cell nuclear extracts 
revealed an increased expression of Reptin52 in neurosphere nuclei[23] that serves a pivotal 
regulatory role in nuclear activities such as transcription regulation and histone 
modification. 
The development of stem cell-based neural repair strategies requires detailed knowledge on 
the interaction of migrating donor cells with the host brain environment. hESC-derived glial 
precursors (ESGPs) transduced with a retrovirus encoding the polysialyltransferase STX 
exhibit overexpression of polysialic acid(PSA) which is a carbohydrate polymer attached to 
the neural cell adhesion molecule (NCAM) [24]. Chemotaxis assays show that overexpression 
of PSA results in an enhanced chemotactic migration of these cells toward gradients of a 
variety of chemoattractants, including FGF2, platelet-derived growth factor (PDGF), and 
brain-derived neurotrophic factor (BDNF), and this effect is mediated via the 
phosphatidylinositol 3’-kinase (PI3K) pathway. 

3.2 Hematopoietic stem cells 
The most common human cell-based therapy applied today is hematopoietic stem cell 
(HSC) transplantation[25]. Human bone marrow, mobilized peripheral blood, and umbilical 
cord blood are considered as the major sources of transplantable HSCs, but both 
compatibility between donor and recipient and required quantity limit their clinical 
application. In contrast, hESC have been shown to differentiate into the hematopoietic cell 
fate, providing an alternative source of transplantable blood cells. hESC-derived 
hematopoietic stem cells which emerge from a subset of embryonic endothelium expressing 
PECAM-1, Flk-1, and VE-Cadherin, but lacking CD45 (CD45negPFV) show similar 
clonogenic capacity and primitive phenotype to somatic sources of hematopoietic 
progenitors and possess limited in vivo repopulating capacity in immunodeficient mice. A 
subset of hESC-derived CD45+ hematopoietic cells coexpress CD34 and show progenitor 
function in colony-forming units assays. However, compared to HSC from fetal blood (FB) 
or cord blood, these hESC-HSC display distinct functional properties, including poor 
repopulation ability, impaired differentiation and lack of homing[26]. Only 2.4% of 
differentially expressed transcripts were common for FB–HSCs and candidate hESC-
HSCs[26], suggesting a completely different molecular signature for HSCs isolated from two 
different in utero ontogeny stages. Several key hematopoietic transcription factors, such as 
RUNX3, TAL1, VAV1, LMO2, AML-1, and c-mac, apoptosis and cycle regulators, such as 
CDC42, CDC27, CyclinD3 and CDK4, and cell aggregation and homing genes may 
contribute to explain the functional differences between hESC-HSCs and FB-HSCs. 
Importantly, the gene expression profiling study revealed that developmental signaling 
pathways such as Notch, Wnt, BMP, Shh are involved in HSC self-renewal and 
hematopoietic specification.  
Several complementary methods are used to demonstrate canonical Wnt signaling that is 
important for development of hESC-derived cells with both hematopoietic and endothelial 
potential[27]. The development of cells with hematoendothelial potential decreases 
dramatically when treated with dickkopf1 which inhibits Wnt signaling. In addition, 
activation of the canonical Wnt signaling pathway in hESC by coculture with stromal cells 
that express Wnt1, but not use of noncanonical Wnt5-expressing stromal cells, results in an 
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accelerated differentiation and higher percentage of CD34brightCD31+Flk1+cells at earlier 
stages of differentiation. 

3.3 Mesenchymal stromal cells 
Mesenchymal stromal cells (MSCs), originally isolated from adult bone marrow (BM), have 
also been derived from hESC, either through coculturing with the OP9 murine BM stromal 
cell line or directly from ESCs cultured without feeder cells[28,29]. The simultaneous 
generation of CD73+ MSCs along with CD34+ hematopoietic cells from HESC has been 
shown when they are cocultured with OP9 murine stromal cells[28]. hESC–derived MSCs 
show spindle-shaped fibroblast-looking morphology, exhibit similar cell surface marker 
CD29, CD44, CD54, CD73, CD90 and CD105, but negative for CD34, CD45, and the 
endothelial marker CD31, characteristics when compared to BM-derived MSCs, and could 
differentiate into osteocytes, adipocytes, and chondrocytes. 

3.4 Insulin-producing β cells 
Type I diabetes is a disease in which β-cells of the pancreas are destroyed by an autoimmune 
mechanism[30]. Use of exogenous insulin to treat diabetes is life-saving; however, it does not 
truly mimic the body’s natural response to blood glucose[31]. Islet cell transplantation is 
currently considered to be an important method of therapy[32]. But the scarcity of islets 
prevents this therapy. The isolation of hESC introduced a new prospect for obtaining a 
sufficient number of β cells for transplantation. Segev et al. present a method for forming 
immature islet-like clusters of insulin-producing cells derived from hESC[33]. Seven-day-old 
EBs were first cultured and plated in insulin-transferrin-selenium-fibronectin medium (ITSF) 
about a week, followed by medium supplemented with N2, B27, and bFGF. At the next stage, 
bFGF was removed and nicotinamide was added, and the total glucose concentration in the 
medium was reduced.  After 4 days of culture, the formation of clusters exhibited higher 
insulin secretion and had longer durability than cells grown as monolayers. Gen-hong Mao[34] 

demonstrates a five-stage protocol with adding exendin-4 instead of nicotinamide and 
generates islet-like cells from human embryonic stem (ES) cells. Immunofluorescence analysis 
revealed that most c-peptide positive cells coexpressed inlusin, PDX-1 (pancreas duodenum 
homeobox-1), glucagon, somatostatin or pancreatic polypeptide. Insulin and other pancreatic 
β-cell-specific genes were all present in the differentiated cells. 
Following the illumination of hESC differentiation mechanism and successfully culturing 
various kinds of terminal differentiated cells, tissues and organs, it may apply functioning 
cells of hESC-source in replacement therapies. 

4. hESC coupled with biomaterials 
Tissue engineering is the study of the growth of new connective tissues or organs, from cells 
and a collagenous scaffold to produce a fully functional organ for implantation back into the 
donor host. Scaffolding can be used as a cell support device upon which cells are seeded in 
vitro; cells are then encouraged to lay down matrix to produce the foundations of a tissue 
for transplantation. Tissue engineering scaffolds are designed to influence the physical, 
chemical and biological environment surrounding a cell population[35]. Many matrix 
materials that are in application of current research are mainly natural materials, synthetic 
polymer and biodegradable materials, ceramic materials and their complex formed between 
the composite materials. Natural biological materials, compared with synthetic materials, 
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compartments in response to depolarization, glutamate, ATP and dopamine D2 receptor 
activation, while cAMP is elevated in response to forskolin and 3-isobutyl-
methylxanthine[22]. Analysis of hESC and hESC-derived neural stem cell nuclear extracts 
revealed an increased expression of Reptin52 in neurosphere nuclei[23] that serves a pivotal 
regulatory role in nuclear activities such as transcription regulation and histone 
modification. 
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the interaction of migrating donor cells with the host brain environment. hESC-derived glial 
precursors (ESGPs) transduced with a retrovirus encoding the polysialyltransferase STX 
exhibit overexpression of polysialic acid(PSA) which is a carbohydrate polymer attached to 
the neural cell adhesion molecule (NCAM) [24]. Chemotaxis assays show that overexpression 
of PSA results in an enhanced chemotactic migration of these cells toward gradients of a 
variety of chemoattractants, including FGF2, platelet-derived growth factor (PDGF), and 
brain-derived neurotrophic factor (BDNF), and this effect is mediated via the 
phosphatidylinositol 3’-kinase (PI3K) pathway. 

3.2 Hematopoietic stem cells 
The most common human cell-based therapy applied today is hematopoietic stem cell 
(HSC) transplantation[25]. Human bone marrow, mobilized peripheral blood, and umbilical 
cord blood are considered as the major sources of transplantable HSCs, but both 
compatibility between donor and recipient and required quantity limit their clinical 
application. In contrast, hESC have been shown to differentiate into the hematopoietic cell 
fate, providing an alternative source of transplantable blood cells. hESC-derived 
hematopoietic stem cells which emerge from a subset of embryonic endothelium expressing 
PECAM-1, Flk-1, and VE-Cadherin, but lacking CD45 (CD45negPFV) show similar 
clonogenic capacity and primitive phenotype to somatic sources of hematopoietic 
progenitors and possess limited in vivo repopulating capacity in immunodeficient mice. A 
subset of hESC-derived CD45+ hematopoietic cells coexpress CD34 and show progenitor 
function in colony-forming units assays. However, compared to HSC from fetal blood (FB) 
or cord blood, these hESC-HSC display distinct functional properties, including poor 
repopulation ability, impaired differentiation and lack of homing[26]. Only 2.4% of 
differentially expressed transcripts were common for FB–HSCs and candidate hESC-
HSCs[26], suggesting a completely different molecular signature for HSCs isolated from two 
different in utero ontogeny stages. Several key hematopoietic transcription factors, such as 
RUNX3, TAL1, VAV1, LMO2, AML-1, and c-mac, apoptosis and cycle regulators, such as 
CDC42, CDC27, CyclinD3 and CDK4, and cell aggregation and homing genes may 
contribute to explain the functional differences between hESC-HSCs and FB-HSCs. 
Importantly, the gene expression profiling study revealed that developmental signaling 
pathways such as Notch, Wnt, BMP, Shh are involved in HSC self-renewal and 
hematopoietic specification.  
Several complementary methods are used to demonstrate canonical Wnt signaling that is 
important for development of hESC-derived cells with both hematopoietic and endothelial 
potential[27]. The development of cells with hematoendothelial potential decreases 
dramatically when treated with dickkopf1 which inhibits Wnt signaling. In addition, 
activation of the canonical Wnt signaling pathway in hESC by coculture with stromal cells 
that express Wnt1, but not use of noncanonical Wnt5-expressing stromal cells, results in an 
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accelerated differentiation and higher percentage of CD34brightCD31+Flk1+cells at earlier 
stages of differentiation. 

3.3 Mesenchymal stromal cells 
Mesenchymal stromal cells (MSCs), originally isolated from adult bone marrow (BM), have 
also been derived from hESC, either through coculturing with the OP9 murine BM stromal 
cell line or directly from ESCs cultured without feeder cells[28,29]. The simultaneous 
generation of CD73+ MSCs along with CD34+ hematopoietic cells from HESC has been 
shown when they are cocultured with OP9 murine stromal cells[28]. hESC–derived MSCs 
show spindle-shaped fibroblast-looking morphology, exhibit similar cell surface marker 
CD29, CD44, CD54, CD73, CD90 and CD105, but negative for CD34, CD45, and the 
endothelial marker CD31, characteristics when compared to BM-derived MSCs, and could 
differentiate into osteocytes, adipocytes, and chondrocytes. 

3.4 Insulin-producing β cells 
Type I diabetes is a disease in which β-cells of the pancreas are destroyed by an autoimmune 
mechanism[30]. Use of exogenous insulin to treat diabetes is life-saving; however, it does not 
truly mimic the body’s natural response to blood glucose[31]. Islet cell transplantation is 
currently considered to be an important method of therapy[32]. But the scarcity of islets 
prevents this therapy. The isolation of hESC introduced a new prospect for obtaining a 
sufficient number of β cells for transplantation. Segev et al. present a method for forming 
immature islet-like clusters of insulin-producing cells derived from hESC[33]. Seven-day-old 
EBs were first cultured and plated in insulin-transferrin-selenium-fibronectin medium (ITSF) 
about a week, followed by medium supplemented with N2, B27, and bFGF. At the next stage, 
bFGF was removed and nicotinamide was added, and the total glucose concentration in the 
medium was reduced.  After 4 days of culture, the formation of clusters exhibited higher 
insulin secretion and had longer durability than cells grown as monolayers. Gen-hong Mao[34] 

demonstrates a five-stage protocol with adding exendin-4 instead of nicotinamide and 
generates islet-like cells from human embryonic stem (ES) cells. Immunofluorescence analysis 
revealed that most c-peptide positive cells coexpressed inlusin, PDX-1 (pancreas duodenum 
homeobox-1), glucagon, somatostatin or pancreatic polypeptide. Insulin and other pancreatic 
β-cell-specific genes were all present in the differentiated cells. 
Following the illumination of hESC differentiation mechanism and successfully culturing 
various kinds of terminal differentiated cells, tissues and organs, it may apply functioning 
cells of hESC-source in replacement therapies. 

4. hESC coupled with biomaterials 
Tissue engineering is the study of the growth of new connective tissues or organs, from cells 
and a collagenous scaffold to produce a fully functional organ for implantation back into the 
donor host. Scaffolding can be used as a cell support device upon which cells are seeded in 
vitro; cells are then encouraged to lay down matrix to produce the foundations of a tissue 
for transplantation. Tissue engineering scaffolds are designed to influence the physical, 
chemical and biological environment surrounding a cell population[35]. Many matrix 
materials that are in application of current research are mainly natural materials, synthetic 
polymer and biodegradable materials, ceramic materials and their complex formed between 
the composite materials. Natural biological materials, compared with synthetic materials, 
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have many advantages, the abundant source, low cost, and with good biocompatibility, and 
that some materials have pore structure of natural systems. Currently, the mainly applied 
materials are collagen (type I collagen in the main), gelatin, chitin, chitosan, natural coral 
and its derivatives. Now the synthetic biodegradable polymer materials that extensively 
used are mainly polylactic acid (PLA), polyglycolic acid (PGA) and various copolymers 
between them. These materials are bulk-degrade by hydrolysis, providing a controllable 
drug release and degradation profile to match tissue in-growth. The main structures of PLA, 
PGA and their copolymers used in tissue engineering applications are in the form of fibrous, 
porous foam and tubular structure.  

4.1 Electrospun fibrous scaffolds 
Electrospun fibrous scaffolds can be prepared with high degree of control over their 
structure creating highly porous meshes of ultrafine fibers that mimic the natural three-
dimensional environment of the in vivo extracellular matrix (ECM), and are amenable to 
various functional modifications targeted towards enhancing stem cell survival and 
proliferation, directing specific stem cell fates, or promoting tissue organization[36]. Evidence 
shows that of electrospun biodegradable polymers as scaffolds not only enhances the 
differentiation of mouse ES cells into neural lineages but also promotes and guides the 
neurite outgrowth[37]. Cultivation of hESC on electrospun fibrous polyurethane scaffolds 
also proved successful and neuronal differentiation was observed via standard 
immunocytochemistry[38]. Scanning electron micrographs confirmed neurite outgrowth and 
connection to adjacent cells, as well as cell attachment to individual fibers of the fibrous 
scaffold. Scaffold architecture has been shown to modify the response of cells and 
subsequent tissue formation, as demonstrated by the generation of mineralization fronts in 
specific regions of scaffolds. Nano to microscale topography has been demonstrated to affect 
cell behavior by modification of cytoskeleton arrangements. 
Although complex structures are formed, the mechanism of adhesion of hESC to the 
surfaces of the scaffolds remains largely unknown. Steven Y. Gao[39] achieved the efficient 
adhesion of pluripotent hESC to 3D PLGA scaffolds. In the 2-D PLGA model, the scaffold 
surfaces were coated with laminin and flow cytometry analysis revealed that almost all of 
the pluripotent single cells expressed the integrin α6, with a small percentage also 
expressing α3β1, which facilitates adhesion to laminin. In the 3-D enviroment, the results 
were similar to those gained from the 2-D model, which suggests that the adhesion of 
pluripotent hESCs is mainly affected by the surface properties that they adhere onto rather 
than the geometric properties of the culture system. 

4.2 Porous foam scaffolds 
Porous biodegradable polymer scaffolds can be used to support ES cells because they 
represent a promising system for allowing formation of complex 3D tissues during 
differentiation[40]. The scaffolds which consist of a 50/50 blend of PLGA and PLLA could 
support hESC that remain viable for at least 2 weeks in vivo. Two weeks after 
transplantation of hESC-scaffold constructs into SCID mice, defined epithelial tubular 
structures and neural tube-like rosettes were observed. In addition, when cultured in vitro 
with both NGF and NT-3, enhanced numbers of neural structures and staining of nestin and 
βIII-tubulin were observed with hESC-seeded polymer scaffolds[41]. NGF and RA 
preferentially favor the differentiation toward ectodermal and mesodermal lineages[42]. 
Subcutaneous transplantation of PLGA scaffolds seeded with the hESC-derived islet-like 
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cells or cell transplantation under kidney capsules for further differentiation in vivo could 
improve 6 h fasted blood glucose levels and diabetic phenotypes in streptozotocin-induced 
diabetic SCID mice[34]. More interestingly, blood vessels of host origin can be observed, 
invading the cell–scaffold complexes. This suggests scaffolds can serve as vehicles for islet-
like cell transplantation. 
Other study has certificated that 3D porous alginate scaffolds provide a conductive 
environment for generation of well-vascularized EBs from hESC[43]. EBs can be generated 
directly from hESC suspensions within 3D porous alginate scaffolds. The alginate scaffold 
pores which provide a confining environment enable efficient formation of round, small-
sized EBs with a relatively high degree of cell proliferation and differentiation, and induce 
vasculogenesis in the forming EBs to a greater extent. Recent study demonstrated that 3D 
porous natural polymer scaffold, comprised of chitosan and alginate, could support 
sustained self-renewal of hESCs without the support of feeder cells or conditioned 
medium[44]. 

4.3 Other scaffolds 
Scaffolds can be used as a growth factor/drug delivery device[35]. This strategy involves the 
scaffold being combined with growth factors, so upon implantation cells from the body are 
recruited to the scaffold site and form tissue upon and throughout the matrices. Recently, 
vascular progenitor cells as well as endothelial and smooth muscle cells have been isolated 
from hESC encapsulated in bioactive hydrogel-based scaffolds combined with immobilized 
regulatory factors: a tethered RGD peptide and microencapsulated VEGF165[45]. Others have 
investigated the functions of hESC-derived neural progenitor cells (hESC-NPC) after 
transplanted in collagen scaffolds supplemented with growth factors[46] and reveal that 
implantation of hESC-NPC into the spinal cord with collagen scaffold improved the 
recovery of hindlimb locomotor function and sensory responses in an adult rat model of 
SCI.  
Tzu-I Chao, et al.[47] have reported that 2D thin film scaffolds composed of biocompatible 
polymer grafted carbon nanotubes (CNTs), can selectively differentiate hESC into neurons 
while maintaining excellent cell viability. According to fluorescence image analysis, neuron 
differentiation efficiency of polyacrylic acid grafted CNT thin films is greater than that on 
polyacrylic acid thin films. Other comparison has been done between silk and chitosan 
scaffolds in chondrogenesis of human cell sources[48]. After 4 weeks of cultivation, hESC-
derived MSCs were promising for chondrogenesis, particularly in the silk scaffolds with 
BMP6. The polyurethane acrylate (PUA), fabricated into nanoscale ridge/groove pattern 
arrays with its surface treated in oxygen plasma for 60s Results showed that after alone[49] 
can effectively and rapidly induce the differentiation of hESC into a neuronal lineage 
without the addition of any biochemical or biological agents. 
Future applications of those versatile scaffolds platform to human embryonic and induced 
pluripotent stem cells for functional tissue repair and regeneration will further expand its 
potential for regenerative therapies. 

5. Prospect of HESC 
Expecting to use hESC largely and safely in clinical, there are a lot of works to do. hESC 
differentiation is typically stimulated via generation of EBs and lineage commitment of 
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have many advantages, the abundant source, low cost, and with good biocompatibility, and 
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and its derivatives. Now the synthetic biodegradable polymer materials that extensively 
used are mainly polylactic acid (PLA), polyglycolic acid (PGA) and various copolymers 
between them. These materials are bulk-degrade by hydrolysis, providing a controllable 
drug release and degradation profile to match tissue in-growth. The main structures of PLA, 
PGA and their copolymers used in tissue engineering applications are in the form of fibrous, 
porous foam and tubular structure.  

4.1 Electrospun fibrous scaffolds 
Electrospun fibrous scaffolds can be prepared with high degree of control over their 
structure creating highly porous meshes of ultrafine fibers that mimic the natural three-
dimensional environment of the in vivo extracellular matrix (ECM), and are amenable to 
various functional modifications targeted towards enhancing stem cell survival and 
proliferation, directing specific stem cell fates, or promoting tissue organization[36]. Evidence 
shows that of electrospun biodegradable polymers as scaffolds not only enhances the 
differentiation of mouse ES cells into neural lineages but also promotes and guides the 
neurite outgrowth[37]. Cultivation of hESC on electrospun fibrous polyurethane scaffolds 
also proved successful and neuronal differentiation was observed via standard 
immunocytochemistry[38]. Scanning electron micrographs confirmed neurite outgrowth and 
connection to adjacent cells, as well as cell attachment to individual fibers of the fibrous 
scaffold. Scaffold architecture has been shown to modify the response of cells and 
subsequent tissue formation, as demonstrated by the generation of mineralization fronts in 
specific regions of scaffolds. Nano to microscale topography has been demonstrated to affect 
cell behavior by modification of cytoskeleton arrangements. 
Although complex structures are formed, the mechanism of adhesion of hESC to the 
surfaces of the scaffolds remains largely unknown. Steven Y. Gao[39] achieved the efficient 
adhesion of pluripotent hESC to 3D PLGA scaffolds. In the 2-D PLGA model, the scaffold 
surfaces were coated with laminin and flow cytometry analysis revealed that almost all of 
the pluripotent single cells expressed the integrin α6, with a small percentage also 
expressing α3β1, which facilitates adhesion to laminin. In the 3-D enviroment, the results 
were similar to those gained from the 2-D model, which suggests that the adhesion of 
pluripotent hESCs is mainly affected by the surface properties that they adhere onto rather 
than the geometric properties of the culture system. 

4.2 Porous foam scaffolds 
Porous biodegradable polymer scaffolds can be used to support ES cells because they 
represent a promising system for allowing formation of complex 3D tissues during 
differentiation[40]. The scaffolds which consist of a 50/50 blend of PLGA and PLLA could 
support hESC that remain viable for at least 2 weeks in vivo. Two weeks after 
transplantation of hESC-scaffold constructs into SCID mice, defined epithelial tubular 
structures and neural tube-like rosettes were observed. In addition, when cultured in vitro 
with both NGF and NT-3, enhanced numbers of neural structures and staining of nestin and 
βIII-tubulin were observed with hESC-seeded polymer scaffolds[41]. NGF and RA 
preferentially favor the differentiation toward ectodermal and mesodermal lineages[42]. 
Subcutaneous transplantation of PLGA scaffolds seeded with the hESC-derived islet-like 
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cells or cell transplantation under kidney capsules for further differentiation in vivo could 
improve 6 h fasted blood glucose levels and diabetic phenotypes in streptozotocin-induced 
diabetic SCID mice[34]. More interestingly, blood vessels of host origin can be observed, 
invading the cell–scaffold complexes. This suggests scaffolds can serve as vehicles for islet-
like cell transplantation. 
Other study has certificated that 3D porous alginate scaffolds provide a conductive 
environment for generation of well-vascularized EBs from hESC[43]. EBs can be generated 
directly from hESC suspensions within 3D porous alginate scaffolds. The alginate scaffold 
pores which provide a confining environment enable efficient formation of round, small-
sized EBs with a relatively high degree of cell proliferation and differentiation, and induce 
vasculogenesis in the forming EBs to a greater extent. Recent study demonstrated that 3D 
porous natural polymer scaffold, comprised of chitosan and alginate, could support 
sustained self-renewal of hESCs without the support of feeder cells or conditioned 
medium[44]. 

4.3 Other scaffolds 
Scaffolds can be used as a growth factor/drug delivery device[35]. This strategy involves the 
scaffold being combined with growth factors, so upon implantation cells from the body are 
recruited to the scaffold site and form tissue upon and throughout the matrices. Recently, 
vascular progenitor cells as well as endothelial and smooth muscle cells have been isolated 
from hESC encapsulated in bioactive hydrogel-based scaffolds combined with immobilized 
regulatory factors: a tethered RGD peptide and microencapsulated VEGF165[45]. Others have 
investigated the functions of hESC-derived neural progenitor cells (hESC-NPC) after 
transplanted in collagen scaffolds supplemented with growth factors[46] and reveal that 
implantation of hESC-NPC into the spinal cord with collagen scaffold improved the 
recovery of hindlimb locomotor function and sensory responses in an adult rat model of 
SCI.  
Tzu-I Chao, et al.[47] have reported that 2D thin film scaffolds composed of biocompatible 
polymer grafted carbon nanotubes (CNTs), can selectively differentiate hESC into neurons 
while maintaining excellent cell viability. According to fluorescence image analysis, neuron 
differentiation efficiency of polyacrylic acid grafted CNT thin films is greater than that on 
polyacrylic acid thin films. Other comparison has been done between silk and chitosan 
scaffolds in chondrogenesis of human cell sources[48]. After 4 weeks of cultivation, hESC-
derived MSCs were promising for chondrogenesis, particularly in the silk scaffolds with 
BMP6. The polyurethane acrylate (PUA), fabricated into nanoscale ridge/groove pattern 
arrays with its surface treated in oxygen plasma for 60s Results showed that after alone[49] 
can effectively and rapidly induce the differentiation of hESC into a neuronal lineage 
without the addition of any biochemical or biological agents. 
Future applications of those versatile scaffolds platform to human embryonic and induced 
pluripotent stem cells for functional tissue repair and regeneration will further expand its 
potential for regenerative therapies. 

5. Prospect of HESC 
Expecting to use hESC largely and safely in clinical, there are a lot of works to do. hESC 
differentiation is typically stimulated via generation of EBs and lineage commitment of 
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individual cells depends upon numerous cues throughout the EB environment, including 
EB shape and size. Common EB formation protocols, however, produce a very 
heterogeneous size distribution, perhaps reducing efficiency of directed differentiation[50]. 
Some scholars have developed a 3-D microwell-based method to maintain undifferentiated 
hESC cultures for weeks without passaging using physical and extracellular matrix 
patterning constraints to limit colony growth. Microwell culture also permits formation of 
hESC colonies with a defined size, which can then be used to form monodisperse EBs. When 
cultured in this system, hESC retained pluripotency and self-renewal, and were able to be 
passaged to standard unconstrained culture conditions. 
Successful clinical implementation of tissue engineering products generated from ESCs 
would require a controlled reproducible culture system for the expansion of the cells and 
differentiation into functional tissues. It is a marvelous scenario which involve combination 
of the bioreactor expansion and subsequent differentiation of the ESCs to generate the 
specialized cell types. N. I. zur Nieden[51] showed that suspension bioreactors which can 
be adapted for long term culture could be used in the regulated large-scale expansion of 
highly pluripotent murine ESCs. The ESC cultures remain highly undifferentiated, when 
serially passaged in suspension bioreactors for extended periods. Otherwise different 
growth factors have different effects on cell proliferation and differentiation[52]. BMPs 
have previously been shown to induce hESC differentiation, in apparent contrast to 
mouse embryonic stem (ES) cells, in which BMP4 synergizes with LIF to maintain self-
renewal. The BMP antagonist noggin synergizes with bFGF to repress BMP signaling and 
sustain undifferentiated proliferation of hESC in the absence of fibroblasts or CM. These 
findings suggest a basic difference in the self-renewal mechanism between mouse and 
human ES cells. 
Stem cells and human tissue engineering are two hot spots. Many scholars attempt to 
combine hESC with tissue engineering. Although transplantation of ES cells-derived neural 
progenitor cells has been demonstrated with some success for either spinal cord injury 
repair in small animal model, control of ES cell differentiation into complex, viable, higher 
ordered tissues is still challenging[37]. 
Silk fibroin (SF), the core structural protein of Bombyx mori silkworm silks, has widely been 
studied as biomaterials in tissue engineering and regenerative medicine due to the 
biocompatibility, impressive mechanical property, high yields through sericulture and 
controllability of degradability, as well as the versatility in processing, the availability of 
different morphologies and the ease of sterilization and surface modification of these SF-
based materials. While a number of studies detailed the ability of SF to support the 
attachment and growth of a variety of human cell types and the promising applications of 
SF scaffolds in wound healing and in bone, cartilage, blood vessel, tendon, or ligament 
tissue engineering, there is little information about the interaction of astroglial and neuronal 
cells with SF-based scaffolds.  
Among all the silk materials in different morphologies, of great interest are the electrospun 
nonwoven SF nanofibers or nets that mimic the nanostructured components of the 
extracellular matrix and are supposed to provide more surface area and rougher topography 
for cell attachment. Upon implantation these nanofibrous SF scaffolds might ameliorate the 
conditions at the injury sites via the formation of the oriented network of astroglial and 
neuronal cells by arranging these cells along the nanofibers and guiding axonal outgrowth, 
and finally prevent the formation of physical and molecular barriers to the CNS repair. 
Nonwoven SF nanofibers were studied with a variety of cells, but little information is 

Directed Differentation of Human Embryonic Stem Cells in Combination of Biomaterials   

 

167 

hitherto available with neurons, astrocytes and their progenitors, the main cell types 
participating in the glial scaring.  
Tussah silk is a type of wild silks, and the chemical structure, molecular conformation and 
physical properties of tussah silk fibroin (TSF) have been extensively studied. In contrast to 
Bombyx mori silkworm silk fibroin (SF), the amino acid composition of TSF is characterized 
by more Ala, Asp and Arg contents, and less Gly, and the presence of tripeptide sequence 
Arg-Gly-Asp (RGD), which is known to promote cell attachment and thus might make TSF 
an even more promising biomaterial for use in biomedical applications and tissue 
engineering. 
In an attempt to develop strategies for fabricating nerve implants, using the regenerated SF, 
TSF, or blends of both at different proportions, that could be applied in vivo as the cell 
substrates to control the arrangement of astroglial cells and guide the axon growth, we 
prepared nonwoven nanofiber scaffolds by electrospinning and analyzed the behavior of 
astrocytes, neurons and neural progenitor cells, isolated from newborn rat cerebral cortex or 
derived from hESC, on these nonwoven fibroin nanofibers. In particular, we focused on the 
migration and spreading, in addition to the attachment, viability and proliferation of these 
cells. Our long-term goal is to identify the optimum conditions in the context of the 
properties of the nanofiber substrates that may allow for the manipulation of astroglial cells 
and ameliorate the nonpermissiveness of the CNS injury sites upon implantation.  
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be adapted for long term culture could be used in the regulated large-scale expansion of 
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serially passaged in suspension bioreactors for extended periods. Otherwise different 
growth factors have different effects on cell proliferation and differentiation[52]. BMPs 
have previously been shown to induce hESC differentiation, in apparent contrast to 
mouse embryonic stem (ES) cells, in which BMP4 synergizes with LIF to maintain self-
renewal. The BMP antagonist noggin synergizes with bFGF to repress BMP signaling and 
sustain undifferentiated proliferation of hESC in the absence of fibroblasts or CM. These 
findings suggest a basic difference in the self-renewal mechanism between mouse and 
human ES cells. 
Stem cells and human tissue engineering are two hot spots. Many scholars attempt to 
combine hESC with tissue engineering. Although transplantation of ES cells-derived neural 
progenitor cells has been demonstrated with some success for either spinal cord injury 
repair in small animal model, control of ES cell differentiation into complex, viable, higher 
ordered tissues is still challenging[37]. 
Silk fibroin (SF), the core structural protein of Bombyx mori silkworm silks, has widely been 
studied as biomaterials in tissue engineering and regenerative medicine due to the 
biocompatibility, impressive mechanical property, high yields through sericulture and 
controllability of degradability, as well as the versatility in processing, the availability of 
different morphologies and the ease of sterilization and surface modification of these SF-
based materials. While a number of studies detailed the ability of SF to support the 
attachment and growth of a variety of human cell types and the promising applications of 
SF scaffolds in wound healing and in bone, cartilage, blood vessel, tendon, or ligament 
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Among all the silk materials in different morphologies, of great interest are the electrospun 
nonwoven SF nanofibers or nets that mimic the nanostructured components of the 
extracellular matrix and are supposed to provide more surface area and rougher topography 
for cell attachment. Upon implantation these nanofibrous SF scaffolds might ameliorate the 
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hitherto available with neurons, astrocytes and their progenitors, the main cell types 
participating in the glial scaring.  
Tussah silk is a type of wild silks, and the chemical structure, molecular conformation and 
physical properties of tussah silk fibroin (TSF) have been extensively studied. In contrast to 
Bombyx mori silkworm silk fibroin (SF), the amino acid composition of TSF is characterized 
by more Ala, Asp and Arg contents, and less Gly, and the presence of tripeptide sequence 
Arg-Gly-Asp (RGD), which is known to promote cell attachment and thus might make TSF 
an even more promising biomaterial for use in biomedical applications and tissue 
engineering. 
In an attempt to develop strategies for fabricating nerve implants, using the regenerated SF, 
TSF, or blends of both at different proportions, that could be applied in vivo as the cell 
substrates to control the arrangement of astroglial cells and guide the axon growth, we 
prepared nonwoven nanofiber scaffolds by electrospinning and analyzed the behavior of 
astrocytes, neurons and neural progenitor cells, isolated from newborn rat cerebral cortex or 
derived from hESC, on these nonwoven fibroin nanofibers. In particular, we focused on the 
migration and spreading, in addition to the attachment, viability and proliferation of these 
cells. Our long-term goal is to identify the optimum conditions in the context of the 
properties of the nanofiber substrates that may allow for the manipulation of astroglial cells 
and ameliorate the nonpermissiveness of the CNS injury sites upon implantation.  
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1. Introduction 
Human embryonic stem (hES) cells are pluripotent stem cells capable of self-renewal and 
differentiation into virtually all cell types (Thomson et al., 1998, Reubinoff et al., 2000). Thus, 
they hold tremendous potential as cell sources for regenerative therapies. Using endothelial 
cells for therapeutic angiogenesis/vasculogenesis of ischemia diseases has led to exploring 
hES cells as a potential source for endothelial progenitor cells. Due to the limitation 
pluripotency of hES cells, hES cells derived endothelial cells are advantageous when 
compared with other endothelial cell origin (Li et al., 2007, Li et al., 2009b). Understanding 
the in vivo behavior of transplanted cells requires novel imaging techniques to 
longitudinally monitor hES cells localization, proliferation, differentiation, and viability. 
Molecular imaging has given investigators a high-throughput, inexpensive, and sensitive 
means for tracking in vivo cell proliferation over times (Li et al., 2009a). This advancement 
has significantly increased the understanding of the spatiotemporal kinetics of hES cells 
engraftment in living animals and greatly expedited basic research prior to future clinical 
translation.  
In this chapter, the specific methods needed for tracking hES cells proliferation with 
bioluminescence imaging and in vitro endothelial differentiation of hES cells will be 
described. We first established stable hES cell line constitutively expressing double fusion 
reporter genes (enhanced green fluorescent protein and firefly luciferase) using lentiviral 
transduction (Li et al., 2009b). Unlike other methods of cell tracking, reporter genes are 
inherited genetically and can be used to monitor cell proliferation and survival of 
transplanted cells and daughter cells. Next, we introduced two-step procedures to increase 
endothelial differentiation efficiency of hES cells by subcultured embryoid bodies (EBs) in 
collagen. Using whole genome microarrays, we investigated the hES cells derived 
endothelial cells (hES-ECs) transcriptome that occur among sequenced hES cells 
differentiation processes and human umbilical vein endothelial cells (HUVECs). By 
intravital microscope, we demonstrated that hES-ECs can form function vessels with blood 
flow. To monitor cell survive and therapeutic potential of hES-ECs for ischemia diseases, we 
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then employed bioluminescence imaging techniques that allow noninvasive monitoring of 
transplanted hES-ECs engraftment. 

2. Molecular imaging methods for stem cell therapy 
For stem cell research to make the next quantum leap, it is imperative to understand the 
dynamic processes of hES cells homing, migration, biodistribution, proliferation, and 
differentiation in the same subject over time. The development of noninvasive imaging 
techniques is essential for conducting detailed preclinical studies to optimize the delivery 
methods and strategies that can enhance cell survival. A number of methods are available to 
track stem cells by molecular imaging. In general, there are two methods to label the cells: 
(1) direct labeling method, which physically introduce marker(s) into the cells before 
transplant; (2) indirect labeling method, which genetically introduce reporter gene(s) into 
the cells before transplant (Wu et al., 2004).  

2.1 Direct labeling methods  
For direct labeling, detectable probes can be loaded into or attached to the cells during 
tracking. Examples include labeling with super paramagnetic iron oxide (SPIO) for magnetic 
resonance (MR) imaging, 18F-fluoro-deoxy-glucose ([18F]-FDG) for positron emission 
tomography (PET) imaging, [111In]oxine for single-photon emission computerized tomography 
(SPECT), and quantum dots for fluorescence imaging. These techniques have been used for 
adult and embryonic stem cell imaging (Zhang et al., 2007). Although direct labeling can be 
used to evaluate the initial deposition of implanted stem cells, the imaging signals tend to 
diminish with cell division and proliferation or become undetectable after the decay of 
radioactive tracers. Another confounding factor with this type of labeling and imaging is that 
non-viable cells may still generate a robust MR signal, as shown in a recent study comparing 
iron labeling imaging (direct) versus reporter gene imaging (indirect)(Li et al., 2008).  

2.2 Indirect labeling methods 
Indirect imaging such as the reporter gene approach involves inserting reporter gene(s) into 
stem cells for the purpose of tracking. Products of reporter gene expression generally can be 
divided into 3 categories: enzyme-based (e.g., herpes simple virus type 1 thymidine kinase 
[HSV1-tk] or firefly luciferase [Fluc]), receptor-based (e.g., dopamine type 2 receptor [D2R]), 
and transporter-based (e.g., sodium-iodide symporter [NIS]). Stable transfection or 
transduction with reporter genes is useful in assessing kinetic survival status of the implanted 
cells because the reporter genes can be expressed as long as the cells are alive; the inserted 
reporter gene(s) can be passed on to daughter cells upon cell division. However, a major 
disadvantage for future clinical applications of reporter gene approach in cell tracking is the 
requirement for genetic manipulations of the cells, which may lead to insertional mutagenesis. 
Thus, the recent advances in site-specific chromosomal integration mediated by phiC31 
integrase may become a useful tool to overcome this obstacle (Thyagarajan et al., 2008).  

3. Endothelial differentiation of hES cells 
Due to the limitation of postnatal cell sources and expanding efficiency, endothelial 
differentiation of hES cells provide an alternative source to generate a large supply of 
healthy, functional cells. hES-ECs can be generated by two main approaches, spontaneous 
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differentiation of embryoid bodies (EBs), also called 3-dimensional differentiation (3D), and 
2-dimensional differentiation (2D) (Wang et al., 2007, Yamahara et al., 2008, Kaufman et al., 
2001). 
For the 3D differentiation, hES cells need to be cultured in low attachment dish for 9-13 
days(Levenberg et al., 2002, Li et al., 2008, Wang et al., 2007). Different mediums have been 
used with or without growth factors. Whole-mount immunostaining CD31 confirmed that 
hES cells cultivated as EBs spontaneously differentiated into endothelial cells and formed 
blood vessel like structure(Levenberg et al., 2002, Li et al., 2008). Subsequently, EBs were 
digested into single cells. Differentiated endothelial cells or hemangioblasts were sorted by 
fluorescence-ctivated cell sorting (FACS) or magnetic-activated cell separation (MACS). For 
the 2D differentiation, hES cells were cultured on various mouse fibroblast feeder layers, 
including mouse embryo fibroblasts (MEF) (Wang et al., 2007), OP9 (Yamahara et al., 2008, 
Vodyanik et al., 2005), S17 (Kaufman et al., 2001, Vodyanik et al., 2005), MS-5 (Vodyanik et al., 
2005), or mouse endothelial cells (Kaufman et al., 2001). hES cells also can be cultured on 
collagen IV-coated plates for endothelial differentiation (Gerecht-Nir et al., 2003). 
Both in vitro assays and in vivo transplantation have been used to characterize the hES 
derived endothelial cells. After in vitro subculturing, these cells express CD31, CD34, Flk-1, 
VE-cadherin and vWF. They are capable of DiI-ac-LDL uptake and can generate tube-like 
structure formation on Matrigel. For in vivo assay, hES-ECs can form a tube-like structure 
within Matrigel plug. Interestingly, postnatal hemangioblast cell markers such as KDR and 
CD133 are robustly expressed in undifferentiated hES cells (Chen et al., 2007, Li et al., 2008) 
and thus are not good markers for endothelial selection of hES cells differentiation. 
A major challenge of hES-based therapy is the generation of sufficient numbers of 
differentiated endothelial cells. The efficiency of endothelial differentiation of the 3D EB 
system is typically low, ranging from 1%-3% (Levenberg et al., 2002, Li et al., 2008). 
Moreover, it is difficult to get single cells from EBs by enzyme digestion as cell viability is 
low after this harsh digestion step. Several investigators have introduced modified 
approaches to bypass the 3D EB formation or serial differentiation procedures to increase 
differentiation efficiency (Cho et al., 2007, Lu et al., 2007). Wang et al. demonstrated that 
~10% CD34+ progenitor cells are present by monolayer culturing of hES cells on MEF for 10 
days (Wang et al., 2007). 
To optimize hES cells differentiation to endothelial lineage, we designed a staged protocol 
that involved EB formation (stage 1) and expansion of endothelial lineage by subcultured EB 
in collagen (stage 2). 

3.1 Maintenance and differentiation of human embryonic stem cells  
Undifferentiated hES cells (H9 line from Wicell, passages 35 to 45) were grown on an 
inactivated mouse embryonic fibroblast (MEF) feeder layer as previously described (Chen et 
al., 2007, Efroni et al., 2008). Briefly, the cell was maintained at an undifferentiated stage on 
irradiated low-passage MEF feeder layers on 0.1% gelatin-coated plates. The medium was 
changed daily. The medium consisted of Dulbecco's modified Eagle's medium (DMEM)/F-
12, 20% knockout serum replacement, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 
0.1 mM β-mercaptoethanol, and 4 ng/ml rhFGF-2 (R&D Systems Inc., Minneapolis). The 
undifferentiated hES cells were treated by 1 mg/ml collagenase type IV in DMEM/F12 and 
scraped mechanically on the day of passage. To deplete feeder cells before endothelial 
differentiation, hES cells were cultured on Matrigel coated plates with mTeSR™1 medium 
(Stem Cell Technologies Inc, Vancouver, Canada).  
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then employed bioluminescence imaging techniques that allow noninvasive monitoring of 
transplanted hES-ECs engraftment. 
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approaches to bypass the 3D EB formation or serial differentiation procedures to increase 
differentiation efficiency (Cho et al., 2007, Lu et al., 2007). Wang et al. demonstrated that 
~10% CD34+ progenitor cells are present by monolayer culturing of hES cells on MEF for 10 
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To optimize hES cells differentiation to endothelial lineage, we designed a staged protocol 
that involved EB formation (stage 1) and expansion of endothelial lineage by subcultured EB 
in collagen (stage 2). 

3.1 Maintenance and differentiation of human embryonic stem cells  
Undifferentiated hES cells (H9 line from Wicell, passages 35 to 45) were grown on an 
inactivated mouse embryonic fibroblast (MEF) feeder layer as previously described (Chen et 
al., 2007, Efroni et al., 2008). Briefly, the cell was maintained at an undifferentiated stage on 
irradiated low-passage MEF feeder layers on 0.1% gelatin-coated plates. The medium was 
changed daily. The medium consisted of Dulbecco's modified Eagle's medium (DMEM)/F-
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undifferentiated hES cells were treated by 1 mg/ml collagenase type IV in DMEM/F12 and 
scraped mechanically on the day of passage. To deplete feeder cells before endothelial 
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(Stem Cell Technologies Inc, Vancouver, Canada).  
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3.2 Two-step In vitro differentiation of hES cells 
To induce hES cell differentiation, undifferentiated hES cells were cultured in differentiation 
medium containing Iscove's modified Dulbecco's medium (IMDM) and 15% defined fetal 
bovine serum (FBS) (Hyclone, Logan, UT), 1XBIT (BSA, insulin, transferring; Stem Cell 
Technologies), 0.1 mM nonessential amino acids, 2 mM L-glutamine, 450 μM 
monothioglycerol (Sigma, St. Louis, MO), 50 U/ml penicillin, and 50 μg/ml streptomycin, 
with 20ng/ml bFGF (R&D Systems Inc., Minneapolis) and 50ng/ml VEGF (R&D Systems 
Inc.), either in ultra-low attachment plates for the formation of suspended embryoid bodies 
(EBs) as previously described (Chen et al., 2007, Levenberg et al., 2002, Li et al., 2008).  Briefly, 
hES cells cultured on Matrigel coated plate with mTeSR™1 medium were treated by 2 
mg/ml dispase (Invitrogen, Carlsbad, CA) for 15 minutes at 37°C to loosen the colonies. The 
colonies were then scraped off, and transferred into ultra low-attachment plates (Corning 
Incorporated, Corning, NY) for EB formation. EB sprouting differentiation in collagen type I 
was performed as described(Li et al., 2005), with minor modifications. Briefly, 12 days-old 
EBs were harvested, and then suspended into rat tail collagen type I (Becton Dickinson, San 
Jose, CA) at a final concentration of 1.5 mg/ml collagen. After thoroughly mixing EBs into 
collagen, 1.5 ml/well of mixture were added into six-well-plate. The plates were incubated 
at 37°C for 30 min, allowing gel polymerization prior to addition of medium. After gel 
formation, each dish was supplemented with EGM-2 medium (Lonza, Basel, Switzerland) 
with 50ng/ml VEGF additional. The cultures were then incubated for 3 days without media 
change (Figure 1). 
 

 
Fig. 1. Specification of the endothelial lineage differentiation from hES cells. An outline of 
the protocol used for the differentiation of hES cells to the endothelial lineage. 
Undifferentiated hES cells were grown to 60%–70% confluence on Matrigel and subcultured 
in low attachment dish with differentiation medium supplement VEGF and bFGF, dated as 
day 0. At day 12, hEBs were collected and digested and CD31+/ CD144+ cells were isolated 
by FACS and sub-cultured in EGM-2 medium to expand and induce endothelial maturation 
After embedded into collagen, EBs rapidly developed into vascular sprouting in the 
presence of growth factors within 3-4 days. Whole-mount immunostaining confirmed that 
CD31+ and CD144+ cells were organized into channel-like structures within day-12 EBs 
(Figure 2A). These data demonstrate that some cells within EBs can spontaneously 
differentiate into endothelial cells that are then able to form blood vessel-like structures, 
confirming previous reports from our lab and others (Levenberg et al., 2002, Li et al., 2008, 
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Wang et al., 2007). CD31/CD144 expression increased swiftly to 10-15% after subculture in 
collagen as confirmed by FACS analysis, as compared to 1-2% using the conventional EB 
culturing technique (Figure 2B). After sorting, CD31+/CD144+ cells were further expanded 
as a nearly pure population (98%) and these cells were used for subsequent experiments. 
 

 
Fig. 2. Specification of the endothelial lineage differentiation from hES cells. (A) Endothelial 
differentiation of sprouting hEBs in collagen. Representative sprouting hEBs after cultured 3 
days in collagen matrix (upper panel, left). Whole-mount immunostaining showed CD31 
sprouting with channel-like vessel structures and CD31 cell clumps (upper panel). Also, 
those sproutings are CD31 and CD144 double positive. (B) Kinetic expression of CD31 and 
CD144 during two-step hES cells differentiation procedures. hES-ECs were enriched by 
CD31+/CD144+ isolation (right panel) 

3.3 Flow cytometry sorting (FCS) of hES-ECs  
Single cell suspension from hEB-sprouting was obtained by treatment with 0.25% 
collagenase I (Invitrogen, Carlsbad, CA) at 37°C for 20-30 min, then with 0.56 units/ml 
Liberase Blendzyme IV (Roche Diagnostics, Indianapolis) at 37 °C for 10-20 minutes. Cells 
were passed through a 40- μm cell strainer (BD Falcon, San Diego) (Xu et al., 2006). Cells 
were incubated with mouse anti-human CD31 (BD) and CD144 (Abcam, Cambridge, MA). 
The CD31+/CD144+ cells were isolated using FACScan (Becton Dickinson). To generate hES-
ECs, the isolated CD31+/CD144+ cells from hEB-sprouting were grown on 4 μg/cm2 human 
fibronectin (Calbiochem, San Diego, CA) coated plates in EGM-2 (Lonza) with additional 5 
ng/ml VEGF. The medium was changed every 2–3 days. 
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3.4 Biological characteristics of hES-ECs  
Flow cytometry analysis, immunostaining, DiI-ac-LDL uptake assay, and Matrigel assay 
were used to confirm endothelial cell phenotype within these CD31+/CD144+ purified hES 
cells.  Antibodies used for flow cytometry analysis were phycoerythrin (PE) conjugated anti-
CD31, CD34 (BD Pharmingen) and Allophycocyanin (APC) conjugated anti-KDR, CD133 
(R&D Systems), APC conjugated anti-mouse IgG2a, and rabbit anti-human CD144 (Abcam). 
The stained cells were analyzed using FACS Vantage (Becton-Dickinson, MA). Dead cells 
stained by propidium-iodide (PI) were excluded from the analysis. Isotype-identical 
antibodies served as controls (BD Pharmingen).  
For immunostaining, the cells were fixed with with 4% paraformaldehyde in PBS at room 
temperature for 15 minutes. The fixed cells were permeated by 1% Triton 100 and incubated 
with 2% BSA for 30 minutes to block nonspecific binding, and stained for 1 hour with the 
primary antibodies: CD31, CD144 (BD Pharmingen) and vWF (Chemicon International Inc), 
respectively. The cells were then incubated for 30 minutes with either Alexa 593-conjugated 
donkey anti-mouse secondary antibody or Alexa 488-conjugated donkey anti-rabbit 
secondary antibody (Invitrogen), and counter stained with DAPI. 
For DiI-ac-LDL uptake assay, hES-ECs were incubated with 10 μg/ml of DiI-Ac-LDL 
(Molecular Probes, Eugene, OR) at 37°C for 6 hours. After washing with PBS twice, cells 
were fixed and counterstained with DAPI (4, 6-diamidino-2-phenylindole) as described 
(Chen et al., 2007). The formation of endothelial tubes was assessed by seeding cells in 24-
well plates coated with Matrigel (BD Pharmingen) and incubating them at 37° for 12 hours 
as described(Li et al., 2007). 
hES-ECs morphologically resembled HUVECs, which were uniformly flat, adherent, and 
cobblestone-like in appearance. When CD31+/CD144+ cells were cultured in endothelial 
growth medium, the majority of cells were adherent and expressed endothelial markers 
(CD31, CD144) at the endothelial cell adherent junctions as well as von Willebrand factor 
(vWF) located within the cytoplasm (Figure 3A). The CD31+/CD144+ cells also uptake DiI-
acetylated low-density lipoprotein, and rapidly formed vascular network-like structures 
when placed on Matrigel (Figure 3B). Taken together, these data confirm that these 
differentiated cells were of endothelial lineage. 
 

 
Fig. 3. In vitro characterization of hES-EC. (A) Morphogenesis shows the cells were cobble 
stone like; histology show CD31 and CD144 express on cell membranes, and vWF in the 
cytoplasm. (B) Compare to HUVEC, hES-ECs also can uptake ac-DiI-LDL and form tube like 
structure on Matrigel 
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3.5 Microarray hybridization and data acquisition 
In order to define at a molecular level the changes occurring at each stage of hES cells 
differentiation to endothelial progeny, and to validate that these cells are similar to human 
umbilical vein endothelial cells (HUVECs), we also perform transcriptional profiling using 
whole human genome microarrays and real-time PCR arrays. Total RNA samples were 
isolated in Trizol (Invitrogen) followed by purification over a Qiagen RNeasy column 
(Qiagen) from undifferentiated hES cells at day 0, differentiated hEBs at day 12, hES-derived 
endothelial cells (after CD31/CD144 sort), and human umbilical endothelial cells (HUVEC). 
Four samples from each group (for a total of 16 unique samples) were harvested for RNA 
isolation. Using Agilent Low RNA Input Fluorescent Linear Amplification Kits, cDNA was 
reverse transcribed from each of 16 RNA samples representing four biological 
quadruplicates, as well as the pooled reference control, and cRNA was then transcribed and 
fluorescently labeled with Cy5/Cy3. cRNA was purified using an RNeasy kit (Qiagen, 
Valencia, CA, USA). 825 ng of Cy3- and Cy5- labeled and amplified cRNA was hybridized 
to Agilent 4x44K whole human genome microarrays (G4112F) and processed according to 
the manufacturer’s instructions.  The array was scanned using Agilent G2505B DNA 
microarray scanner. The image files were extracted using Agilent Feature Extraction 
software version 9.5.1 applying LOWESS background subtraction and dye-normalization. 
 

 
Fig. 4. Major themes in gene expression profiles at each stage of differentiation. (A) hES cells 
express high levels of pluripotency-associated genes including Oct4, Sox2, NANOG, Lefty, 
and DNMT. At the EB stage, the cells express high levels of mesodermal master regulators 
such as Tbx2, and BMP4 as well as very enriched levels of endothelial specific master 
regulators including EPAS1, TIE2, KDR, and EFNA. This population also expresses genes 
from other cell layers, and many developmental genes from Wnt and homeobox families. 
hES-ECs downregulate early mesodermal genes and express more endothelial specific 
genes, while HUVECs have the highest levels of mature endothelial gene expression with 
very few other developmental lineages represented 
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regulators including EPAS1, TIE2, KDR, and EFNA. This population also expresses genes 
from other cell layers, and many developmental genes from Wnt and homeobox families. 
hES-ECs downregulate early mesodermal genes and express more endothelial specific 
genes, while HUVECs have the highest levels of mature endothelial gene expression with 
very few other developmental lineages represented 
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The resulting data were analyzed using GeneSpring GX 7.3.1 to identify genes which had 
changed expression significantly between stages. A summary of our major findings is 
shown in Figure 4. To obtain an overview of the transcriptional landscape, we looked at the 
data using principal components analysis (PCA), a dimensional reduction technique which 
identifies "principal components" or major trends in gene expression in the overall data 
(Figure 5). PCA demonstrates that each of the four replicates from each stage has very 
similar transcriptional profiles to one another, but distinctly different between stages, as 
expected. 

 
Fig. 5. Principal Components Analysis (PCA) shows that replicate experiments of each cell 
type are very similar while differentiation groups separate significantly along components 1 
and 2 

3.6 Real time RT-PCR (qRT-PCR) 
To investigate changes in endothelial related genes during endothelial cell differentiation in 
collagen, we performed quantitative real-time PCR analysis using the Human Endothelial 
Cell Biology PCR array on undifferentiated hES cells, EBs, EB sprouting, and hES-ECs, and 
on HUVEC as a positive control. qRT-PCR assays were performed using the human 
endothelial cell biology RT2 ProfilerTM PCR Array (SuperArray Bioscience, Frederick, MD) 
on an ABI PRISM 7900 HT (Applied Biosystems, Foster City, CA). Data analysis is available 
at the company website (http://www.superarray.com/pcr/arrayanalysis.php). Briefly, total 
RNAs were isolated using RNeasy  (Qiagen, Waltham, MA) from undifferentiated hES cells 
at day 0, differentiated hEBs at day 12, hEB-sprouting, hES-derived endothelial cells (after 
CD31/CD144 sort), and human umbilical endothelial cells (HUVEC) as positive control.  
First-strand cDNAs were generated using iScript Select cDNA Synthesis Kit (BioRad, 
Hercules, CA). For real-time PCR reaction, first-strand cDNAs were added to RT qPCR 
Master Mix (SuperArray Bioscience). Samples were heated for 10 min at 95°C and then 
subjected to 40 cycles of denaturation at 95°C for 15 sec and annealing and elongation at 
60°C for 1 min. 
Analysis of scatter plot demonstrated 28 genes were upregulated when day-12 EBs were 
embedded into collagen type I for an additional 3 days (Figure 6A). Analysis of scatter plots 
also revealed that 30 genes were upregulated and 8 genes downregulated after 
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undifferentiated hES cells differentiated into EBs, and 33 genes upregulated and 2 genes 
downregulated after hES cells differentiated into EB sprouting. Quantitative analysis 
showed after endothelial induction, ICAM1, CD31, VCAM1, and vWF were significantly 
upregulated, while FGF1, Flt1, KDR and VEGFA were expressed in undifferentiated cells 
and upregulated with endothelial differentiation of hES cells (Figure 6B), which were also 
consistent with the microarray data. To explore the mechanism of promotion of endothelial 
differentiation in collagen, quantitative analysis was carried out and showed that 
endothelial cell activation genes were upregulated swiftly and endothelial differentiation 
was triggered after hEBs were embedded into collagen (Figure 6C). 
 

 
Fig. 6. Quantitative PCR analysis of endothelial gene in hES, hEB, hEB sproutin, hES-EC and 
HUVEC. (A) Scatter plots of the endothelial related gene-expression were compared 
between hES and hEB, hES and sprouting , and hEB and sprouting . Endothelial related 
genes expression was analyzed by Human Endothelial Cell Biology RT2 Profiler PCR Array. 
The array includes 84 genes related to endothelial cell biology. The lines indicate the 
diagonal and 4-fold changes between the two samples. (B) Kinetic expression of selected 
endothelial gene on hES, hEB, sprouting and hES-EC between HUVEC. Compared to 
HUVEC, hES-ECs express abundant endothelial gene except adult endothelial gene vWF. 
(C) Cell matrix related gene increase swiftly in collagen regardless beginning level 

4. Imaging fate of transplanted hES-ECs 
Stem cell therapy is an exciting area of research that promises future treatment of many 
diseases (Chiu, 2003). However, to fully understand the beneficial effects of stem cell therapy, 
investigators must be able to track the biology and physiology of transplanted cells in living 
subjects over time. At present, most cell therapy protocols require histological analysis to 
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determine viable engraftment of the transplanted cells. The development of sensitive, 
noninvasive technologies to monitor this fundamental engraftment parameter will greatly aid 
clinical implementation of cell therapy. Therefore, to validate the in vivo engraftment potential 
of our hES-ECs, we performed noninvasive monitoring of transplanted hES-ECs in a murine 
myocardial ischemia model by bioluminescence imaging (BLI). 
Among the different reporter gene imaging techniques, bioluminescence imaging (BLI) is 
extremely useful because of its high sensitivity, high-throughput screening, and 
straightforward imaging procedures. Firefly luciferase (Fluc) is a 61-kDa monomeric protein, 
which reacts with its substrate D-luciferin in the presence of oxygen, Mg2+, and ATP to emit 
luminescence. The light can be captured by high sensitive CCD camera, such as IVIS 
imaging system (Caliper Life Sciences, Mountain View, CA). This imaging modality is 
currently limited to small animal models, because bioluminescence imaging relies on low-
energy photons (2-3 eV) that become attenuated within deep tissues. Recent work 
demonstrated that hES cells can be stably transduced with a lentiviral vector carrying a 
novel double-fusion reporter gene that consists of firefly luciferase and enhanced green 
fluorescence protein (Fluc-eGFP) (Li et al., 2008). Reporter gene expression has shown no 
significant adverse effects on hES cells viability, proliferation, or differentiation into hES-
ECs. After transplantation into the mouse hindlimb, hES-ECs can be tracked up to 4 week by 
BLI. Moreover, postmortem histology can be used to confirm engraftment of transplanted 
hES-ECs based on GFP immunostaining. Finally, the reporter gene approach may also 
permit longitudinal monitoring of endothelial differentiation process. 

4.1 Lentiviral transduction of hES cells with double fusion (DF) reporter gene 
In order to track transplanted cells in vivo, hES cells were transduced at multiplicity of 
infection (MOI) of 10 with self-inactivating (SIN) lentiviral vector carrying a human 
ubiquitin promoter driving firefly luciferase and enhanced green fluorescence protein (Fluc-
eGFP) (Figure 7A). Stable clones were isolated using FACS for eGFP expression. 
Afterwards, Fluc activity within different cell numbers was confirmed ex vivo using 
Xenogen IVIS 200 system (Xenogen, Alameda, CA) as described (Cao et al., 2006). Non-
transduced hES cells (control) and hES cells with DF reporter gene (hES-DF) were stained 
for Oct-4 (Chemicon, Temecula, CA). The undifferentiated hES cell colonies were fixed in 
4% paraformaldehyde in PBS for 15 minutes. Nonspecific binding was blocked with 4% 
normal goat serum for 30 minutes, following which the colonies were stained with 
antibodies to Oct-4 and incubated with Alexa 594-conjugated rabbit anti-goat secondary 
antibodies (Invitrogen) for 30 minutes and nuclear counterstained with DAPI.  Images were 
obtained with a Zeiss Axiovert microscopy (Sutter Instrument Co., USA). Subsequently, the 
processes for in vitro endothelial cell differentiation and characterization were the same as 
control non-transduced hES cells described earlier. 
The efficiency of self-inactivating lentiviral vector for transducing hES cells was ∼20% (data 
not show). Both control non-transduced hES cells and stably transduced hES cells showed 
similar expression patterns of stem cell markers Oct-4 on immunostaining, suggesting 
minimal side effects by reporter gene on maintaining stem cell state (Figure 7B).  Upon 
culturing onto 24-well plates, we also observed a strong correlation (r2=0.99) between Fluc 
activity and cell numbers ex vivo using the Xenogen IVIS system (Figure 7C). The cell 
proliferation and cell viability data are also similar between control hES cells and 
transduced hES cells (data not shown).  Overall, these data are consistent with our previous 
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studies showing minimal effects of reporter genes on mouse ES cell survival, proliferation, 
and differentiation (Cao et al., 2006, Wu et al., 2006a, Wu et al., 2006b). 
 

 
Fig. 7. Stable lentiviral transduction of hES cells with the double fusion reporter genes. (A) 
Schema of the double fusion reporter gene containing fusion of Fluc-sGFP. The double 
fusion reporter gene was cloned into a self-inactivating lentiviral vector downstream from 
the ubiquitin promoter. (B) Control hES cells and transduced hES cells showed similar 
expression pattern of Oct-4 under fluorescence microscopy. DAPI staining is used as a 
nuclear marker. (C) Ex vivo imaging analysis of stably transduced cells show increasing 
bioluminescence signals with cell numbers of hES cells (r2=0.99). Data are representative of 
three independent experiments. Abbreviations: DAPI, 4’, 6-diamidino-2-phenylindole 

4.2 Longitudinal bioluminescence imaging of hES cell survival in living animals 
Previous studies have demonstrated that hES-derived cardiomyocyte transplantation can 
improve cardiac function after myocardial infarction (van Laake et al., 2007, Laflamme et al., 
2007). To understand the therapeutic potential of hES-ECs for treatment of ischemia heart 
disease, we subjected SCID mice to LAD ischemia and reperfusion followed by injection 
with either 1x106 cultured hES-ECs (n=28) or PBS (n=15). For sham operated animals (n=5), 
open thoracotomy was performed without ligation of the LAD and without injection of hES-
ECs or PBS. All surgical procedures were performed on 8-10 week old female SCID Beige 
mice (Charles River Laboratories, Wilmington, MA) by a single experienced micro-surgeon. 
Protocols were approved by the Stanford University Animal Care and Use Committee 
guidelines. Following induction with inhaled isoflurane (2% to 3%), mice were intubated 
and ventilated and anesthesia was maintained with inhaled isoflurane (1% to 2.5%). A left 
thoracotomy was performed followed by ligation of the middle of left anterior descending 
(LAD) artery for 30 minutes followed by reperfusion. Infarction was visually confirmed by 
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blanching of the anterolateral region of the left ventricle along with dyskinesis. After 30 
minutes, 1×106 hES-ECs were injected intramyocardially into the peri-infarct zone at 20 µl of 
total volume. Control animals received PBS injection instead. For sham operated animals, 
suturing was performed without ligation. Post-operative analgesia was provided by a one-
time, subcutaneous injection of buprenorphine (0.1 mg/kg body weight). Animals were 
recovered in a warmed, humidified chamber. 
Cardiac bioluminescence imaging was performed using the Xenogen IVIS 200 system. After 
intraperitoneal injection of the reporter probe D-Luciferin (150 mg luciferin/kg), animals 
were imaged for 1-10 minutes. The same mice were imaged for up to 8 weeks. 
Bioluminescence signal was quantified in units of maximum photons per second per cm 
square per steridian (photons/sec/cm2/sr). Injection of hES-ECs into infarcted myocardium 
resulted in a robust bioluminescence signal at day 2. However, serial imaging of the same 
animals out to 8 weeks demonstrated a significant decay in bioluminescence, suggesting 
acute donor cell death. When normalized to the signal on day 2 after injection, the percent 
bioluminescence signals were 36.8±15.5 at day 4, 6.7±1.5 at day 7, 3.5±0.6 at day 14, 2.3±0.5 at 
day 28, and 0.8±0.4 at day 56 (Figure 8). Thus, we believe less than 1% of transplanted hES-
ECs survived beyond 8 weeks. 
 

 
Fig. 8. Molecular imaging of hES-EC fate after transplantation. (A) A representative animal 
injected with 1x106 hES-ECs shows significant bioluminescence activity at day 2, which 
decreases progressively over the following 8 weeks. A representative control animal injected 
with PBS shows no imaging signals as expected.  (B) Detailed quantitative analysis of signals 
from all animals (n=28) transplanted with hES-ECs (signal activity is expressed as 
photons/sec/cm2/sr). (C) Donor cell survival plotted as % signal activity from day 2 to week 8 

4.3 Assessment of cardiac viability following hES-EC based therapy by PET imaging 
Small animal PET imaging was carried out at day -7 (baseline) and days 2, 14, 28, and 56, 
post-operatively. Mice were fasted for 3 hours prior to radioisotope injection and then were 
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injected with 140±17 µCi of [18F]-FDG via the tail vein. At 45 to 60 minutes post-injection, 
animals were anesthetized with inhaled 2% isoflurane and imaged with a Vista microPET 
system (GE Health Care). Images were reconstructed by filtered back projection (FBP) and 
analyzed by image software Amide (http://amide.sourceforge.net/index.html). Three-
dimensional regions of interest (ROIs) were drawn encompassing the heart. 
Counts/pixel/min were converted to counts/ml/min (assuming a tissue density of 1 g/ml) 
with a calibration constant derived from scanning a cylindrical phantom (Toyama et al., 
2004). For each ROI, counts/ml/min were then converted to counts/gram/min and divided 
by the injected dose to obtain the image ROI-derived [18F]-FDG percentage injected dose per 
gram of heart (% ID/g). To measure the myocardium infarction size, [18F]-FDG PET images 
were assembled into polar maps (Kudo et al., 2002). The size of perfusion defects was 
measured as the myocardium with 50% of maximum activity and expressed as percent total 
myocardium polar map by GE Healthcare Advantage Workstation (GE Healthcare, UK). 
Myocardial metabolic activity and perfusion defect imaging can be detected using a 
microPET system and 18F-fluorodeoxyglucose ([18F]-FDG) radiotracer (Kudo et al., 2002). 
This technique can be used to accurately detect changes in cardiac viability following 
infarctions in small animal models (Schelbert et al., 2003). Therefore, we performed [18F]-
FDG PET scans at baseline, day 2, day 14, day 28, and day 56 post infarction for hES-EC 
treated and control animals. We observed a significant reduction in cardiac [18F]-FDG 
uptake for both groups at day 2, confirming successful myocardial infarction. At day 14, 
 

 
Fig. 9. [18F]-FDG PET imaging of cardiac viability. (A) Representative polar map of the 
microPET images obtained from mice treated with PBS vs. hES-ECs. (B) Measurements are 
based on 50% thresholds. *P<0.05 vs. PBS group at day 14 
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there was a significant increase in cardiac viability (indicated by increased [18F]-FDG 
uptake) in the hES-EC treated group compared to controls (26.3±1.8 vs. 22.4±3.4; P<0.05). 
Analysis of the [18F]-FDG PET images using polar-map reconstruction revealed reduced 
infarction size on the hES-EC transplantation group compared to the PBS group, but there 
was no significant difference at any day other than day 14 (Figure 9). Overall, the trends for 
changes in functional contractility and metabolic activity were very similar based on the 
microPET imaging results. 

4.4 Histologic assessment of hES-ECs engraftment  
Histologic analysis of the myocardium was performed by examining thin sections of the 
gross specimen and via immunofluorescent microscopic examination. Microscopic 
examination showed the presence of GFP positive cells within myocardium (Figure 10). At 
day 4, clumps of hES-ECs can be found in the interstitial spaces between cardiomyocytes, as 
seen with -sarcomeric actin (-SA) and GFP double staining (Figure 10A). At day 28, GFP, 
-SA, and mouse-specific CD31 triple staining revealed hES-ECs that had formed 
microvessel structures and integrated with host vasculature. However, the overall frequency 
of GFP+ cells was significantly decreased at day 28 (Figure 10B, C), which is consistent with 
the decrease in bioluminescence signals measured over this same period of time and likely 
due to massive cell death. Moreover, immunostaining with mouse CD31 and -SA at day 4  
 

 
Fig. 10. Confirmation of engrafted hES-ECs by immunofluorescence. (A) hES-ECs within the 
recipient myocardium 4 days after injection showed clump formation. (B, C) At day 28, 
transplanted hES-ECs can differentiate into vasculature and integrate with host 
myocardium as confirmed by GFP, mouse CD31, and -sarcomeric actin (-SA) co-staining. 
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showed no host vasculature extension into the hES-EC clumps (data not shown), which 
suggests no direct nutrient transport to transplanted cells other than diffusion. Finally, 
examination of the explanted hearts showed a downward trend in infarct size and an 
upward trend in microvascular density (MVD) in the hES-EC treated group, though these 
differences with controls were not statistically significant (data not shown). 

4.5 Functional imaging with intravital microscope 
To understand whether hES-ECs also possess vasculogenic ability in vivo, we next evaluated 
the in vivo vascular formation potential of hES-ECs after transplantation in the model of 
mouse dorsal window chamber. Previous data showed that supporting fibroblast cells were 
needed to stabilize engineered blood vessels (Au et al., 2008, Wang et al., 2007). However, 
there are obvious drawbacks in using mouse support cells in study of vessel maturation of 
human cell. In this study, we introduced collagen type I and Matrigel, without support cells, 
and showed hES-ECs can form functional vasculature and are stable up to 2 months post 
transplantation. Briefly, one million hES-ECs were suspended in 1 ml solution of rat-tail 
type I collagen (at final concentration 1.5 mg/ml) (BD) and Matrigel (BD) (1:1) at 4°C. The 
cell suspension was pipetted into 12-well plates and warmed to 37°C for 30 minutes to allow 
polymerization of collagen and Matrigel and 1 ml EGM-2 medium was added after that 
(Figure 11A). After one day of culture in 5% CO2, a skin puncher was applied to create 
circular disk-shape pieces of the construct (8-mm diameter), and they were implanted into 
 

 
Fig. 11. Demonstration of functional vessels in vivo using Matrigel plug and dorsal window 
chamber. (A) Dorsal window chamber model in SCID mice. GFP+ hES-ECs were cultured in 
a mix of collagen and Matrigel for 1 day (left, upper panel), and implanted into dorsal 
windows in SCID mice (middle, upper panel). Images were taken at day 2, 14 and 21 after 
implantation. After 14 days, Angiosense 680 was injected by tail vein to highlight perfused 
vessels within the dorsal window. Green, hES-ECs expressing GFP; red, functional blood 
vessels with contrast enhanced by Angiosense 680 
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there was a significant increase in cardiac viability (indicated by increased [18F]-FDG 
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the dorsal skin fold windows in SCID mice. The titanium dorsal skin fold chamber (APJ 
Trading Co. Inc, Ventura, Ca) surgically mounted onto each mouse was described 
previously(Lehr et al., 1993). Briefly, mice were anesthetized with inhaled isoflurane (2%–
3%), and two symmetrical titanium frames were implanted to sandwich the extended 
double layer of the skin. One layer was removed in a 10-mm-diameter circular area. The 
remaining layer, consisting of epidermis, subcutaneous tissue, and striated skin muscle, was 
covered with a glass coverslip incorporated in one of the titanium frames (Figure 11B). The 
animals were housed one per cage and had free access to water and food throughout the 
experiment. A recovery period of 2 days was allowed before the collagen/Matrigel patch 
was transplanted. Multiphoton laser-scanning intravital microscopy (IV-100, Olympus, 
Center Valley, PA) was used to visualize and quantify the morphological changes of EGFP-
expressing hES-ECs. 
To test whether the engineered vascular networks integrated with the host murine 
circulatory system, we next injected Angiosense 680 intravenously to enhance the contrast of 
perfused vessels. Importantly, several of the hES-EC derived vessels formed conduits that 
contained blood flow from day 12 to day 60 (Figure 11, D, E & F). In summary, these data 
suggest that transplanted hES-ECs have angiogenic potential and are able to integrate into 
the host vasculature. 

5. Conclusion 
Taken together, the results showed that endothelial output efficiency was increased by a 
novel two-step differentiation of hES cells with collagen, and hES-ECs possess functional 
vasculogenic ability in vivo. However, the numbers surviving hES-ECs in infarcted tissue 
decreased significantly in the first few weeks and improved heart function at 2 weeks, but 
not to a significant degree later, demonstrating the requirement for long-term follow-up in 
all cardiac cell transplantation studies. Alternative transplantation protocols with larger 
numbers of hES-ECs, multiple grafts, or addition of matrix or prosurvival factors to prevent 
donor cell death after transplantation could eventually lead to the realization of further and 
sustained enhancement of heart function post myocardial infarction. These data suggest that 
prolonged heart function recovery may require more permanent graft survival of 
transplanted cells. In conclusion, two-step differentiation of hES cells can provide sufficient 
and functional endothelial cells for cell therapy, but exploring alternative transplant 
protocols that can improve cell survival and lead to sustained enhancement of heart 
function post infarction should be introduced in future. Furthermore, we believe molecular 
imaging will likely play a critical role in monitoring the localization and viability of these 
transplanted cells for cardiovascular diseases. 

6. Prospect 
Cardiovascular disease (CVD) accounts for approximately 30% of all deaths in the United 
States (Rosamond et al., 2008). Since CVD is primarily caused by endothelial dysfunction, 
therapeutic angiogenesis/vasculogenesis holds great promise for a potential cure. The logic 
behind angiogenesis/vasculogenesis is to improve the spontaneous healing process by 
supplementation of vascular progenitor cells or growth factors(Li et al., 2007). Endothelial 
progenitor cell transplantation can foster the formation of arterial collaterals and promote 
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the regeneration of damaged tissues. Recently, human embryonic stem (hES) cells have 
generated much interest because of their capacity for self-renewal and pluripotency. In 
practical terms, hES cells can be cultured indefinitely ex vivo, and can differentiate into 
virtually any cell type in the adult body (Thomson et al., 1998, Reubinoff et al., 2000). hES 
cells are thus an attractive source for the derivation of large numbers of cells to be used in 
various tissue repair and cell replacement therapies. However, upon transplantation into 
living organisms, undifferentiated hES cells can spontaneously differentiate into rapidly 
proliferating teratomas, which are disordered amalgam of all three germs layers 
(Thomson et al., 1998, Reubinoff et al., 2000). Therefore, safely coaxing hES cells into 
committed progenitor lineages for therapeutic applications is an innovative and feasible 
strategy that can minimize the risk of cellular misbehavior and teratoma formation.  
At present, hES cells are in the approval process for use in the treatment of 
neurodegenerative disease and Stargardt’s Macular Dystrophy (SMD) by the Food and 
Drug Administration (FDA) of United States (Sun et al., 2010). The isolation of hES-
derived endothelial cells (hES-ECs) may also have potential therapeutic applications, 

including cell transplantation for repair of ischemic tissues and tissue-engineered vascular 
grafts. However, to fully understand the beneficial effects of stem cell therapy, 
investigators must be able to track the functional biology and physiology of transplanted 
cells in living subjects over time. At present, most cell therapy protocols are limited by 
their requirement for histological analysis to determine viable engraftment of the 
transplanted cells. The development of sensitive, noninvasive technologies to monitor this 
fundamental engraftment parameter will greatly aid clinical implementation of cell 
therapy. Moreover, recent research on hES-based therapy showed poor long-term 
engraftment of hES-ECs by serial bioluminescence imaging (Li et al., 2008). Thus, to 
sustain long-term engraftment of hES-ECs and realize the full benefits of hES-EC 
therapies, alternative transplantation protocols with addition of matrix (Cao et al., 2007) or 
pro-survival factors (Laflamme et al., 2007) to prevent cells death after transplantation 
must be developed. 
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1. Introduction 
Embryonic stem (ES) cells are self-renewing and pluripotent cells that arise from the inner 
cell mass of the mammalian blastocyst (Smith, 2001). Their unique capability of potentially 
generating every cell type continuously attracts the interest of different fields of research. 
Indeed, ES cells represent a powerful tool for the study of the molecular mechanisms of cell 
differentiation with important applications in cell therapies, tissue engineering, regenerative 
medicine and pharmaceutical screening (Trounson, 2006; Vats et al., 2005). All these 
applications require rapid and sensitive assays to evaluate the differentiation process 
through the identification of specific markers of the differentiation status. To date, ES cell 
differentiation is mainly monitored by biochemical methods such as immunohistochemistry, 
gene expression analysis, functional assays of the differentiating cells and flow cytometry, 
that - even if providing a comprehensive characterization of cells - are time consuming, 
expensive and often require a complex sample handling. For these reasons, the development 
of new approaches for stem cell studies is highly desirable.  
In the last decades, optical spectroscopy approaches were applied to the study of intact cells 
and in particular vibrational spectroscopies revealed to be powerful techniques for the 
characterization of complex biological systems (Heraud & Tobin, 2009). In particular, 
Fourier transform infrared (FTIR) and Raman are non invasive and label-free vibrational 
(micro)spectroscopies that allow to obtain information on the molecular composition and 
structure of intact cells, tissues and whole organisms (Schulze et al., 2010 ; Tanthanuch et al., 
2010; Chan & Lieu, 2009; Walsh et al., 2009; Ami et al., 2004; Choo et al., 1996), providing a 
unique molecular fingerprint within a single measurement. In this way, it is possible to 
characterize rapidly different processes that take place simultaneously in biological systems, 
a non easy task for the standard biochemical approaches. Thanks to the use of an infrared 
microscope coupled to a FTIR spectrometer, it becomes possible to collect the absorption 
spectrum from a selected sample area. Interestingly, these techniques, thank to their  fast – 
time resolution, have been successfully used to snapshot and “freeze” molecular events in 
complex systems (Miller & Dumas, 2010; Hamm, 2009).   
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The potential of FTIR and Raman spectroscopies has been widely exploited to monitor 
biological processes in-situ, for instance in cancer diagnosis (Krafft et al., 2009; Baker et al., 
2008; Wang et al., 2007), in protein aggregation (Diomede et al., 2010; Doglia et al., 2008; Ami 
et al., 2005; Choo et al., 1996) and in stem cell research (Schulze et al., 2010; Heraud & Tobin, 
2009; Ami et al., 2008; Notingher et al., 2004a; Notingher et al., 2004b). Indeed, these 
vibrational approaches have been shown to be a promising tool for the characterization of 
cellular mechanisms, providing not only structural information, but also details on the 
dynamics of the structures (Miller & Dumas, 2010).  
Concerning in particular the study of complex biological systems, it is important to 
underline that the multivariate statistical analysis is an essential support to fully understand 
the spectroscopic response. Among the different statistical approaches, the combined 
principal component - linear discriminant analysis (PCA-LDA) allows to find in the 
spectrum the wavenumbers that contribute to the largest inter-spectral variance, thus 
validating the identification of the marker bands obtained by the direct inspection of the 
spectral data (Ami et al., 2008; Walsh et al., 2007; Fearn, 2002). In Figure 1 we illustrated the 
procedure that should be followed to successfully tackle the FTIR characterization of 
complex systems. 

 
Fig. 1. Scheme of a FTIR approach to study complex biological systems. The measured 
absorption spectra are analyzed by resolution enhancement approaches, as second 
derivatives, to resolve the overlapped absorption components and to follow their variations 
during the process under investigation. To validate the spectroscopic results, a multivariate 
analysis - such as PCA-LDA - is required. The assignment of the identified marker bands to 
specific biomolecules involved in the process is the next crucial step. The interpretation of 
the spectroscopic data should be then confirmed by  standard biochemical characterizations.  

In this chapter we will first give an overview of FTIR spectroscopy of isolated biomolecules: 
proteins, nucleic acids, lipids, and carbohydrates. Then, we will illustrate in detail the basis 
of the multivariate analysis applied to the study of complex biological systems. Finally, we 
will extend the spectroscopic study on intact cells, focusing our interest on the 
characterization of embryonic stem cell differentiation.  
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2. FTIR spectroscopy of biomolecules: proteins, nucleic acids, lipids and 
carbohydrates 
The application of FTIR (micro)spectroscopy to the study of biological systems is based on 
the knowledge of the band assignment of the infrared absorption due to the functional 
groups of the most important biomolecules. Indeed, proteins, nucleic acids, lipids and 
carbohydrates have specific absorptions in the mid infrared range, between 4000 and 400 
cm-1. To better illustrate this point, in Figure 2 the IR absorption spectra of model 
biomolecules are reported and compared with that of intact eukaryotic cells. 
 

 
Fig. 2. FTIR absorptions of model biomolecules and intact eukaryotic cells. Myoglobin, calf 
thymus DNA, phosphatidylethanolamine and galactose are taken as models for protein, 
nucleic acid, lipid, and carbohydrate IR absorptions respectively. A representative FTIR 
spectrum of intact murine ES cells is also reported for comparison. Hydrated films of the 
isolated biomolecules were measured in attenuated total reflection (ATR), while murine 
embryonic stem (ES) cells were measured in transmission, after dry-fixing for about 30 
minutes. 

Several spectroscopic studies on complex biological systems are found in literature and 
became possible since IR spectroscopy is not limited by the physical state of the sample 
(liquid, solid, etc).  
A limiting factor in the infrared characterization of biological molecules in their natural state 
was initially represented by the strong water absorption in the mid-IR range, where their 

Wavenumbers 
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internal vibrational modes occur. However, the development of high performing FTIR 
spectrometers that allow to obtain spectra with an excellent signal to noise ratio and baseline 
stability enables, nowadays, to subtract the solvent spectrum. Moreover, several strategies – 
as the use, for instance, of deuterated water – could help to overcome this problem. 
For the FTIR study of secondary structures, stability, and aggregation of proteins, 
particularly useful are the Amide I and the Amide II bands that occur, respectively, in the 
1700-1600 cm-1 and 1600-1500 cm-1 spectral regions. The Amide I band, the most used for 
protein analyses, is mainly due to the C=O stretching vibration of the peptide bond and it is 
sensitive to the protein secondary structures (Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993).  
Since FTIR spectroscopy allows to examine also highly scattering samples, proteins can be 
studied in different environmental conditions, including solutions, hydrated film, and also 
within intact cells and tissues.  
The Amide I of proteins and peptides usually appears as a broad band due to the 
overlapping of several spectral components arising from the peptide bond absorption in the 
different secondary structures. On the basis of computational analyses and experimental 
studies on model compounds - peptides and proteins with known three dimensional 
structures - it has been possible to assign these components to specific protein secondary 
structures according to their peak position (Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993). For this reason the first critical step on the FTIR analysis of 
proteins is the identification of the spectral components that contribute to the Amide I 
envelop, while the second step is the assignment of each component to a specific protein 
secondary structure. For the first step, two resolution enhancement procedures can be used: 
the second derivative analysis of the spectra (see below; Susi & Byler, 1986) and the Fourier 
self-deconvolution (FSD) method (not reported in this chapter, see Arrondo et al., 1993; 
Kauppinen et al., 1981).  Several reviews discuss extensively the Amide I band assignment 
to protein secondary structures (for instance Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993) and here we report only a scheme for protein in not-
deuterated solvent: alpha-helices (1660–1648 cm-1), beta-sheets (1640–1623 cm-1 and 1695–
1674 cm-1), turns (1686–1662 cm-1), random coils (1657–1642 cm-1), and aggregation and 
protein-protein interactions (1630–1620 cm-1  and 1698-1692 cm-1) . 
Concerning nucleic acids, their IR absorption is very complex and covers a wide range of 
frequencies (Banyay et al., 2003; Zhizhina & Oleinik, 1972; Tsuboi, 1961). For simplicity, the 
range of absorption is conventionally divided in different spectral regions. Here, we will 
briefly illustrate the most studied ones.  
The 1800-1500 cm-1 range is mainly due to nucleobase vibrations, sensitive to base stacking 
and base pairing interactions, while in the 1500-1250 cm-1 range marker bands sensitive to 
sugar puckering, glycosidic bond rotation and backbone conformation are found. Bands 
sensitive to nucleic acid backbone conformation occur also between 1250-1000 cm-1, due to 
vibrations along the sugar-phosphate chain. This last spectral region is of particular interest 
for cell biology studies, since a number of marker bands of the different DNA conformations 
(A, B, and Z) can be found in the spectra, allowing to obtain important insights into the 
nucleic acid dynamics and functions. For instance, it is known that double stranded DNA 
exists in two main family forms, the A and the B geometries. In particular, it is known to 
assume the A form in low relative humidity conditions and in the hybrid with RNA, during 
transcription (Banyay et al., 2003 and references therein).  

Fourier Transform Infrared Microspectroscopy as a Tool for Embryonic Stem Cell Studies   

 

197 

Also of particular interest is the spectral range between 1000 and 800 cm-1 where bands due 
to the different sugar puckering modes (S-N types) are found. Since these are sensitive to 
changes in the DNA sugar conformation induced by cytosine methylation (Banyay & 
Graslund, 2002), the analysis of this range could be relevant for biological studies 
considering the extent of DNA methylation in cells. Theophanides & Tajmir-Riahi (1985) 
studied the conformational changes of DNA, identifying IR marker bands of A and B DNA 
forms thanks to the absorption of their different sugar conformations.  
Among the first nucleic acid FTIR studies, it should be mentioned the work of Tsuboi (1961), 
that studied the secondary structure of DNA in solution, native and denatured, enabling to 
detect the spectral changes due to the breakdown of its secondary structure.  
Being the main components of biological membranes, also the infrared absorption of lipids 
has been widely characterized (Casal & Mantsch, 1984; Arrondo & Goni, 1998). It originates 
mainly from molecular vibrations of the hydrophylic head-group and of the hydrophobic 
hydrocarbon tail. The most studied lipid spectral range is that between 3100-2800 cm-l, 
where the acyl chain vibrational modes occur with generally strong bands due to CH2 and 
CH3 stretching modes. The frequencies of these bands are conformation-sensitive and 
respond to temperature-induced changes of the trans/gauche ratio in acyl chains. In this 
way, it is possible to study lipid phase transitions and changes in lipid composition (Casal & 
Mantsch, 1984). For instance, through the analysis of the changes in the CH2 and CH3 
absorption bands, the stress response induced by protein aggregation in bacterial cells has 
been monitored in situ (Ami et al., 2009). Furthermore, through the CH stretching region 
analysis of mouse oocyte FTIR spectra and supported by the ester carbonyl band around 
1740 cm-1 (see below), Wood and colleagues (Wood et al., 2008) found that lipids - whose 
composition within the oocytes drastically changes during maturation stages – could be 
considered potential markers of oocyte developmental competence.  
Interestingly, the methyl group vibrations occurring in the 3100-2800 cm-1 spectral range 
could also give information on DNA/histone methylation and/or histone acetylation, 
important issues for epigenetic studies (Ami et al., 2010; O’Connell, 2005).  
Furthermore, also of particular interest for lipid studies is the so called interfacial region, 
between 1750-1700 cm-1, where the stretching vibrations of the C=O group involved in ester 
bonds occur. The resulting absorption bands are sensitive to changes in their local 
environment, such as polarity or hydrogen bonding (Casal & Mantsh, 1984; Arrondo & 
Goni, 1998).  
 We should add that FTIR spectroscopy has been also widely applied in several fields of 
carbohydrate research as it allows, for instance, to study mono and oligosaccharide 
composition and conformation (Kacurakova & Wilson, 2001) and protein glycosylation 
(Natalello et al., 2005). To this aim, the most used spectral range is in the fingerprint region 
between 1200 and 750 cm−1, whose band peak positions and intensities are specific for every 
polysaccharide. In particular, the IR response has been found to be highly sensitive to the 
carbohydrate conformation, to hydrogen bonding, to hydration, to the type of substituent, 
and to the linkage positions (Kacurakova & Wilson, 2001). Due to the complexity of the 
carbohydrate IR absorption, the band assignment could be not unequivocal, requiring 
accurate data analysis and validation of the results.  
Noteworthy, of particular interest for cell biology applications is the infrared response of 
glycogen that in tissues and in single cells displays its spectral signature at specific 
wavenumbers: ≈1028, ≈1081, and ≈1153 cm−1 (Heraud et al., 2010; Ami et al., 2008; Walsh et 
al., 2007; Wang et al., 2007;  Steller et al., 2006).  



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

196 

internal vibrational modes occur. However, the development of high performing FTIR 
spectrometers that allow to obtain spectra with an excellent signal to noise ratio and baseline 
stability enables, nowadays, to subtract the solvent spectrum. Moreover, several strategies – 
as the use, for instance, of deuterated water – could help to overcome this problem. 
For the FTIR study of secondary structures, stability, and aggregation of proteins, 
particularly useful are the Amide I and the Amide II bands that occur, respectively, in the 
1700-1600 cm-1 and 1600-1500 cm-1 spectral regions. The Amide I band, the most used for 
protein analyses, is mainly due to the C=O stretching vibration of the peptide bond and it is 
sensitive to the protein secondary structures (Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993).  
Since FTIR spectroscopy allows to examine also highly scattering samples, proteins can be 
studied in different environmental conditions, including solutions, hydrated film, and also 
within intact cells and tissues.  
The Amide I of proteins and peptides usually appears as a broad band due to the 
overlapping of several spectral components arising from the peptide bond absorption in the 
different secondary structures. On the basis of computational analyses and experimental 
studies on model compounds - peptides and proteins with known three dimensional 
structures - it has been possible to assign these components to specific protein secondary 
structures according to their peak position (Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993). For this reason the first critical step on the FTIR analysis of 
proteins is the identification of the spectral components that contribute to the Amide I 
envelop, while the second step is the assignment of each component to a specific protein 
secondary structure. For the first step, two resolution enhancement procedures can be used: 
the second derivative analysis of the spectra (see below; Susi & Byler, 1986) and the Fourier 
self-deconvolution (FSD) method (not reported in this chapter, see Arrondo et al., 1993; 
Kauppinen et al., 1981).  Several reviews discuss extensively the Amide I band assignment 
to protein secondary structures (for instance Barth, 2007; Barth & Zscherp, 2002; Arrondo & 
Goni, 1999; Arrondo et al., 1993) and here we report only a scheme for protein in not-
deuterated solvent: alpha-helices (1660–1648 cm-1), beta-sheets (1640–1623 cm-1 and 1695–
1674 cm-1), turns (1686–1662 cm-1), random coils (1657–1642 cm-1), and aggregation and 
protein-protein interactions (1630–1620 cm-1  and 1698-1692 cm-1) . 
Concerning nucleic acids, their IR absorption is very complex and covers a wide range of 
frequencies (Banyay et al., 2003; Zhizhina & Oleinik, 1972; Tsuboi, 1961). For simplicity, the 
range of absorption is conventionally divided in different spectral regions. Here, we will 
briefly illustrate the most studied ones.  
The 1800-1500 cm-1 range is mainly due to nucleobase vibrations, sensitive to base stacking 
and base pairing interactions, while in the 1500-1250 cm-1 range marker bands sensitive to 
sugar puckering, glycosidic bond rotation and backbone conformation are found. Bands 
sensitive to nucleic acid backbone conformation occur also between 1250-1000 cm-1, due to 
vibrations along the sugar-phosphate chain. This last spectral region is of particular interest 
for cell biology studies, since a number of marker bands of the different DNA conformations 
(A, B, and Z) can be found in the spectra, allowing to obtain important insights into the 
nucleic acid dynamics and functions. For instance, it is known that double stranded DNA 
exists in two main family forms, the A and the B geometries. In particular, it is known to 
assume the A form in low relative humidity conditions and in the hybrid with RNA, during 
transcription (Banyay et al., 2003 and references therein).  
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Also of particular interest is the spectral range between 1000 and 800 cm-1 where bands due 
to the different sugar puckering modes (S-N types) are found. Since these are sensitive to 
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Goni, 1998).  
 We should add that FTIR spectroscopy has been also widely applied in several fields of 
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composition and conformation (Kacurakova & Wilson, 2001) and protein glycosylation 
(Natalello et al., 2005). To this aim, the most used spectral range is in the fingerprint region 
between 1200 and 750 cm−1, whose band peak positions and intensities are specific for every 
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glycogen that in tissues and in single cells displays its spectral signature at specific 
wavenumbers: ≈1028, ≈1081, and ≈1153 cm−1 (Heraud et al., 2010; Ami et al., 2008; Walsh et 
al., 2007; Wang et al., 2007;  Steller et al., 2006).  
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3. Infrared microspectroscopy applied to the study of intact cells: sample 
preparation 
Coupling an infrared microscope, with all reflecting optics, with a FTIR spectrometer offers 
the opportunity to study selected areas within the sample under investigation. 
Two main different types of infrared microscopy can be used: the first, conventional, allows 
the collection of the IR absorption spectra from a microvolume within the sample, with a 
spatial resolution not only due to the diffraction limit of Mid IR light (3-10 μm), but also to 
the level of the absorbed light. For these reasons, a spectrum of good quality can be collected 
by an area larger than 20 μm x 20 μm – when using a nitrogen cooled Mercury Cadmium 
Telluride (MCT) detector (Orsini et al., 2000). Thanks to the variable aperture of the 
microscope, it is possible to select a small area of few tens of microns within the sample, 
enabling the study of intact cells (Tanthanuc et al., 2010; Thumanu et al., 2009; Ami et al., 
2008; Wood et al., 2008), tissues (Choo et al., 1996) and whole model organisms, as 
nematodes (Diomede et al., 2010; Ami et al., 2004).  
Instead, more advanced IR microscopes employ a focal plane array (FPA) detection to 
collect the IR chemical imaging of the sample, with a spatial resolution improved compared 
to that of the conventional microscope. The image contrast is determined by the response of 
the different sample regions to the particular IR wavelengths selected by the user (Kazarian 
& Chan 2006; Levin & Bhargava 2005; Lewis et al., 1995).  
We should mention that infrared measurements can be performed mainly in transmission or 
in attenuated total reflection (ATR) mode. Typically, measurements on biomolecules and on 
complex biological systems, such as cells and tissues, are carried out in transmission, 
employing suitable IR transparent supports, for instance of barium fluoride or zinc selenide. 
However, sometimes, it could be useful to work in ATR when the samples of interest are 
highly absorbing or when they cannot be easily transferred onto an opportune infrared 
support (Walsh et al., 2007; Orsini et al., 2000). Indeed, in ATR measurements the sample is 
placed in contact with the ATR element (diamond, germanium, etc) characterized by a 
refractive index higher than that of the sample. In this device, an evanescent wave generates 
and penetrates into the sample for a path length of the size of a micron (Tamm & Tatulian 1997).  
In addition, the development of synchrotron light sources further improved the application 
of FTIR microspectroscopy to cell characterization. Indeed, due to its radiation source 100–
1000 times brighter than that of a conventional thermal one, it is possible to collect an 
infrared absorption spectrum at a higher spatial resolution from a sample area of only few 
microns. In this way, a synchrotron IR source enables to collect high signal – to –noise ratio 
spectra of subcellular compartments, providing better insights useful for the study of 
biological processes within single cells (Miller & Dumas, 2010). 
We should recall that - even if samples in different physical states can be examined by FTIR 
spectroscopy - the sample condition can strongly affect the FTIR spectra. This makes it 
necessary to standardize sample preparation and data acquisition procedures. Indeed, as 
discussed above for isolated biomolecules, water absorption – very high in the mid-IR - could 
represent a limit for FTIR analysis, as it makes difficult to perform measurements in vivo that 
require an aqueous environment. A successful strategy to overcome this problem is the dry 
fixing procedure: a cell suspension is deposited on an IR transparent support and then dried at 
room temperature for about 30 minutes, in order to remove excess water that would mask the 
IR response of the different biological components (Ami et al. 2008). Noteworthy, using Raman 
spectroscopy - a vibrational technique where the water signal is weak and does not affect the 

Fourier Transform Infrared Microspectroscopy as a Tool for Embryonic Stem Cell Studies   

 

199 

Raman response of hydrated samples - it has been recently demonstrated that the rapid 
desiccation of cells doesn’t affect their spectroscopic response (Konorov et al., 2010). In 
particular, using Raman microspectroscopy the authors measured different stages of 
differentiation of human embryonic stem cells live and dry-fixed, and compared the 
spectroscopic responses obtained in the two conditions. The relative intensities of the bands 
due to tryptophan in proteins and to nucleic acid backbone and base vibrations - used as 
differentiation markers – were found to be the same in  living and in dry-fixed cells, allowing 
to monitor the same temporal patterns during differentiation in the two conditions.  
These results strongly indicate that dry-fixing is a suitable method for the study of intact 
cells by FTIR microspectroscopy. 
Furthermore, as recently pointed out by Zhao and colleagues (Zhao et al., 2010), changes 
due to aging of cells in culture could also interfere with the cell IR response. For this reason, 
the in-situ spectroscopic characterization of cell processes requires an accurate control of the 
stage of cell growth in culture, in order to obtain reliable and reproducible results. 

4. FTIR second derivative analysis 
Considering the complexity of the FTIR spectra of biological systems, it is often necessary to 
better resolve their absorption bands, often broad and overlapped one to the other, using the 
so called resolution enhancement procedures. To this aim, the second derivative analysis is 
widely applied to the measured spectra, as described and discussed by Susy & Byler (1986). 
In this way, the overlapping absorption components in the spectrum are identified as 
negative bands in the second derivative. This analysis requires spectra with high signal-to-
noise ratio and free of vapour absorption, as second derivative band intensity is inversely 
proportional to the square of the original band half-width, leading to an enhancement of the 
relative contribution of sharp lines, such as due to noise and vapour.  
Noteworthy, changes in the relative contributions of the different spectral components can 
be accurately monitored through the variations in intensity and peak position of the second 
derivative spectrum. 

5. Multivariate statistical analysis 
The multivariate statistical analysis (MVA) is an essential tool which allows to tackle the 
study of complex phenomena which are in general dependent by more than one statistical 
variable. 
In general, the MVA allows the: 
• simultaneous treatment of many variables and observations; 
• discovery and visualization of complex associations;  
• reduction of number of variables; 
• construction of descriptive models; 
• classification of data into groups. 
Among the numerous potential applications of MVA, we are now stressing the aspects 
related to variable reduction, descriptive models and data classification, which are generally 
applied to the analysis of spectroscopic data. 
In several cases, we are facing the question to find out which are the distinctive traits (if they 
exist) among samples of experiments done in different conditions, or at different times.  
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Each experiment can be repeated many times keeping fixed the experimental conditions. We 
then define a group as a collection of two or more replica of the same experiments. We also 
define the term instance or observation to refer to a specific experiment within one group.  
On every instance, we perform one or more measurements, which we believe are able to 
capture the fundamental variation among our groups. In such a way, we can express every 
instance as a vector composed by all our measurements. The measurement can also be a 
single one, but intrinsically composed of many variables, for example, an IR spectra, where 
each wavenumber corresponds to a different variable within the same measurement. 
In some cases it is also possible that we do not know, a priori, the distinction among different 
groups, but we would like only to determine if it is possible to classify our experiments into 
distinct groups. 
A very broad range of techniques has been developed to address these issues; they span 
from the statistical analysis to the machine learning field. 
For the purpose of this book, we will focus on those methodologies which are particularly 
successful  in the field of spectroscopy, namely the principal component analysis (PCA) and 
the linear discriminant analysis (LDA). 
In the first part, we will explain the basis of PCA with the role of dimensionality reduction 
combined with LDA as a method for descriptive analysis and classification.  
In the second section, we will briefly describe some other fundamental methodologies 
frequently used in multivariate statistical analysis. 

5.1 Principal component analysis (PCA) 
We describe here the basis of PCA with the specific aim of reducing the number of variables 
of our problem.  
As already mentioned in the introduction, we can express every observation as a vector 
composed by all our measurements. For example, suppose we have n observations, each one 
defined by a vector iy composed of m variables, where i=1,2,...,n stands for the i-th 
observation. 
The matrix of the original data Y is then composed by n rows (the observations) and m 
columns (the variables). 
We do not need, for the PCA, any information about the group membership of the 
observations, since no grouping of the observations or partitioning of the variables into 
subsets is assumed. 
By using PCA, our intent is to develop a smaller number of artificial variables (called 
principal components) that will account for most of the variance in the observed variables. 
We make the assumption that the original variables are redundant, which means that some 
variables are correlated to each other.  
Considering the linear combination of the original data, AYZ = , we want to find the matrix 
A such that the new variables Z (the principal components) are uncorrelated. The 
correlation between variables can be measured using the covariance matrix. Given the 

sample mean of the m-dimensional vector iy , iy ∑ in
= yy 1 , an unbiased estimator of the 

sample covariance matrix is  

 ( )( )Tiin
= yyyyS −∑ −

− 1
1  (1) 
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For uncorrelated variables, the off-diagonal values of the sample covariance matrix are zero, 
that is, S is diagonal. The covariance of linearly transformed variables AY=Z is equal 
to T

z ASA=S , where S is the sample covariance of the original data Y (Rencher, 2002). 
Thus, we want to find A such that the covariance matrix of the transformed data, zS , is 
diagonal, which corresponds to find the eigenvectors of the covariance matrix and the 
corresponding eigenvalues. 
The eigenvalues, which coincide with the matrix zS , are the sample variance of the 
principal components Z  and are ranked according to their magnitude. The first principal 
component is then the linear combination with maximal variance (largest eigenvalue). The 
second principal component is the linear combination with the maximal variance along a 
direction orthogonal to the first component, and so on (Manly, 2004). 
The number of eigenvalues is equal to the number of original variables; however, since the 
eigenvalues are equal to the variance of the principal components and they are sorted in a 
decreasing order, the first k eigenvalues explain a large portion of the variance of the data. 
Hence, to describe our original dataset we can use only the first k uncorrelated principal 
components, instead of the complete set of redundant m variables. In matrix notation this 
can be written as YAZ kk =  where kA is the eigenvectors matrix truncated to the k-th 
eigenvector, and kZ  is the matrix of the first k principal components. 
To choose how many principal components should be retained in order to summarize our 
data, we can use several strategies (Eriksson et al., 2006; Rencher, 2002). For example, one 
way commonly used is to retain sufficient components to explain a given total percentage of 
the variance, e.g 90% (Eriksson et al., 2006; Manly, 2004). 
The principal components obtained in this way can be used as a non redundant input for 
another analysis. 

5.2 Linear discriminant analysis (LDA) 
LDA is mainly a supervised technique, that is, it requires the knowledge of the group 
membership of the observations. Contrary to PCA, we assume that our data are partitioned 
into k groups (Fearn, 2002; Rencher, 2002; Fukunaga, 1990). 
LDA can have mainly two objectives. First, it can be a descriptive analysis used to describe 
and explain the differences among the groups. As we will see later, mathematically LDA 
finds the optimal hyperplane that separates the groups among each other. Or, in other 
words, it finds the optimal linear combination of the original variables that maximizes the 
distance among the groups. The transformed observations are called discriminant functions. 
The use of a linear combination implies that each original variable is weighted by a 
coefficient, which can be used to study the relative importance of the variable in the 
separation among the groups. A second possible role of LDA is to classify observations into 
groups. An observation, whose group membership is not known, is evaluated by a 
discriminant function (already calibrated) and it is assigned to one of the groups at which 
most likely it belongs (Eriksson et al., 2006; Manly, 2004; Rencher, 2002). 
Firstly, we will explain the “several groups discriminant analysis” applied as a descriptive 
technique, then we will show how it can be used as a classifier.  

5.2.1 Several groups descriptive discriminant analysis 
The initial dataset is an ensemble of multivariate observations partitioned into k distinct 
groups (e.g. different experimental treatments, times or conditions). Each of the k groups 
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contains in  observations, where i runs from 1 to k and refers to the i-th group. The 
multivariate observation vectors can be written as ijy  where in,=jk,,=i 1,...1,...  (i is the i-th 
group and j is the j-th observation). The vector has size m, which corresponds to the number 
of variables.   
Our goal in LDA is to search for the linear combination that optimally separates our 
multivariate observation into k groups. 
This can be visualized in the two group case in Figure 3. The new axis (the discriminant 
function) allows a better separation of the two clouds of points representing the two 
dimensional observations of two groups. 
 

 

 
Fig. 3. LDA two group case separation. Rotation of the axis along the direction of the 
maximal separation between the two groups. After the rotation the two groups can be 
totally distinguished using only one axis. 
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since ijz  is a linear transformation of ijy , the mean of the group i of the transformed data 
can be written as 
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where iy  is the mean of the original variables, obtained as iiji n= /∑yy  
We now introduce the between-groups sum of squares B (measure of dispersion  among the 
groups) and the within-group sum of squares E (measure of dispersion within one group). 
First, we define them for the unidimensional case relatively to the untransformed data.  
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Analogously, in the multivariate case (where each observation is constituted by m variables) 
we have the two matrices 

 ( ) ( )( )Tiiin= yyyyyB −−∑   (3) 

and 

 ( ) ( )( )Tiijiij= yyyyyE −−∑∑  (4) 

Finding the optimal linear combination that separates our multivariate observations into k 
groups means to find the vector w  which maximizes the rate between the between-groups 
sum of squares over the within-groups sum of squares. Using the equation for the mean of 
the transformed data (eq. 2) into the equations 3 and 4 we can write 

  ( )
( )

( )
( )zE
zB

wyEw
wyBw
== T

T
λ   (5) 

We want to find  w such that lambda is maximized. 
Equation 5 can be rewritten in the form ( ) 0EwBww =λT − ; then we search for all the non 
trivial ( 0w =T  is excluded) solutions of this equation and we choose the one which gives 
the maximum value of lambda. This means to solve the eigenvalue problem  0EwBw =λ−  
which can be written in the usual form  

 ( ) 0wIA =λ−   (6)  

where BEA 1−=  
The solutions of equation 6 are the eigenvalues mλ,λ ...2,1,λ associated to the eigenvectors 

m, www ,...,2,1 . The solutions are ranked for the eigenvalues mλ>>λ> ...21λ . Hence, the 
first eigenvalue 1λ  corresponds to the maximum value of eq. 5. 
The discriminant functions are then obtained considering only the first s positive 
eigenvalues and multiplying the original data by the eigenvectors  

YwzYwzYwz T
ss

TT =,,=,= ...2211  

Discriminant functions are uncorrelated but not orthogonal since the matrix BEA 1−=  is not 
symmetric. 
In many cases the first two or three discriminant functions account for most of 

sλ++λ+ ...21λ . This allows to represent the multivariate observations as 2 or 3 dimensional 
points which can be plotted on a scatter plot. These plots are particularly helpful to visualize 
the separation of our observations into the different groups. Moreover, we can deduce, 
looking at the scatter plot, the meaning of a given discriminant function, i.e. we can 
associate the discriminant function to a given property of the analyzed system.  
The weighting vectors s, www ,...,2,1 are called unstandardized discriminant function coefficients 
and give the weight associated to each variable on every discriminant function.  
If the variables are on very different scales and with different variance, to assess the 
importance of each variable in the group separation the standardized discriminant functions 
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can be used. The standardization is done by multiplying the unstandardized coefficients by 
the square root of the diagonal element of the within-group covariance matrix.  
Another way to assess the variable importance is to look at the correlation between each 
variable and the discriminant function. These correlations are called structure or loading 
coefficients. However, it has been shown (Rencher, 2002) that these parameters are 
intrinsically univariate, and they only show how a single variable contributes to the 
separation among groups, without taking into account the presence of the other variables. 

5.2.2 LDA as classification method 
The discriminant analysis can be applied to a given ensemble of data to produce a set of 
discriminant functions as described in the previous section. Afterwards, this model can be 
used to classify new observations into the most probable groups. From this point of view the 
linear discriminant analysis becomes a predictive tool, since it is able to classify observations 
whose group membership is unknown (Eriksson et al., 2006; Rencher, 2002). In the same 
way we can test the discrimination ability of our LDA model by a procedure called “re-
substitution” (Rencher, 2002). This method consists of producing an LDA model using our 
dataset (i.e. finding the optimal w). Then, each observation vector is re-submitted to the 
classification function (zij = wTyij) and assigned to a group. Since we know the group 
membership of the submitted vector, we can count the number of observations correctly 
classified and the number of observations misclassified.  
Then, we can estimate the apparent classification rate as the number of correctly classified 
observations over the total number of observations. This is summarized in a classification 
table or confusion matrix. As an example, given N observations, n1 belongs to the group 1 
and 2n belongs to the group 2. 11C  is the total number of observations correctly classified in 
group 1 and 12C  is the total number of data misclassified in group 2. Similarly, 22C is the 
total number of observations correctly classified in group 2 and 21C  is the number of 
misclassified in group 1. 
The confusion matrix becomes then: 
 

Actual group Predicted group 
 1 2 
1 C11 C12 
2 C21 C22 

 

And the accuracy (the apparent classification rate (acr)) is computed as 

21

2211
+nn
C+C=acr   

In general, in evaluating the accuracy of a model, we have then to distinguish between two 
types of accuracy: the fitting accuracy and the prediction accuracy (Eriksson et al., 2006; 
Bishop, 1995). 
The fitting accuracy is the ability to reproduce the data, namely, how the model is able to 
reproduce the data that were used to build the model. This corresponds to the apparent 
classification rate, and it is obtained using the re-substitution procedure. The data used to 
build the model are called training set. 
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The prediction accuracy is the ability to predict the value or the class of an observation, 
which was not included in the construction of the model. This kind of accuracy is often 
referred as the ability of the model to generalize. The data used to measure this accuracy are 
called test set. The prediction accuracy can be called actual classification rate. This is mainly 
used in settings where the goal is prediction, and one wants to estimate how accurately a 
predictive model will perform in practice. 
To have an estimation of the actual classification rate, two main procedures can be applied: 
the hold-out and cross-validation (Eriksson et al., 2006).  
In the hold-out, the dataset is divided into two partitions, one partition is used to develop 
the model (e.g the discriminant functions) and the second partition is given as input to the 
model. The first partition is usually called training set or calibration set, while the second 
partition is the validation set (Bishop, 1995).  
When the number of observations is small, the cross-validation is usually preferred over the 
hold-out. The basic idea of the cross-validation procedure is to divide the entire dataset into L 
disjoint sets. L-1 sets are used to develop the model (i.e. this is the calibration set on which 
the discriminant functions are computed) and the omitted portion is used to test the model 
(i.e. the validation set given as input to the model). This is repeated on for all the L sets and 
an average result is obtained. 

5.3 Principal component - linear discriminant analysis (PCA-LDA) 
A powerful analysis tool is the combination of the principal component analysis with the 
linear discriminant analysis (Fearn, 2002). This is particularly helpful when the number of 
variables is large. In particular, if the number of observations (N) is less than the number of 
variables (m) - specifically N-1<m - the covariance matrix is singular and can not be inverted. 
We then need to find a way to reduce the number of variables, for example by using the 
PCA (Rencher, 2006; Jonathan et al., 1996).  
This procedure has been widely used for several problems in different fields (Ami et al., 
2008; Rezzi et al., 2007;  Skrobot et al., 2007; Walsh et al., 2007; Pereira et al., 2006; Héberger 
et al., 2003; Fearn, 2002). 
In particular, a low rate of (N-1)/m happened normally in spectroscopy, where the number of 
observations (N) is usually 210< and the number of variables (m) is typically within 210 to 310 . 
Let's take into account the same situation described for many group linear discriminant 
analysis. The original dataset is an ensemble of multivariate observations which is 
partitioned into k distinct groups. Again, we want to find the discriminant functions which 
optimally separate our multivariate observation into the k groups. Then, the discriminant 
functions can be used to identify the most important variables in terms of ability of 
distinguishing among the groups. 
Thus, first the original dataset is submitted to PCA to reduce the number of variables, 
subsequently the reduced dataset is analyzed using LDA.  

5.4 Other multivariate techniques 
In the following section, we will briefly illustrate other multivariate statistical approaches, 
relevant for the spectroscopic studies reported in this chapter. 

5.4.1 Multivariate Linear Regression (MLR) 
MLR can be used to model a linear relationship among a numerical variable z and one or 
more independent variables Y (Manly, 2004). Y is the usual matrix already introduced, 
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composed by n rows corresponding to observations and m columns corresponding to 
independent variables. The MLR is based, as many other statistical techniques, on the 
generalized linear model = +z Yβ ε , where β  is a matrix containing the parameters to be 
estimated, ε is a matrix which models the errors or noise. 
The coefficients beta are usually estimated using the ordinary least square, which consists of 
minimizing the sum of the squared differences of the n observed y's from their modeled 
values. Mathematically, the optimal values of beta are obtained by T 1 T( )= −β Y Y Y z . To 
apply the least square method we must have n - 1 > m, otherwise the matrix TY Y is singular 
and can not be inverted. Moreover, none of the independent variables must be a linear 
combination of any other (muticollinearity) (Eriksson et al., 2006; Manly, 2004).  

5.4.2 Partial Least Square (PLS) 
The goal of PLS regression is to predict Z from Y and to describe their common structure. 
When the number of variables is large compared to the number of observations, Y is likely 
to be singular and the regression approach is no longer feasible (i.e., because of 
multicollinearity) (Eriksson et al., 2006).  Several approaches have been developed to cope 
with this problem. One approach is to eliminate some predictors (e.g., using  
stepwise methods); another one, called principal component regression, is to perform a PCA of 
the Y matrix and then use the principal components (i.e., eigenvectors) of Y as regressors on 
Z.  
The problem is then of choosing an optimum subset of predictors that gives the best 
regression. One possibility is to choose the first k principal components; however, these 
components are obtained to best explain Y rather than Z, and so, nothing guarantees that 
they are also relevant for Z. In PLS we seek the components from Y that are relevant also for 
Z. In particular, PLS regression performs a simultaneous decomposition of Y and Z into 
principal components with the constraint that the components explain as much as possible 
the covariance between Y and Z (Rencher, 2002). 

5.4.3 Factor Analysis (FA) 
Factor analysis is a statistical method used to discover if the observed variables can be 
explained in terms of a much smaller number of variables called factors. It is closely related 
to PCA in that they both try to reduce the redundancy among the variables by using a 
smaller number of factors (or principal components in PCA); however it has some important 
differences: i) in PCA the components are defined as linear combinations of the original 
variables while in FA the original variables are linear functions of the factors; ii)  in PCA we 
seek to explain the total variance, while in FA we attempt to reproduce the covariance; iii) in 
PCA essentially no assumptions are required while in FA some fundamental assumptions 
are defined; iv) the principal components are unique, whereas the factors can be rotated. By 
rotating your factors you attempt to find a factor solution that is equal to that obtained in 
the initial extraction but which has the simplest interpretation. This last point is one of the 
main advantage of the FA over PCA, if our goal is to find and describe the underlying 
factors of the data. On the other hand, if we are simply searching for a smaller number of 
variables as input for another analysis, the PCA is preferred (Manly, 2004; Rencher, 2002; 
Bryant & Yarnold, 1994). 
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5.4.4 Cluster Analysis (CA) 
Cluster analysis is a procedure used to partition the data into groups so that the most similar 
observations are assigned in the same cluster and clusters are dissimilar to each other 
(Manly, 2004). 
CA is an unsupervised technique, that is, the group membership of the observations (and 
often the number of groups) is not known in advance. 
Since we are trying to group similar observations, a measure of similarity or dissimilarity is 
required. The most common distance functions are: i) the Euclidean distance; ii) the 
Manatthan distance;  iii) the Mahalanobis distance; iv) the maximum norm. 
Several types of clustering algorithms have been developed. Based on the procedure they 
use, they can be divided into three main groups: hierarchical, partitional and density-based 
clustering. 
Hierarchical clustering algorithms are sequential. They can be agglomerative or divisive. 
The agglomerative clustering starts with all observations placed in different clusters and in 
each step an observation or a cluster of observations are merged into another cluster. The 
divisive method starts with one single cluster containing all observations and then it divides 
the cluster into two sub-clusters at each step. 
The partitional algorithm assigns the observations to a set of clusters without using 
hierarchical approaches. One of the most used non-hierarchical approach is the k-means 
clustering. 
The density-based clustering seeks to search for region of high density without any 
assumption about the shape of the cluster. 

5.4.5 Artificial Neural networks (ANN) 
The artificial neural networks are mathematical models that were developed in analogy to a 
network of biological neurons (Krogh, 2008). In the brain, the highly interconnected network 
of neurons communicates sending electric pulses through the neural wiring of axons, 
synapses and dendrites. Mathematically, a neuron can be modeled as a switch that receives 
a series of values as input and produces an output consisting of a weighted sum of the input 
vectors eventually filtered by a function f. Many neurons can be combined to create more 
complex networks. Depending on the type of neurons and how the neurons are connected 
to each other, different kinds of neural networks can be created. The most common type of 
neural network is the feed-forward neural network, in which neurons are grouped into 
layers, each neuron of a layer is connected to all the neurons of the next layer and the 
information flows from the input to the output without loops. For a comprehensive 
description of neural networks and their applications see Haykin (1999) and Bishop (1995). 

6. Applications of vibrational spectroscopies to the study of stem cell 
differentiation 
Stem cells (SCs) are self-renewing cells characterized by the capacity to differentiate into a 
wide range of specialized cells. Two main types of SCs exist: embryonic and adult. 
Embryonic stem cells (ESCs) are derived from cells of an embryo - the inner cell mass of 
blastocyst - and are considered the most versatile type of SCs because they have the unique 
ability to retain the developmental capacity of generating all functional adult cell types 
(Thomson et al., 1998; Evans & Kaufman, 1981). 
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5.4.4 Cluster Analysis (CA) 
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hierarchical approaches. One of the most used non-hierarchical approach is the k-means 
clustering. 
The density-based clustering seeks to search for region of high density without any 
assumption about the shape of the cluster. 

5.4.5 Artificial Neural networks (ANN) 
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of neurons communicates sending electric pulses through the neural wiring of axons, 
synapses and dendrites. Mathematically, a neuron can be modeled as a switch that receives 
a series of values as input and produces an output consisting of a weighted sum of the input 
vectors eventually filtered by a function f. Many neurons can be combined to create more 
complex networks. Depending on the type of neurons and how the neurons are connected 
to each other, different kinds of neural networks can be created. The most common type of 
neural network is the feed-forward neural network, in which neurons are grouped into 
layers, each neuron of a layer is connected to all the neurons of the next layer and the 
information flows from the input to the output without loops. For a comprehensive 
description of neural networks and their applications see Haykin (1999) and Bishop (1995). 

6. Applications of vibrational spectroscopies to the study of stem cell 
differentiation 
Stem cells (SCs) are self-renewing cells characterized by the capacity to differentiate into a 
wide range of specialized cells. Two main types of SCs exist: embryonic and adult. 
Embryonic stem cells (ESCs) are derived from cells of an embryo - the inner cell mass of 
blastocyst - and are considered the most versatile type of SCs because they have the unique 
ability to retain the developmental capacity of generating all functional adult cell types 
(Thomson et al., 1998; Evans & Kaufman, 1981). 
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Adult SCs are found among differentiated cells of a tissue or organ that can renew itself and 
can differentiate into specialized cell types of the same tissue or organ where they reside 
(the stem cell niche). Indeed, their major role is to maintain and repair the tissue in which 
they are found. Adult SCs have been identified in many organs and tissues, including bone 
marrow, brain, liver, skeletal muscle, and skin (Verfaillie, 2002; Peterson & Davidson, 2000).  
As discussed in the introduction, Raman and FTIR microspectroscopies are successfully 
applied in stem cell research (Chan & Lieu, 2009; Heraud & Tobin, 2009). In the following 
pages, we will first report some studies that illustrate the potential of these vibrational tools 
to characterize embryonic stem cells. We will then illustrate a few research works on adult 
stem cells, that we believe could be relevant for a better understanding of stem cell biology.  

6.1 Embryonic stem cells 
FTIR and Raman microspectroscopies allow to detect rapidly and in a non invasive way 
biochemical changes during ES cell differentiation, providing unique markers for the 
identification in-situ of SCs differentiation status. 
One of the earliest studies aimed at the spectroscopic characterization of embryonic stem 
(ES) cells is that of Notingher and colleagues, who applied Raman microspectroscopy to 
monitor the murine ES cell differentiation process, spontaneous and via embryoid body (EB) 
formation (Notingher et al., 2004 a and b). The authors showed that undifferentiated, 
spontaneously differentiated, and EB differentiated murine ES cells exhibit unique Raman 
markers that, in association with PCA, could be used to identify the differentiation state of 
the ES cells. In particular, it was found that the most significant differences could be 
attributed to cell RNA content that in undifferentiated cells was higher than in differentiated 
ones, a result that suggests to the authors that differentiating ES cells use the pool of 
dormant mRNA to produce new specific proteins of the new phenotype. Indeed, as the ES 
cells start to differentiate toward various phenotypes, the translation of mRNA increases, as 
indicated by the decrease in the ratio between the areas of the 813 cm-1 RNA peak and the 
phenylalanine peak at 1005 cm-1, to reach values similar to those found in fully 
differentiated cells, after 16-20 days of differentiation. These results indicated that RNA and 
protein peaks in the Raman spectra of murine ES cells can be used as a differentiation 
marker, with important applications for the development of engineered tissues. 
Raman microspectroscopy, coupled with the multivariate PCA-LDA analysis, was also 
applied to explore the possibility to discriminate between undifferentiated human ES cells and 
their cardiac derivatives (Chan et al, 2009). Indeed, unlike other cell lineages, cardiomyocytes 
lack specific surface markers required for their physical identification and separation, making 
desirable the development of new analytical tools. In this work, the authors were able to detect 
spectroscopic signatures of ES cells and of their cardiac derivatives, mainly involving RNA 
and protein content. In particular, the authors found that undifferentiated cells were 
characterized by a more elevated mRNA level than differentiated cells, resulting from their 
different active cell cycles, as suggested by the different intensity of the peak at 811 cm-1 
(phosphodiester bond) observed in the two cases. Interestingly, their results were in 
agreement with those obtained by Notingher and colleagues on murine stem cells (Notingher 
et al., 2004 a and b) - as discussed above - and by Schulze and colleagues (2010) in a Raman 
study of the spontaneous differentiation process of human ES cells. Noteworthy, they also 
investigated the effect of laser exposure on cells, in order to verify the non-invasiveness of the 
spectroscopic method. Indeed, they demonstrated that the laser irradiation does not 
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compromise cell pluripotency, as it didn’t affect the expression of the human ES cells 
transcription factor OCT4, required to sustain ES cell self renewal. Moreover, no effects on cell 
morphology and cell proliferation were detected.  
Of great interest is the study of Heraud and colleagues (2010) that employed FTIR 
microspectroscopy with focal plane array detection to characterize human ES cell 
differentiation directed toward specific cell lineages, namely mesendoderm and ectoderm. 
Well defined spectral differences – confirmed also by partial least squares discriminant 
analysis (PLS-DA) and artificial neural network analysis (ANN) - were detected among the 
three different cell populations, mainly involving the lipid and the glycogen bands 
(respectively at 2920 cm-1 and at 1155 cm-1), whose intensities were found to be higher in the 
undifferentiated than in the differentiated cell populations. The results demonstrated that 
FTIR signatures can be used to successfully discriminate between human stem cells and 
their differentiated progenies, even at early stages of differentiation.  
Another application of FTIR microspectroscopy, coupled with PCA and unsupervised 
hierarchical cluster analysis (UHCA), was aimed at identifying specific marker bands of 
murine ES cell differentiation toward neural cell types (Tanthanuc et al., 2010). In particular, 
by applying focal plane array detection and synchrotron based FTIR microspectroscopy, the 
authors were able to find significant differences between undifferentiated and differentiated 
cells, mainly in spectral regions due to lipid and protein absorptions. In particular, they 
observed a dramatic increase of the acyl chain CH2 symmetric and asymmetric stretching 
modes - around 2850 cm-1 and 2920 cm-1 respectively - during the differentiation process, 
increment possibly related to changes in membrane lipids responsible for neural cell 
differentiation and signal transduction. This result has been also confirmed monitoring the 
lipid carbonyl band around 1740 cm-1, whose peak position and intensity were observed to 
change during differentiation. Furthermore, important changes in protein secondary 
structures were detected and in particular the differentiated cells appeared to be characterized 
by a higher content of alpha-helix proteins than undifferentiated cells. The authors explained 
this result as due to the increased expression of alpha-helix rich proteins of the cytoskeleton, as 
tubulin and actin, important for the establishment of neural structure and function.  
We applied FTIR microspectroscopy – supported by PCA-LDA analysis - to characterize in 
situ the early stages of murine ES cell spontaneous differentiation (Ami et al., 2010; Ami et 
al., 2008). We found that significant changes in nucleic acid, protein and lipid content 
occurred during the differentiation process.  
In Figure 4 we reported the second derivative spectra of ES cells at different maturation 
stages (from undifferentiated to 14 days of differentiation). 
As illustrated in the Figure, we first found that undifferentiated ES cells were characterized 
by a RNA content higher than differentiating cells, in agreement with what reported by 
Notingher and colleagues with Raman microspectroscopy (Notingher et al., 2004 a and b), as 
previously discussed. Moreover, we monitored the formation of the DNA/RNA hybrid 
through the simultaneous presence of the three components respectively 
around 954 cm-1 (CC stretching of DNA backbone), at 914 cm-1 (ribose ring) and at 899 cm-1 
(deoxyribose), after 4-7 days of differentiation. These results, indicating that the transcription 
activity for the new phenotype was taking place in that temporal range, were further 
supported by changes in the secondary structures of the whole protein content, likely due to 
the emergence of the new phenotype. Indeed, again starting from 4-7 days of differentiation, 
we observed an increase of alpha-helix and beta-turn components, respectively at 1658 cm-1  
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Fig. 4. Murine embryonic stem cell differentiation monitored by FTIR microspectroscopy. 
The second derivative of FTIR spectra of murine ES cells, undifferentiated (uES) and 
spontaneously differentiated (dES), are reported in three different spectral regions: i) 3000-
2800 cm-1 mainly due to lipid acyl chains; ii) 1750-1600 cm-1 where protein amide I band 
occurs; iii) 1200-800 cm-1, mainly due to glycogen and nucleic acid absorptions (see text). 
Spectra have been normalized at the tyrosine band around 1515 cm-1 and reported after 
magnification in each region, for the presentation of the data. 

and 1682 cm-1, that suggested that the expression of proteins typical of cardiomyocyte 
precursors was taking place. Indeed, it is known that these cells are rich in alpha-myosin, a 
protein belonging to alpha-helix fold and that they are characterized by the formation of gap 
junctions (Oyamada et al., 1996), whose main protein components are connexins, containing 
again alpha-helix structures and an important percentage of beta-turns. To support our 
hypothesis – confirmed by cytochemical analysis - after the “switch” of the new phenotype we 
also observed the emergence of IR bands due to glycogen at 1155 cm-1, 1081 cm-1 and between 
1035 and 1020 cm-1, typical of cardiomyocytes (Pasumarthi  & Field 2002). 

Also dramatic changes in lipid absorption were detected during ES cell differentiation. In 
particular, an increase of the CH2 vibrational modes at 2923 cm-1 and at 2852 cm-1 was 
monitored, starting as soon as the differentiation process was taking place, and up to the 
end of our investigation (9-14 days). These results indicated that significant changes in lipid 
composition occurred, suggesting that the new phenotype was characterized by new 
membrane properties. 

Fourier Transform Infrared Microspectroscopy as a Tool for Embryonic Stem Cell Studies   

 

211 

The spectroscopic results were then validated by PCA-LDA analysis that allowed to obtain 
an excellent segregation of the data into five separated clusters, each corresponding to a 
specific differentiation stage, as reported in Figure 5. Moreover, this analysis enabled us to 
identify in the spectrum the wavenumbers that contributed to the largest inter-spectral 
variance during the differentiation process, and - in agreement with the direct inspection of 
the spectral data – they were found to be due to protein and nucleic acid components. 
 

 
Fig. 5. PCA-LDA analysis of murine ES cell differentiation. The clustering of FTIR 
absorption spectra – from 1800 to 800 cm-1 – as 3D score plot is shown. Data for 
undifferentiated cells (red) and at 4 (blue), 7 (green), 9 (light blue), and 14 (yellow) days of 
differentiation have been analysed. The ellipsoid semi-axes correspond to two standard 
deviations of the data. 

6.2 Adult stem cells  
An interesting investigation performed by synchrotron based FTIR microspectroscopy - 
coupled with principal component analysis (PCA) - enabled to discriminate in bovine 
cornea among SCs, transit-amplifying (TA) and terminally differentiated (TD) cells (German 
et al., 2006). Measuring the absorption spectra of individual cells in cryosections, the authors 
found significant spectral differences among the three different cell types, with only a slight 
overlap between  SC and TA cells. The most important differences mainly involved changes 
in spectral components due to nucleic acid absorptions, like the RNA band at 1120 cm-1 and 
the phosphate band around 1080 cm-1. Moreover, the authors  found that TD cells formed a 
well separated and homogeneous population with spectral features closer to TA cells than to 
SCs. As expected, the  spectral response  of the terminal differentiation state is characterized 
by important changes in nucleic acid and protein content, being associated with a loss of 
proliferative ability and the production of proteins associated with the new phenotype.  
A FTIR characterization of human corneal epithelium performed by the same research 
group (Bentley et al., 2007) confirmed the previous results obtained on bovine cornea. Also 
in this case, the authors were able to discriminate among SC, TA and TD cells, finding again 
important changes mainly in nucleic acid and protein content. In particular, the main 
spectral differences between TA and TD cells were found to involve the protein secondary 
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structures and the RNA expression, as discussed above. Noteworthy, in the two works, the 
authors detected small subpopulations of cells within the corneal epithelium SC niche with 
TA cell like characteristics, strongly suggesting that the TA cells are newly generated prior 
to their migration. 
 Furthermore, the entire tissue architecture was investigated using IR spectral imaging that 
enabled to localize and better characterize SCs (Nakamura et al., 2010). By this approach 
further details on the differences among SC, TA and TD cells were obtained, confirming that 
nucleic acid response - between 1425 and 900 cm-1 - accounts for the most significant 
differences among the three types of cell populations. Important changes in protein content, 
between 1800 and 1480 cm-1, have been also detected in the examined cell types, as expected 
considering their different functions. Interestingly, the most discriminating spectral features 
of SCs were associated to DNA and RNA conformations, as indicated by the bands at 1225 
cm-1 and at 1080 cm-1 respectively, whereas IR bands due to proteins and lipids, respectively 
at 1558 cm-1 and at 1728 cm-1, allowed to discriminate between TA and TD cells.  
Of particular relevance is also the work of Walsh and colleagues, where synchrotron FTIR 
microspectroscopy - supported by PCA-LDA analysis – was applied to characterize the 
different cell types, derived from stem cells, along the length of gastrointestinal tract, one of 
the most regenerative human tissue (Walsh et al., 2009). Through IR image maps with the 
related IR spectra collected from tissue sections at the single cell level, the authors detected 
spectral changes in the differentiation states along the gastrointestinal tract - with common 
features in related cell types – mainly involving DNA conformational changes, with one of 
the most important spectral marker at 1080 cm-1, due to phosphate vibrational mode. These 
results were further confirmed by PCA-LDA multivariate analysis, whose crucial role has 
been  critically highlighted in Walsh’ work. Indeed, this analysis allowed to identify as the 
most contributory wavenumbers those due to the phosphate mode absorptions, partly 
associated to protein phosphorylation. Overall, these results suggested to the authors that 
DNA conformational changes could be considered a significant stemness markers in 
gastrointestinal crypts.  

7. Conclusive remarks 
The examples reported in this chapter highlight the great potential of spectroscopic 
approaches providing new insights in stem cell biology. In particular, FTIR 
microspectroscopy is a powerful tool that enables to obtain - in a non invasive way - a 
chemical fingerprint of the cell types, giving information on the overall changes in the 
macromolecular content occurring during a biological event. In this way, this approach 
allows to assess in-situ the differentiation status of the cells through the identification of 
specific marker bands. Moreover, the time evolution of these bands enabled to follow the 
progress of the process by the simultaneous monitoring of the most important cellular 
components, as nucleic acids and proteins.  
We should underline that the successful application of the spectroscopic approach requires 
the use of an appropriate multivariate analysis to validate the spectral data and to identify 
the marker bands of the process under investigation. The integration with the established 
biochemical methods is, of course, an important requisite to understand the biological 
significance of the spectroscopic results.  
As a final comment, we would also like to point out that FTIR and Raman spectroscopic 
approaches, indeed,  might offer preliminary tools – rapid and inexpensive - to obtain useful 
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information on complex systems, in order to design conclusive biological experiments. As 
discussed above, these techniques allow to characterize the temporal correlation of 
biological events that occur simultaneously in a complex system, a result not easily tackled 
by the standard biochemical methods. 
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structures and the RNA expression, as discussed above. Noteworthy, in the two works, the 
authors detected small subpopulations of cells within the corneal epithelium SC niche with 
TA cell like characteristics, strongly suggesting that the TA cells are newly generated prior 
to their migration. 
 Furthermore, the entire tissue architecture was investigated using IR spectral imaging that 
enabled to localize and better characterize SCs (Nakamura et al., 2010). By this approach 
further details on the differences among SC, TA and TD cells were obtained, confirming that 
nucleic acid response - between 1425 and 900 cm-1 - accounts for the most significant 
differences among the three types of cell populations. Important changes in protein content, 
between 1800 and 1480 cm-1, have been also detected in the examined cell types, as expected 
considering their different functions. Interestingly, the most discriminating spectral features 
of SCs were associated to DNA and RNA conformations, as indicated by the bands at 1225 
cm-1 and at 1080 cm-1 respectively, whereas IR bands due to proteins and lipids, respectively 
at 1558 cm-1 and at 1728 cm-1, allowed to discriminate between TA and TD cells.  
Of particular relevance is also the work of Walsh and colleagues, where synchrotron FTIR 
microspectroscopy - supported by PCA-LDA analysis – was applied to characterize the 
different cell types, derived from stem cells, along the length of gastrointestinal tract, one of 
the most regenerative human tissue (Walsh et al., 2009). Through IR image maps with the 
related IR spectra collected from tissue sections at the single cell level, the authors detected 
spectral changes in the differentiation states along the gastrointestinal tract - with common 
features in related cell types – mainly involving DNA conformational changes, with one of 
the most important spectral marker at 1080 cm-1, due to phosphate vibrational mode. These 
results were further confirmed by PCA-LDA multivariate analysis, whose crucial role has 
been  critically highlighted in Walsh’ work. Indeed, this analysis allowed to identify as the 
most contributory wavenumbers those due to the phosphate mode absorptions, partly 
associated to protein phosphorylation. Overall, these results suggested to the authors that 
DNA conformational changes could be considered a significant stemness markers in 
gastrointestinal crypts.  

7. Conclusive remarks 
The examples reported in this chapter highlight the great potential of spectroscopic 
approaches providing new insights in stem cell biology. In particular, FTIR 
microspectroscopy is a powerful tool that enables to obtain - in a non invasive way - a 
chemical fingerprint of the cell types, giving information on the overall changes in the 
macromolecular content occurring during a biological event. In this way, this approach 
allows to assess in-situ the differentiation status of the cells through the identification of 
specific marker bands. Moreover, the time evolution of these bands enabled to follow the 
progress of the process by the simultaneous monitoring of the most important cellular 
components, as nucleic acids and proteins.  
We should underline that the successful application of the spectroscopic approach requires 
the use of an appropriate multivariate analysis to validate the spectral data and to identify 
the marker bands of the process under investigation. The integration with the established 
biochemical methods is, of course, an important requisite to understand the biological 
significance of the spectroscopic results.  
As a final comment, we would also like to point out that FTIR and Raman spectroscopic 
approaches, indeed,  might offer preliminary tools – rapid and inexpensive - to obtain useful 
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information on complex systems, in order to design conclusive biological experiments. As 
discussed above, these techniques allow to characterize the temporal correlation of 
biological events that occur simultaneously in a complex system, a result not easily tackled 
by the standard biochemical methods. 
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1. Introduction    
Regenerative medicine using pluripotent stem cells is indispensable for cell transplantation 
therapy for the patients; however, the production of human embryonic stem (hES) cells from 
fertilized embryos or cloned embryos often become the ethical concerns because it needs 
destruction of viable embryos. On the other hand, the production of induced pluripotent 
stem (iPS) cells do not need viable embryos; whereas, it is necessary to confirm safety for the 
use of iPS cells that containing viruses or expression plasmids. Here, we would like to 
propose parthenogenetic ES (PGES) cells as the 3rd pluripotent stem cells for cell 
transplantation therapy because the production of PGES cells from fertilization-failure or 
surplus oocytes overcome both problems (Fig. 1). PGES cells do not need destruction of 
viable embryos and viruses or expression plasmids for the establishment. Nevertheless, 
PGES cells have a big hurdle to overcome, namely genomic imprinting. 
Mammalian parthenotes cannot develop to term.  Mouse parthenogenetic embryos die by 
day 10 of gestation (Surani et al., 1984; Surani et al., 1986).  Most notably, they fail in the 
trophectoderm and primitive endoderm, which results in failure of the extraembryonic 
tissues in the whole parthenogenetic conceptus (Surani et al., 1983).  Alternatively, viable 
parthenogenetic chimeras can be produced by normal host embryo rescue, and 
parthenogenetic cells can give rise to a functional germline (Stevens et al., 1977; Stevens, 
1978).  In the somatic-lineages of chimeras, parthenogenetic cells are allocated initially 
randomly in the embryo proper (Clarke et al., 1988a; Clarke et al., 1988b; Thomson & Solter, 
1989), but this is followed by a progressive elimination of parthenogenetic cells, most 
notably between days 13 and 15 of gestation (Fundele et al., 1990).  In addition, PG chimeras 
often show the reduction of body weight. These can be explained by parent-specific 
epigenetic modification of the genome, genomic imprinting which leads to the altered 
expressions of imprinted genes in parthenogenetic cells. In general, gene expressions of 
imprinted genes are greatly dependent on the cytosine-guanine (CpG)  methylation status in 
differentially methylated regions (DMRs) of imprinted genes (Fig. 2).  In PG with the two 
maternal genomes, paternally expressed genes, Peg1/Mest (Kaneko-Ishino et al., 1995), Peg3 
(Kuroiwa et al., 1996), Snrpn (Barr et al., 1995) and Igf2 (DeChiara et al., 1991), are silenced; 
whereas, maternally expressed genes, Igf2r (Barlow et al., 1991), p57kip2 (Hatada & Mukai, 
1995) and H19 (Bartolomei et al., 1991; Ferguson-Smith et al., 1991), are expressed 
excessively (Fig. 3). Thus, biallelic expression and repression of imprinted genes in 
parthenogenetic cells could restrict to produce transplantable tissues for regenerative 
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medicine; however, PGES cell chimeras are more normal in their tissue contribution of 
donor cells and body weight compared to PG chimeras (Allen et al., 1994).  We expected that 
these phenomena were associated with the more normal epigenotype of PGES cells. 
To elucidate the epigenetic mechanisms underlying this, we analyzed DNA methylation 
status and mRNA expression of imprinted genes in PG and PGES cell chimeras (Horii et al., 
2008). Interestingly, the PGES cells showed reprogramming of maternal imprints and 
acquired more normal pluripotency. In this chapter, we propose that such reprogrammed 
PGES cells might be utilized for the regenerative medicine. 
 

 
Fig. 1. Production of pluripotent stem cells using various methods. 

 
Fig. 2. Representative regulation of gene expression by CpG methylation. 
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Fig. 3. Genomic imprinting in normal and parthenogenetic cells. 

2. Epigenetic reprogramming occurred in PGES cells 
2.1 Production of PG and PGES cells 
To elucidate the epigenetic difference between PG and PGES cells, we analyzed DNA 
methylation status and mRNA expression of imprinted genes in PG and PGES cells.  Diploid 
PG were produced as previously described (Horii et al., 2008). Briefly, oocytes at the 
metaphase stage of the second meiotic division (MII) were collected from the oviducts after 
human chorionic gonadotrophin (hCG) superovulation, and then cumulus cells were 
removed by digestion with hyaluronidase in M2 medium. Artificial activation was 
performed by brief exposure to SrCl2 and cytochalasin B in Ca2+-free M16 embryo culture 
medium for 6 hours.  After activation, the embryos were cultured in M16 medium until 
developing to the blastocyst stage. 
For establishment of PGES cell lines, parthenogenetic blastocysts were cultured for 7 days in 
Serum-free ES medium, following standard procedures (Horii et al., 2003). After 7 days, 
ICM outgrowths were harvested in Trypsin/EDTA, disaggregated by mouth pipetting and 
plated onto feeder cells in ES medium.  Clones resembling ES cells in morphology were then 
picked and disaggregated a second time.  They were then expanded and passaged prior to 
freezing or use. 

2.2 Epigenetic reprogramming occurred in PGES cells 
The methylation status of PG and PGES cells was analyzed for the DMRs of maternally 
methylated imprinted genes Peg1/Mest, Snrpn and Igf2r. To identify methylated CpG sites, 
sodium bisulfite treatment, by which only unmethylated cytosine residues were changed to 
thymines, was carried out.  PCR amplification for DMRs of Peg1/Mest, Snrpn and Igf2r was 
carried out on each set of isolated cells as described (Horii et al., 2008).  PCR products were 
subcloned into the TA cloning vector, and positive clones in each sample were sequenced. 
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Fig. 4. Epigenetic reprogramming occurred in PGES cells. DNA methylation of normal 
embryos, PG and PGES cells was analyzed by bisulfite genomic sequencing.  
The methylation status of maternally methylated imprinted genes, Peg1/Mest, Snrpn and 
Igf2r is shown schematically. Percentages of methylated CpGs are shown to the right of the 
sequences. 

At the 8-cell stage, normal embryos had both methylated and unmethylated alleles of 
maternally methylated imprinted genes; whereas, almost all alleles were methylated in PG 
(Fig. 4).  The loss of imprinting was observed at parthenogenetic blastocysts in more 2 days 
of culture. This partial demethylation also occurred in in vitro cultured normal blastocysts as 
reported previously (Doherty et al., 2000; Mann et al., 2004).  Perhaps, parthenogenetic 
blastocysts also occurs demethylation as well as in normal blastocysts in vitro. Anyway, this 
demethylation was very partial and sparse. On the other hand, completely demethylated 
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alleles existed in almost all PGES cell samples (Fig. 4; arrows). At this point, loss of 
imprinting in PGES cells seems to be more progressive than that of PG. 
We found that the methylation difference between PG and PGES cells have already exist 
before differentiation. In the following section, we elucidate whether such a difference 
affects the pluripotency of PG and PGES cells. 

3. Improvement of pluripotency by epigenetic reprogramming 
3.1 Production of PG and PGES cell chimeras 
Chimeric mice were produced to examine developmental potential and epigenetic status of 
PG and PGES cells (Fig. 5).  Briefly, PG chimeric embryos were produced by aggregating the 
4-8 cell stage of GFP+ parthenogenetic embryos with the same stage of normal host 
embryos.  PGES chimeric embryos were produced by introducing GFP+ PGES cells to host 
embryos. Then, 135 PG chimeric embryos and 338 PGES cell chimeric embryos were  
 

 
Fig. 5. Production of PG and PGES cell chimeras and analysis for their derivatives. 
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Fig. 4. Epigenetic reprogramming occurred in PGES cells. DNA methylation of normal 
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sequences. 
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transferred to the uterine horns of pseudopregnant recipient females, and 18 PG chimeras 
and 56 PGES cell chimeras were obtained, respectively.  In newborns, growth retardation 
was not observed in PGES chimeras (normal 1.48 +/- 0.21g vs chimera 1.48 +/- 0.37 g; P = 
0.45), as previously reported (Allen et al., 1994).  Contribution of PGES cells was found in all 
tissues tested (Fig. 6). 
 

 
Fig. 6. Various tissue contributions of PGES cells (1days post partum). 

3.2 Epigenetic status of PG- and PGES cell-derived somatic cells 
To examine epigenetic status of PG- and PGES cell-derived cells in chimeras, primary mouse 
embryonic fibroblasts (MEFs) from E13.5 chimeras were isolated, and sorted by fluorescent-
activated cell sorter (Fig. 5). In MEFs of PG chimeras, genomic imprinting of donor cells 
were almost totally maintained (Fig. 7, PG). In contrast, genomic imprinting of donor cells in 
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PGES cell chimeras were frequently reprogrammed (Fig. 7, PGES #1 and #2).  Completely 
demethylated alleles were included in some PGES cell-derivatives. 
 

 
Fig. 7. Epigenetic reprogramming occurred in PGES cell-derived somatic tissues (E13.5 
MEFs). DNA methylation of normal, PG-derived and PGES cell-derived MEFs were 
analyzed by bisulfite genomic sequencing. Percentages of methylated CpGs are shown to 
the right of the sequences. 
Next, quantitative real-time RT-PCR was carried out to clarify whether demethylation is 
correlated to expression levels of imprinted genes.  Maternally methylated imprinted genes, 
Peg1/Mest and Snrpn are expressed only from the paternal allele because these expressions 
are suppressed by DNA methylation in maternal allele.  Therefore, in parthenogenetic cells, 
the loss of imprints leads to the upregulation of Peg1/Mest and Snrpn.  In fact, the average 
expression level of each gene were upregulated in PGES cell-derivatives (Fig. 8). There were 
significant correlations (P<0.05) between the methylation status of DMRs and the gene 
expression level in these two genes (Fig. 9).  On the other hand, paternally imprinted genes, 
Igf2, which are regulated by H19 DMR methylation, were generally unmethylated in both 
PG and PGES cell-derived cells (data not shown), and the expression level of both genes did 
not differ between PG and PGES chimeras (Fig. 8). Then, correlations between the 
demethylation of imprinted genes and the tissue contribution of PGES cell-derived cells 
were examined. For E13.5 chimeras, there was low correlation between the percentage of 
methylation and the percentage of chimerism (R2 = 0.4719); however, this correlation was 
much higher in newborn chimeras (R2 = 0.6981; Fig. 10).   
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Fig. 8. Expression of imprinted genes in MEFs derived from PG (n = 6), PGES (n = 11) and 
normal biparental embryos (N; n = 2). Quantitative real-time PCR was performed for 
Peg1/Mest, Snrpn and Igf2 genes.  Standard deviations are indicated by bars. 
 

 
Fig. 9. Epigenetic reprogramming correlated to the gene expression level.  The percentage of 
DMR methylation is plotted against the relative gene expression level for PG chimeras 
(filled circles; n = 6) and PGES cell chimeras (open circles; n = 11).  Significant correlations 
(P<0.05) were found for these imprinted genes. 

 
Fig. 10. Epigenetic reprogramming corelated to the pluripotency of PGES cells.  Low 
correlation was observed in E13.5 fetuses (n = 11), whereas higher correlation was observed 
in newborns (n = 7). 
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3.3 Improvement of pluripotency by epigenetic reprogramming 
In parthenogenetic chimeras, PGES cells resembled PG cells in their pluripotency.  However, 
PGES chimeras are more normal in body weight and tissue contribution than PG chimeras.  
We postulated that this difference might be caused by the modified expressions of 
imprinted genes, due to loss of imprinting in PGES cells.  To investigate the epigenetic 
status of parthenogenetic cells in somatic-lineages, we produced parthenogenetic chimeras 
using PG and PGES cells. 
In general, higher overall levels of PGES cells are detected than PG cells in terms of tissue 
contribution.  Furthermore, no significant growth retardation is apparent in PGES chimeras, 
irrespective of their degree of chimerism or the PGES cell lines used (Allen et al., 1994).  Also in 
our study, growth retardation was not found in PGES chimeras.  A phenotypic difference is 
expected to be caused by the difference in expressions of imprinted genes due to the loss of 
imprints in PGES derivatives.  In some PGES chimeras, the loss of imprints was observed in 
Peg1/Mest and Snrpn genes.  Especially, the Peg1/Mest gene is related to embryonic growth 
(Lefebvre et al., 1998).  Therefore, there is no doubt that these alterations of gene expressions 
improve the tissue contribution of PGES cells in chimeras.  In PG chimeras, progressive 
elimination of PG cells occurs after day 13 of gestation (Fundele et al., 1990).   We found higher 
positive correlations between demethylation and chimerism in newborns than in E13.5 fetuses, 
suggesting that demethylated parthenogenetic cells evaded progressive elimination from 
tissues after day 13 of gestation.  Summary of results are shown in Fig. 11. 
 

 
Fig. 11. Summary of epigenetic status of normal embryo, PG and PGES cell. 

4. Why epigenetic reprogramming occurred in PGES Cells? 
The partial or complete loss of imprints was observed in undifferentiated PGES cells and its 
derivatives.  Why did loss of imprints occur mostly in PGES cells?  
A first consideration is that the culture conditions of preimplantation embryos and ES cells 
sometimes influence the methylation status of genomic imprinting.  For example, a sub-
optimal culture medium can cause aberrant genomic imprinting of the Snrpn and H19 gene, 
whereas embryos cultured in potassium simplex optimized medium with added amino 
acids (KSOMAA) show global gene expression, genomic imprinting and embryo 
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development resembling that found in in vivo developed embryos (Doherty et al., 2000; 
Mann et al., 2004).  Furthermore, long term culture of ES cells also affects the methylation 
status of imprinted genes and their totipotency (Dean et al., 1998; Horii et al., 2010).   
A second consideration is that XX ES cells including PGES cells are more susceptible to 
demethylation than XO and XY ES cells (Zvetkova et al., 2005).  XO and XY ES cells are able 
to restore the methylation imprints; whereas, XX ES cells are not able to restore them 
enough.  PGES cells have generally two X chromosomes, so that demethylated PGES cells 
could be demethylated, or progress the demethylation of imprinted genes in chimeras.  
Then, why XX ES cells including PGES cells show demethylation of imprints? There is a 
speculation that X chromosome encodes a modifier locus whose product represses de novo 
methyltransferases.  The de novo methyltransferase, Dnmt3a and Dnmt3b, are known to play 
a critical role for the restoration of methylation post implantation (Okano et al., 1998; Okano 
et al., 1999).  Cells with two active X chromosomes will overexpress the modifier and 
therefore have reduced levels of the enzymes.  In evidence, the forced expression of Dnmt3a 
or Dnmt3b restores the DNA methylation of XX ES cells (Zvetkova et al., 2005), suggesting 
that the expression levels of Dnmt3a and/or Dnmt3b are not sufficient for PGES cells.  On 
the other hand, once methylation of imprinted genes is completely lost in XX ES cells, the 
loss is not restored by the forced expression of Dnmt3a or Dnmt3b in vitro (Zvetkova et al., 
2005).  According to the bisulfite genomic sequencing of PG and PGES cells, demethylation 
was sparse in parthenogenetic blastocysts; whereas, completely demethylated alleles existed 
in undifferentiated PGES cells (Fig. 4), suggesting that completely demethylated alleles in 
PGES cells were not able to be remethylated post implantation. 

5. Comparison among ES cell, iPS cell and PGES cell. 
PGES cells have been proposed as a source of patient-derived therapeutic materials (Cibelli 
et al., 2002).  In addition to normal ES cells and iPS cells, parthenogenesis is another tool for 
creating pluripotent stem cells.  Human PGES cells have already been isolated from human 
parthenogenetic blastocysts (Mai et al., 2007; Revazova et al., 2007).  As described in the 
introduction, the advantage using PGES cells is that PGES cells do not need destruction of 
viable biparental embryos like normal ES cells.  In addition, PGES cells do not need viruses 
or expression plasmids for the establishment like iPS cells.  The genomic imprinting with 
uniparental genome sets is the biggest problem for PGES cells; however, we and others 
clarified that PGES cells partially lost maternally methylated imprints and obtained more 
normal imprint patterns (Jiang et al., 2007; Horii et al., 2008; Li et al., 2009).  In this study, we 
clarified correlation of expression and methylation of imprinted genes with pluripotency of 
PGES cells.  Even more surprisingly, live parthenogenetic pups were recently produced 
from reprogrammed PGES cells through tetraploid embryo complementation (Chen et al., 
2009).  These reports suggest that PGES cells have more normal pluripotency than PG.  In 
contrast, even normal biparental ES cells sometimes obtain abnormal imprinting which 
influences pluripotency during long-term culture (Dean et al., 1998; Horii et al., 2010).  In 
addition, iPS cells occasionally show aberrant silencing of imprinted genes on chromosome 
12qF1 (Stadtfeld et al., 2010).  Thus, reprogrammed PGES cells have pluripotency nearly 
equivarent to normal biparental ES cells or iPS cells.  Besides these merits, there are other 
advantages to use PGES cells for cell transplantation therapy. 
For example, normal biparental ES cells derived from fertilized embryos are genetically 
divergent from any patient requiring tissue transplantation and bring an immune response 
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resulting in rejection (Drukker & Benvenisty, 2004).  The hES cell bank that contains sufficient 
cell lines with diverse human leukocyte antigen (HLA) genotypes (Taylor et al., 2005; , 
Nakajima et al., 2007) might serve most of the patients in a region; however, this system need 
numerous numbers of human embryos and might cause ethical issues.  On the other hand, 
PGES cell lines which are homozygous for HLA loci significantly reduce the number of cell 
lines required for the repository because tissues derived from homozygous PGES cells express 
only one set of histocompatibility antigens and are more readily matched to patients with less 
risk of immunological rejection (Fig. 12).  Thus, homozygous PGES cells have the potential for 
cell-based therapy in a significant number of individuals.  Athough recombination events 
occur between paired chromosomes in meiosis I (Kim et al., 2007), the successful derivation of 
stable homozygous PGES cell lines was reported (Lin et al., 2007; Revazova et al., 2008). 
 

 
Fig. 12. HLA genotypes in homozygous and hetero zygous ES cells. The most important 
HLA molecules to match for are the HLA class I molecules HLA-A and HLA-B, and the 
class II molecule HLA-DR. 

PGES cells also have a merit in viewpoint of tumorigenicity.  Transplanted stem cell-derived 
tissues occasionally forming tumors becomes a serious problem (Brickman et al., 2002).  In 
many cases, such tumors are teratomas or teratocarcinomas arising from undifferentiated stem 
cells residing in the differentiated cell population that have not completed the differentiation 
process.  A variety of approaches, such as selective pluripotent apoptotic agents (Bieberich et 
al., 2004),  magnetic and fluorescent activated cell sorting (MACS and FACS; Shibata et al., 
2006; Fong et al., 2009) and antibodies against undifferentiated stem cells (Choo et al., 2008; 
Tan et al., 2009), have been reported to help eliminate tumorigenesis; however, the final 
obstacle of teratoma formation has not been adequately addressed and remains a major safety 
hurdle that has to be overcome before tissue transplantations.  Interestingly, primary MEFs, 
whose entire genome is either exclusively paternal (androgenetic) or maternal 
(parthenogenetic), exhibit dramatically contrasting patterns of growth and tumorigenesis 
(Hernandez et al., 2003).  Parthenogenetic MEFs reach a lower saturation density and senesce; 
whereas, androgenetic and biparental MEFs increased saturation density, spontaneous 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

230 

development resembling that found in in vivo developed embryos (Doherty et al., 2000; 
Mann et al., 2004).  Furthermore, long term culture of ES cells also affects the methylation 
status of imprinted genes and their totipotency (Dean et al., 1998; Horii et al., 2010).   
A second consideration is that XX ES cells including PGES cells are more susceptible to 
demethylation than XO and XY ES cells (Zvetkova et al., 2005).  XO and XY ES cells are able 
to restore the methylation imprints; whereas, XX ES cells are not able to restore them 
enough.  PGES cells have generally two X chromosomes, so that demethylated PGES cells 
could be demethylated, or progress the demethylation of imprinted genes in chimeras.  
Then, why XX ES cells including PGES cells show demethylation of imprints? There is a 
speculation that X chromosome encodes a modifier locus whose product represses de novo 
methyltransferases.  The de novo methyltransferase, Dnmt3a and Dnmt3b, are known to play 
a critical role for the restoration of methylation post implantation (Okano et al., 1998; Okano 
et al., 1999).  Cells with two active X chromosomes will overexpress the modifier and 
therefore have reduced levels of the enzymes.  In evidence, the forced expression of Dnmt3a 
or Dnmt3b restores the DNA methylation of XX ES cells (Zvetkova et al., 2005), suggesting 
that the expression levels of Dnmt3a and/or Dnmt3b are not sufficient for PGES cells.  On 
the other hand, once methylation of imprinted genes is completely lost in XX ES cells, the 
loss is not restored by the forced expression of Dnmt3a or Dnmt3b in vitro (Zvetkova et al., 
2005).  According to the bisulfite genomic sequencing of PG and PGES cells, demethylation 
was sparse in parthenogenetic blastocysts; whereas, completely demethylated alleles existed 
in undifferentiated PGES cells (Fig. 4), suggesting that completely demethylated alleles in 
PGES cells were not able to be remethylated post implantation. 

5. Comparison among ES cell, iPS cell and PGES cell. 
PGES cells have been proposed as a source of patient-derived therapeutic materials (Cibelli 
et al., 2002).  In addition to normal ES cells and iPS cells, parthenogenesis is another tool for 
creating pluripotent stem cells.  Human PGES cells have already been isolated from human 
parthenogenetic blastocysts (Mai et al., 2007; Revazova et al., 2007).  As described in the 
introduction, the advantage using PGES cells is that PGES cells do not need destruction of 
viable biparental embryos like normal ES cells.  In addition, PGES cells do not need viruses 
or expression plasmids for the establishment like iPS cells.  The genomic imprinting with 
uniparental genome sets is the biggest problem for PGES cells; however, we and others 
clarified that PGES cells partially lost maternally methylated imprints and obtained more 
normal imprint patterns (Jiang et al., 2007; Horii et al., 2008; Li et al., 2009).  In this study, we 
clarified correlation of expression and methylation of imprinted genes with pluripotency of 
PGES cells.  Even more surprisingly, live parthenogenetic pups were recently produced 
from reprogrammed PGES cells through tetraploid embryo complementation (Chen et al., 
2009).  These reports suggest that PGES cells have more normal pluripotency than PG.  In 
contrast, even normal biparental ES cells sometimes obtain abnormal imprinting which 
influences pluripotency during long-term culture (Dean et al., 1998; Horii et al., 2010).  In 
addition, iPS cells occasionally show aberrant silencing of imprinted genes on chromosome 
12qF1 (Stadtfeld et al., 2010).  Thus, reprogrammed PGES cells have pluripotency nearly 
equivarent to normal biparental ES cells or iPS cells.  Besides these merits, there are other 
advantages to use PGES cells for cell transplantation therapy. 
For example, normal biparental ES cells derived from fertilized embryos are genetically 
divergent from any patient requiring tissue transplantation and bring an immune response 

Reprogrammed Parthenogenetic ES Cells - New Choice for Regenerative Medicine   

 

231 

resulting in rejection (Drukker & Benvenisty, 2004).  The hES cell bank that contains sufficient 
cell lines with diverse human leukocyte antigen (HLA) genotypes (Taylor et al., 2005; , 
Nakajima et al., 2007) might serve most of the patients in a region; however, this system need 
numerous numbers of human embryos and might cause ethical issues.  On the other hand, 
PGES cell lines which are homozygous for HLA loci significantly reduce the number of cell 
lines required for the repository because tissues derived from homozygous PGES cells express 
only one set of histocompatibility antigens and are more readily matched to patients with less 
risk of immunological rejection (Fig. 12).  Thus, homozygous PGES cells have the potential for 
cell-based therapy in a significant number of individuals.  Athough recombination events 
occur between paired chromosomes in meiosis I (Kim et al., 2007), the successful derivation of 
stable homozygous PGES cell lines was reported (Lin et al., 2007; Revazova et al., 2008). 
 

 
Fig. 12. HLA genotypes in homozygous and hetero zygous ES cells. The most important 
HLA molecules to match for are the HLA class I molecules HLA-A and HLA-B, and the 
class II molecule HLA-DR. 

PGES cells also have a merit in viewpoint of tumorigenicity.  Transplanted stem cell-derived 
tissues occasionally forming tumors becomes a serious problem (Brickman et al., 2002).  In 
many cases, such tumors are teratomas or teratocarcinomas arising from undifferentiated stem 
cells residing in the differentiated cell population that have not completed the differentiation 
process.  A variety of approaches, such as selective pluripotent apoptotic agents (Bieberich et 
al., 2004),  magnetic and fluorescent activated cell sorting (MACS and FACS; Shibata et al., 
2006; Fong et al., 2009) and antibodies against undifferentiated stem cells (Choo et al., 2008; 
Tan et al., 2009), have been reported to help eliminate tumorigenesis; however, the final 
obstacle of teratoma formation has not been adequately addressed and remains a major safety 
hurdle that has to be overcome before tissue transplantations.  Interestingly, primary MEFs, 
whose entire genome is either exclusively paternal (androgenetic) or maternal 
(parthenogenetic), exhibit dramatically contrasting patterns of growth and tumorigenesis 
(Hernandez et al., 2003).  Parthenogenetic MEFs reach a lower saturation density and senesce; 
whereas, androgenetic and biparental MEFs increased saturation density, spontaneous 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

232 

transformation, and formation of tumors.  Analysis of individual imprinted genes revealed 
that Igf2 regulates transformation and functions as a potent oncogene, converting primary 
fibroblasts into forming rapidly growing tumors.  In our study, high Igf2 expression was not 
detected in PGES cell-derived MEFs as well as PG-derived MEFs (Fig. 8), indicating that PGES 
cells rarely cause tumorigenesis.  In addition, H19, p57kip2 and Igf2r, which show excessive 
expression in parthenogenetic cells, are candidate tumor supressor genes (Hao et al., 1993; 
Matsuoka et al., 1995; De souza et al., 1995; Yoshimizu et al., 2008).  Therefore, expression 
patterns of oncogenes and tumor supressor genes in PGES cell-derived tissue could be one of 
the advantages for cell transplantation therapy (Fig. 13).  
Last, summary of comparison among PGES cells and other pluripotent stem cells are shown 
in Fig. 14. 

 
Fig. 13. Gene expression patterns of tumorigenesis related genes in PGES cells. 

 
Fig. 14. Comparison  among PGES cells and other pluripotent stem cells. 
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6. Conclusion 
In this study, we clarified epigenetic reprogramming occurred in PGES cells, resulted in 
nearly normal expression patterns of imprinted genes.  These reprogrammed PGES cells 
could be used for regenerative medicine as the 3rd pluripotent stem cells.  In mice, it is 
reported that uniparental ES cells can differentiate into transplantable hematopoietic 
progenitors in vitro that contribute to long-term hematopoiesis in recipients (Eckardt et al., 
2007).  The human PGES cells might be utilized for cell transplantation therapy in the near 
future. 
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Fig. 13. Gene expression patterns of tumorigenesis related genes in PGES cells. 

 
Fig. 14. Comparison  among PGES cells and other pluripotent stem cells. 
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1. Introduction 
Both embryonic and somatic stem cells have attracted many scientists’ interest as they 
appear to be ideal candidates for cell therapy to treat various degenerative diseases and 
tissue injury for which there are no cures available. However, during the last few years, 
extensive amount of publications have focused on somatic cell reprogramming, a reversal of 
cell fate from a mature differentiated state to an undifferentiated state or directly to that of 
progenitors or mature cells of a different cell type. The advantage of that strategy is to 
obtain an autologous source of cells, which when differentiated and/or transplanted will 
not be rejected by the recipients. Several strategies have been applied for reprogramming 
purpose, including somatic cell nuclear transfer (SCNT), somatic-stem cell fusion, cell-free 
extract treatment and induced pluripotent stem cell (iPSC) generation. As a model for 
studying nuclear reprogramming, cell-cell fusion has been studied since the 1970’s. Recent 
observations demonstrate that transplanted stem cells can differentiate into multiple cell types 
in vivo and have brought investigators to a new stage for applying cell fusion to regenerative 
therapies, cherishing the idea that fusion-based reprogramming may possess more potential 
than the original belief. In this chapter, we have briefly discussed the current progress of 
somatic cell reprogramming induced by cell fusion. In our lab, using human embryonic stem 
cells (hESCs) and human fetal fibroblasts (HFFs) as fusion candidates, we have compared the 
fusion efficiency in vitro using different methods and successfully generated hybrid cells. 
Research publications to date suggest that cell fusion between stem cells and somatic cells may 
restore regenerative capacity of terminally differentiated cells and can be applied for 
transplantation and cell therapy. However, certain aspects of disadvantages cannot be 
neglected. The limitations of cell fusion based reprogramming includes the presence of stem 
cell nuclei in the hybrid cells, the possibility of causing immune-rejection and the genetic 
instability of hybrid cells. Insights of both pros and cons have been described in this chapter 
and we conclude that reprogramming induced by cell fusion can be achieved at different 
efficiencies when using various fusion methods in vitro. The hybrid cells show ESC-like 
properties with double nuclear content. More detailed studies will be needed to remove ESC 
nuclei before these cells can be used for clinical purposes. 
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2. Stem cells and regenerative medicine 
Stem cells have been identified as clonal cells that have the capacity to self-renew as well as 
the ability to generate more than one type of specialized cells (Weissman, 2000; Cowan and 
Melton, 2006; Sidhu and Ryan et al., 2010). These properties make them important in wound 
healing and in the processes of regeneration throughout life. Regenerative medicine is an 
emerging field with the aim of repairing tissue/organs caused by injury, disease or aging by 
restoring the function of cells, tissues and organs faster and better. The techniques being 
investigated and applied include manipulation of stem cell behaviour by genetic (gene 
therapy) or non-genetic means, followed by transplantation of stem cells (cell therapy) and 
in vitro-grown cells/tissues/organs taking the dynamics and microenvironment into 
account (tissue engineering). 
The traditional approach to reduce disability and improve health of patients has been organ 
transplantation, which started with the successful transplantation of the kidney between 
identical twins (Guild and Harrison et al., 1955). With the development and usage of 
immunosuppressant drugs, improved survival rate of patients have been reported 
(Chkhotua and Klein et al., 2003; Kim and Kwon et al., 2004) and solid organ types have 
expanded to the heart, liver, pancreas and lung (Hariharan and Johnson et al., 2000; Sayegh 
and Remuzzi, 2007). However, despite these positive aspects, there is shortage of 
transplantable organs. According to the official U.S. Government information on organ and 
tissue donation and transplantation (http://www.organdonor.gov/), by June 2010 more 
than 108,000 people are waiting for transplantation surgeries and this number continues to 
rise by approximately 300 people per month due to scarcity of available donors. 
Regenerative medicine is a broad phrase used to describe the field of medicine that covers a 
diverse range of research including cell therapy, tissue engineering and transplantation. The 
use of stem cells in regenerative medicine provides unlimited cell sources for clinical 
application that overcome the shortage of tissue/organs. There are three classes of stem cells 
according to their origin: embryonic, germinal and adult stem cells (also known as somatic 
stem cells). Depending on their capacity to differentiate into other cell types, stem cells may 
be classified into totipotential, pluripotential and multipotential stem cells (Rao and 
Mattson, 2001). Despite the fact that more and more research are showing evidence for the 
potential use of stem cells in regenerative medicine (Bajada and Mazakova et al., 2008), it is 
not clear which type of stem cell provides the best approach for cell therapy.  

2.1 Adult stem cells in regenerative medicine 
There are different types of adult stem cells, some of these include hematopoietic stem cells 
(HSCs), mesenchymal stem cells (MSCs), adipose tissue-derived stem cells (ADSCs), cardiac 
stem cells (CSCs), neural stem cells (NSCs), pancreatic stem cells (PSCs), hepatic oval cells 
(HOCs) and bronchioalveolar stem cells (BASCs). Adult stem cells are located within a stem 
cell niche and upon injury, proliferate to maintain the stable stem cell number and generate 
differentiated cells to replace damaged tissue cells. Adult stem cells have had applications in 
the treatment of many diseases including nervous system disorders, heart disorders, 
diabetes, muscular disorders, vascular disorders and interstitial lung diseases (Mimeault 
and Batra, 2008). An easy and straightforward approach for applying stem cells in 
regenerative medicine is to transplant/inject adult stem cells or differentiated cells into the 
targeted diseased or injured site, whereas the approach of tissue engineering is designed to 
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generate solid tissue or organ by using bioreactors, scaffolds and other biomaterials in vitro 
before transplantation. 
Bone marrow (BM) has long been known to contain at least three types of stem cells: HSCs, 
MSCs and endothelial progenitor cells (EPCs) (Alison and Islam, 2009). HSCs are able to 
reconstitute the hematopoietic system by differentiation into all types of blood cells and 
MSCs are able to differentiate into skeletal tissues (Bonnet, 2003). Currently, BM or BM-
derived stem cell transplantation is the best-known and well-established stem cell-based 
therapy in regenerative medicine. When HSCs are transplanted for either allogenic or 
autologous therapy, function of bone marrow that was damaged can be re-established 
through engraftment and continuous generation of a new hematopoietic system (Armitage, 
1994; Shizuru and Negrin et al., 2005). HSC transplantation method has been established and 
has become a standard therapy for the treatment of many hematopoietic diseases including 
Hodgkin’s and non-Hodgkin’s lymphoma, acute and chronic myelogenousleukemia and 
myelodysplastic syndromes (Armitage, 1994; Copelan, 2006). 
A concept that has brought much attention recently in the field of adult stem cell research is 
plasticity, which describes the phenomenon that restrictions in cell fates are flexible and the 
capacity of stem cells to differentiate into various cell types, including those not of their 
lineage of origin (Raff, 2003). Being the most extensively studied adult stem cells, HSCs have 
received much more attention as a result of recent transplantation studies, showing their 
plasticity to give rise to many non-hematopoietic cells both in vivo and in vitro (Quesenberry 
and Dooner et al., 2010). This will be discussed in further details in Section 3 of this chapter. 

2.1.1 Skeletal muscle 
Being the largest tissue in the body, skeletal muscle contains a population of stem cells 
known as satellite cells (SCs). SCs are normally quiescent but can be activated to 
proliferation upon injury or disruption of the basal lamina resulting in the generation of 
multinucleated myofibers for muscle regeneration (Shi and Garry, 2006). Many regulatory 
factors, including SC niche, stimulatory and inhibitory growth factors are involved in 
muscle regeneration. Allogenic SCs have been transplanted for therapeutic purposes. 
However, limited migration ability and poor survival of the injected cells have hampered 
their application in regenerative medicine (Broek and Grefte et al., 2010). Transgenic strategy 
to promote proliferation of SCs and derivation of other precursor cells involved in skeletal 
muscle regeneration have been investigated, showing great potential for the treatment of 
skeletal muscle injury and diseases. 

2.1.2 Heart 
The heart of human adults has been shown to contain resident adult stem cells with 
differentiation and regeneration capacity (Leri and Kajstura et al., 2005; Lyngbæk and 
Schneider et al., 2007). As precursors of cardiac muscle, transplantation of autologous 
myoblast cells and other cell types, for example, cardiomyocytes and BM-derived cells have 
also been suggested to be potential therapy for the treatment of myocardial dysfunction 
(Rubart and Field, 2006).  
Apart from cell therapy, scientists have been attempted to create three dimensional scaffolds 
and engineering heart tissue. A recent improvement in this aspect was the establishment of 
a bio-artificial heart with a perfusion-decellularized matrix obtained from real heart (Ott and 
Matthiesen et al., 2008).  
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2.1.3 Liver, kidney and pancreas 
Both whole liver and hepatocytes have been transplanted to treat various liver diseases. 
However, due to limited number of available liver and hepatocytes, stem cells (especially 
BM-derived stem cells) have been considered a valuable source for obtaining sufficient 
number of cells for transplantation. Yet, the existence or absence of a stem cell population in 
adult liver is still not clear. Studies on liver development suggested the presence of progenitors 
in fetal liver (Schmelzer and Zhang et al., 2007) and another side population (SP) cells have also 
been found to contribute to hematopoietic and epithelial lineages (Terrace and Hay et al., 2009), 
representing the existence of a second potential hepatic progenitor cells. 
The adult kidney consists at least 26 types of different cells with low proliferative potential. 
Thus, kidney is considered a highly terminally differentiated organ. However, the kidney 
has regenerative and repair potential upon injury. Much effort has been made in looking for 
renal stem/progenitor cells residing in the adult kidney. Renal epithelial stem cells have 
been reported to exist and SP cells have been isolated from adult kidneys (Iwatani and Ito et 
al., 2004; Benigni and Morigi et al., 2010). In addition, there has been controversy as to 
whether the adult pancreas contains stem cells. In normal adult pancreas, β-cells are known 
to renew at a low rate, but the mechanism of this cell renewal is not clear and has been 
suggested to be either replication of differentiated β-cells or neogenesis of pancreatic 
progenitor cells. The presence of pancreatic stem/progenitor cells has been proposed in the 
adult pancreatic exocrine, pancreatic duct and islets (Efrat, 2008). However, further 
characterization of these cells is essential and to date, whether there is a true renal and 
pancreatic stem cell population still remains elusive. 
In addition, BM-derived stem cells have been reported to transdifferentiate to repair kidney 
and to generate insulin producing cells (Efrat, 2008; Iwatani and Imai, 2010). 

2.1.4 Cartilage and Bone 
When damaged, bone repair occurs within a compressed time frame and in a precise 
location, whereas damaged cartilage has shown apparent lack of self-renewal. Current 
research on cell-based skeletal tissue regeneration focuses on identification of an ideal cell 
type for tissue repair. Bone has been found to contain stem cells as well as osteoprogenitor 
cells that produce bone and cartilage (Nuttall and Patton et al., 1998; Gronthos and 
Zannettino et al., 1999). At the same time, BM-derived MSCs have been widely investigated 
for their potential to differentiate into bone and cartilage tissue (Arinzeh, 2005).  

2.1.5 Nervous system 
It has been suggested that diseases of the nervous system including spinal cord injury and 
degenerative diseases can be treated or at least improved by replacing dysfunctional cells 
with new ones derived from NSCs. The existence of NSCs in the central nervous system 
(CNS) was supported by the fact that the CNS can regenerate neuronal axons, replenish lost 
neural cells as well as recovery of neuronal functions. More specifically, NSCs reside in the 
subventricular zone of the forebrain and the dentate gyrus of the hippocampus, where they 
consistently generate new neural cells (McKay, 1997; Temple, 2001). To repair the nervous 
system, scientists have applied two main methods：transplantation of stem cells and allow 
them to differentiate into neurons/glial cells in vivo or induce differentiation in vitro before 
transplantation; alternatively, growth factors that are involved in brain development have 
been used to stimulate stem cells within the brain to repair damage (Okano, 2006). NSCs 
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have been considered an important source of neurons for transplantation in treating 
Parkinson’s disease. Other adult stem cells, including BM-derived stem cells have also been 
shown to differentiate towards neuronal lineage and possess the potential to be used for the 
relief from Parkinson’s symptoms (Morizane and Li et al., 2008). 
The major advantage of using adult stem cells is that these cells can be autologous (isolated 
from the patients themselves), lessening the possibility of rejection by the immune system. 
However, it is difficult to isolate pure population of adult stem cells due to the extremely 
low numbers existing in the adult tissue of interest (approximately 1 in 10,000 cells) 
(Marshak and Gardner et al., 2001). Another problem that hinders research on adult stem 
cells has been maintaining and expanding long-term cultures of these cells in vitro. 

2.2 Pluripotent stem cells in regenerative medicine 
Embryonic stem cells (ESCs) derived from spare embryos can be cultured in large numbers 
on feeder layers or extracellular matrices in defined medium (Yu and Thomson, 2008). These 
cells are pluripotent in that they are able to form all three germ layers when directly and 
spontaneously differentiated. A number of cell types, including neural progenitors, 
dopaminergic (DA) neurons, insulin-producing cells, cardiomyocytes, endothelial cells, 
hematopoietic cells and many others, have been generated from ESCs (Choumerianou and 
Dimitriou et al., 2008; Sidhu, 2008). Yet, destruction of embryos to isolate human embryonic 
stem cells (hESCs) is considered a major ethical concern regarding the use of these cells. 
Another limitation is the allogenic resource of these cells, which may result in immune 
rejection when transplantation is carried out. New technologies such as somatic cell nuclear 
transfer (SCNT) and somatic cell reprogramming (cell fusion and induced pluripotent stem 
cell, iPCS generation) offer opportunities to overcome transplantation issues (Figure 1). 
However, SCNT technique raises other ethical issues regarding the use of human eggs while 
the latter is being investigated extensively. The past couple of years have witnessed the 
progress of reprogramming and re-differentiation of these reprogrammed cells, although 
research on reprogramming is still in its early stages and much more work needs to be done 
before somatic cell reprogramming can be used in clinical therapy. 
One of the most exciting report in reprogramming was the generation of iPSCs from 
terminally differentiated somatic cells by transduction of four transcription factors (OCT4, 
SOX2, KLF4 and c-MYC) into fibroblasts (Takahashi and Yamanaka, 2006; Takahashi and 
Tanabe et al., 2007). Later, it was shown that the four factors can be substituted with 
different combinations or with small molecules and a variety of somatic cells were 
successfully reprogrammed (Amabile and Meissner, 2009; Cox and Rizzino, 2010). The 
iPSCs closely resemble ESCs and are pluripotent (Robbins and Prasain et al., 2010). The 
approach of generating patient-specific and disease-specific iPSCs lines has already been 
achieved (Dimos and Rodolfa et al., 2008; Park and Arora et al., 2008; Ebert and Yu et al., 
2009; Lee and Papapetrou et al., 2009). The use of these cells could pave the way for 
regenerative medicine without immune response that limits allogenic cell therapy or the 
ethics with human embryos destruction when isolating hESCs. 
However, one of the most important questions in iPSC generation is to identify the starting 
cells amongst somatic tissue that give rise to iPSCs, and this remains elusive. In addition, 
although new techniques using non-integrating viruses, transient plasmid transfection or 
small molecules have been developed to avoid changes to the somatic cell genome, the results 
need to be further confirmed. Most recently, research revealed a gene expression signature in 
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2.1.3 Liver, kidney and pancreas 
Both whole liver and hepatocytes have been transplanted to treat various liver diseases. 
However, due to limited number of available liver and hepatocytes, stem cells (especially 
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In addition, BM-derived stem cells have been reported to transdifferentiate to repair kidney 
and to generate insulin producing cells (Efrat, 2008; Iwatani and Imai, 2010). 

2.1.4 Cartilage and Bone 
When damaged, bone repair occurs within a compressed time frame and in a precise 
location, whereas damaged cartilage has shown apparent lack of self-renewal. Current 
research on cell-based skeletal tissue regeneration focuses on identification of an ideal cell 
type for tissue repair. Bone has been found to contain stem cells as well as osteoprogenitor 
cells that produce bone and cartilage (Nuttall and Patton et al., 1998; Gronthos and 
Zannettino et al., 1999). At the same time, BM-derived MSCs have been widely investigated 
for their potential to differentiate into bone and cartilage tissue (Arinzeh, 2005).  
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It has been suggested that diseases of the nervous system including spinal cord injury and 
degenerative diseases can be treated or at least improved by replacing dysfunctional cells 
with new ones derived from NSCs. The existence of NSCs in the central nervous system 
(CNS) was supported by the fact that the CNS can regenerate neuronal axons, replenish lost 
neural cells as well as recovery of neuronal functions. More specifically, NSCs reside in the 
subventricular zone of the forebrain and the dentate gyrus of the hippocampus, where they 
consistently generate new neural cells (McKay, 1997; Temple, 2001). To repair the nervous 
system, scientists have applied two main methods：transplantation of stem cells and allow 
them to differentiate into neurons/glial cells in vivo or induce differentiation in vitro before 
transplantation; alternatively, growth factors that are involved in brain development have 
been used to stimulate stem cells within the brain to repair damage (Okano, 2006). NSCs 
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have been considered an important source of neurons for transplantation in treating 
Parkinson’s disease. Other adult stem cells, including BM-derived stem cells have also been 
shown to differentiate towards neuronal lineage and possess the potential to be used for the 
relief from Parkinson’s symptoms (Morizane and Li et al., 2008). 
The major advantage of using adult stem cells is that these cells can be autologous (isolated 
from the patients themselves), lessening the possibility of rejection by the immune system. 
However, it is difficult to isolate pure population of adult stem cells due to the extremely 
low numbers existing in the adult tissue of interest (approximately 1 in 10,000 cells) 
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cells has been maintaining and expanding long-term cultures of these cells in vitro. 
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cells are pluripotent in that they are able to form all three germ layers when directly and 
spontaneously differentiated. A number of cell types, including neural progenitors, 
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hematopoietic cells and many others, have been generated from ESCs (Choumerianou and 
Dimitriou et al., 2008; Sidhu, 2008). Yet, destruction of embryos to isolate human embryonic 
stem cells (hESCs) is considered a major ethical concern regarding the use of these cells. 
Another limitation is the allogenic resource of these cells, which may result in immune 
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transfer (SCNT) and somatic cell reprogramming (cell fusion and induced pluripotent stem 
cell, iPCS generation) offer opportunities to overcome transplantation issues (Figure 1). 
However, SCNT technique raises other ethical issues regarding the use of human eggs while 
the latter is being investigated extensively. The past couple of years have witnessed the 
progress of reprogramming and re-differentiation of these reprogrammed cells, although 
research on reprogramming is still in its early stages and much more work needs to be done 
before somatic cell reprogramming can be used in clinical therapy. 
One of the most exciting report in reprogramming was the generation of iPSCs from 
terminally differentiated somatic cells by transduction of four transcription factors (OCT4, 
SOX2, KLF4 and c-MYC) into fibroblasts (Takahashi and Yamanaka, 2006; Takahashi and 
Tanabe et al., 2007). Later, it was shown that the four factors can be substituted with 
different combinations or with small molecules and a variety of somatic cells were 
successfully reprogrammed (Amabile and Meissner, 2009; Cox and Rizzino, 2010). The 
iPSCs closely resemble ESCs and are pluripotent (Robbins and Prasain et al., 2010). The 
approach of generating patient-specific and disease-specific iPSCs lines has already been 
achieved (Dimos and Rodolfa et al., 2008; Park and Arora et al., 2008; Ebert and Yu et al., 
2009; Lee and Papapetrou et al., 2009). The use of these cells could pave the way for 
regenerative medicine without immune response that limits allogenic cell therapy or the 
ethics with human embryos destruction when isolating hESCs. 
However, one of the most important questions in iPSC generation is to identify the starting 
cells amongst somatic tissue that give rise to iPSCs, and this remains elusive. In addition, 
although new techniques using non-integrating viruses, transient plasmid transfection or 
small molecules have been developed to avoid changes to the somatic cell genome, the results 
need to be further confirmed. Most recently, research revealed a gene expression signature in 
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iPSCs that is different from ESCs, suggesting that iPSCs are not identical to ESCs; rather, they 
could be a unique subtype of pluripotent cell (Chin and Mason et al., 2009). 
Another strategy being explored to induce reprogramming of differentiated cells is through 
fusion with pluripotent cells (Figure 1). Fusion of human fibroblasts with hESCs generates 
tetraploid hybrid cells with gene expression patterns, epigenetic status and differentiation 
ability characteristic of hESCs (Cowan and Atienza et al., 2005). A reprogramming study 
based on hESC claimed re-expression of enhanced green fluorescent protein (EGFP) in 
OCT4-EGFP knock-in ESC-derived myeloid precursor cells after cell fusion (Yu and 
Vodyanik et al., 2006). Most recently, it was reported that iPSCs generated from fibroblasts 
also possess the ability to reprogram other somatic cells after fusion (Sumer and Jones et al., 
2010). In the following sections of this chapter, we will discuss fusion between different cell 
types and prospect future challenges and application of fusion-based reprogramming in 
regenerative medicine. 
 

 
Fig. 1. Approaches to reprogram somatic cells and differentiation of the resulting 
pluripotent cells for regenerative medicine. 

3. Cell-cell fusion 
3.1 Cell fusion during development in vivo 
Cell-cell fusion is a process that occurs in a range of normal development and infection 
conditions in vivo. The beginning of a new life and the first step of development is the event 
of fusion between the sperm and the egg, known as fertilization. While sperm-egg fusion 
has been a subject of intense investigation, the mechanism and factors that are essential for 
cell fusion are still not clear. Knockout studies on mouse models have shown that CD9 on 
the egg plasma membrane is essential for fusion (Boucheix, 2000; Kaji and Oda et al., 2000; 
Miyado and Yamada et al., 2000). Later, a sperm-specific glycoprotein Izumo, which is only 
detectable after the acrosome reaction, was found to be required for sperm-egg fusion 
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(Inoue and Ikawa et al., 2005). Later, during normal development, the formation of syncytia, 
where multiple distinct nuclei exist, was observed in placenta, skeletal muscle and bone 
formation.  
Trophoblast cells of mammals are known to fuse with neighbouring cells to form the 
syncytiotrophoblast. These syncytiotrophoblasts are maintained by further fusion with 
cytotrophoblasts and they serve as a good candidate for transportation of nutrients and 
hormones across the maternal and fetal blood vessels (Huppertz and Frank et al., 1998; 
Pötgens and Schmitz et al., 2002). 
Skeletal muscle is composed of multinucleate muscle fibres, which are the products of 
multistep fusion process during development. Fusion starts with mononucleatemyoblasts 
fusing with each other to form nascent myotubes containing a small number of nuclei. This 
is then followed by additional fusion between the multinucleate myotubes and myoblasts, 
leading to the formation of large and mature myotubes (Horsley and Pavlath, 2004). At a 
later stage of development, SCs can fuse with muscle fibres for regeneration and 
maintenance of the skeletal muscle. The mechanism and regulation of myoblast fusion is 
reviewed in detail recently (Pavlath 2010). 
Another example of cell fusion that occurs in vivo in mammals is macrophage fusion, which 
results in the formation of multinucleate osteoclasts and giant cells (Vignery, 2000). During 
osteoclastogenesis, macrophages fuse with each other to form multinucleate osteoclasts in 
the bone, or giant cells in chronic inflammatory sites. As a result, macrophages increase in 
size and consequently endow them enhanced capacity of resorption, which is illustrated by 
the difference in gene expression patterns of mono-/multi-nucleated macrophages 
(Teitelbaum and Ross, 2003). This resoption capacity has been shown to be important for 
bone remodelling and failure in fusion induces thick and brittle bone formation in 
osteopetrosis. 

3.2 Cell-cell fusion in tissue regeneration 
It has been reported that different types of cells can fuse spontaneously when co-cultured in 
vitro (Weiss and Green, 1967; Ying and Nichols et al., 2002). More recently, cell fusion has 
also been suggested to be involved in transdifferentiation and tissue regeneration. 
Transdifferentiation is a concept describing the process of conversion of cells from a specific 
lineage to that not of their lineage of origin and has been demonstrated by the plasticity of 
adult stem cells. BM-derived HSCs and MSCs are the most extensively studied adult stem 
cells, which have also been considered to possess the most plasticity and can give rise to 
non-hematopoietic cells. After BM transplantation, cells carrying markers indicating their 
origin can be found in different tissues, including the liver, lung, pancreas and muscle 
(Quesenberry and Dooner et al., 2010). Some scientists proposed that this is the consequence 
of fusion between transplanted cells and local somatic/precursor cells, rather than real 
transdifferentiation.  
An early transplantation study aimed to treat a muscle defective disease, Duchenne 
muscular dystrophy (DMD), suggested that fusion occurred between implanted cells and 
host myoblasts/muscle fibres. Later, transplantation of BM-derived progenitors suggested 
possible fusion between the progenitors and myofibers and their contribution in muscle 
regeneration (Gibson and Karasinski et al., 1995; Ferrari and Cusella-De Angelis et al., 1998). 
In humans, it was shown that exogenous BM cells fused with myofibres in vitro after BM 
transplantation contributed to tissue repair (Gussoni and Bennett et al., 2002). Additional 
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iPSCs that is different from ESCs, suggesting that iPSCs are not identical to ESCs; rather, they 
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OCT4-EGFP knock-in ESC-derived myeloid precursor cells after cell fusion (Yu and 
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also possess the ability to reprogram other somatic cells after fusion (Sumer and Jones et al., 
2010). In the following sections of this chapter, we will discuss fusion between different cell 
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(Inoue and Ikawa et al., 2005). Later, during normal development, the formation of syncytia, 
where multiple distinct nuclei exist, was observed in placenta, skeletal muscle and bone 
formation.  
Trophoblast cells of mammals are known to fuse with neighbouring cells to form the 
syncytiotrophoblast. These syncytiotrophoblasts are maintained by further fusion with 
cytotrophoblasts and they serve as a good candidate for transportation of nutrients and 
hormones across the maternal and fetal blood vessels (Huppertz and Frank et al., 1998; 
Pötgens and Schmitz et al., 2002). 
Skeletal muscle is composed of multinucleate muscle fibres, which are the products of 
multistep fusion process during development. Fusion starts with mononucleatemyoblasts 
fusing with each other to form nascent myotubes containing a small number of nuclei. This 
is then followed by additional fusion between the multinucleate myotubes and myoblasts, 
leading to the formation of large and mature myotubes (Horsley and Pavlath, 2004). At a 
later stage of development, SCs can fuse with muscle fibres for regeneration and 
maintenance of the skeletal muscle. The mechanism and regulation of myoblast fusion is 
reviewed in detail recently (Pavlath 2010). 
Another example of cell fusion that occurs in vivo in mammals is macrophage fusion, which 
results in the formation of multinucleate osteoclasts and giant cells (Vignery, 2000). During 
osteoclastogenesis, macrophages fuse with each other to form multinucleate osteoclasts in 
the bone, or giant cells in chronic inflammatory sites. As a result, macrophages increase in 
size and consequently endow them enhanced capacity of resorption, which is illustrated by 
the difference in gene expression patterns of mono-/multi-nucleated macrophages 
(Teitelbaum and Ross, 2003). This resoption capacity has been shown to be important for 
bone remodelling and failure in fusion induces thick and brittle bone formation in 
osteopetrosis. 

3.2 Cell-cell fusion in tissue regeneration 
It has been reported that different types of cells can fuse spontaneously when co-cultured in 
vitro (Weiss and Green, 1967; Ying and Nichols et al., 2002). More recently, cell fusion has 
also been suggested to be involved in transdifferentiation and tissue regeneration. 
Transdifferentiation is a concept describing the process of conversion of cells from a specific 
lineage to that not of their lineage of origin and has been demonstrated by the plasticity of 
adult stem cells. BM-derived HSCs and MSCs are the most extensively studied adult stem 
cells, which have also been considered to possess the most plasticity and can give rise to 
non-hematopoietic cells. After BM transplantation, cells carrying markers indicating their 
origin can be found in different tissues, including the liver, lung, pancreas and muscle 
(Quesenberry and Dooner et al., 2010). Some scientists proposed that this is the consequence 
of fusion between transplanted cells and local somatic/precursor cells, rather than real 
transdifferentiation.  
An early transplantation study aimed to treat a muscle defective disease, Duchenne 
muscular dystrophy (DMD), suggested that fusion occurred between implanted cells and 
host myoblasts/muscle fibres. Later, transplantation of BM-derived progenitors suggested 
possible fusion between the progenitors and myofibers and their contribution in muscle 
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In humans, it was shown that exogenous BM cells fused with myofibres in vitro after BM 
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data also showed that repair of muscle injury was not the result of HSC transdifferentiation, 
but was the consequence of fusion between transplanted HSCs and muscle fibres, further 
confirming the importance of cell fusion during tissue repair at the site of damage (Camargo 
and Green et al., 2003; Corbel and Lee et al., 2003). 
Results from two groups using a hepatic lethal murine models showed regain of normal 
liver function after BM transplantation. The newly generated hepatocytes express genes of 
both donor and host, indicating fusion of donor and host cells. Southern blot and 
karyotyping analysis further confirmed that the hepatocytes derived, arise from BM and 
somatic cell fusion and not by transdifferentiation of HSCs (Vassilopoulos and Wang et al., 
2003; Wang and Willenbring et al., 2003). Together with the studies of muscle repair, it is 
accepted that in a damaged tissue model, BM can fuse with somatic cells at the site of injury 
and regenerate organ function. 
It was then indicated that this transdifferentiation induced by cell fusion is injury-
independent and could occur under normal conditions. Analysis of female brains that had 
male BM transplantation, revealed the existence of tetraploid Purkinje neurons (XXXY), 
indicating fusion between HSCs and existing Purkinje neurons. Similarly, after 
transplantation of green fluorescent protein (GFP)-positive BM into lethally irradiated wild-
type mice, GFP-positive Purkinje-BM cell heterokaryons containing two nuclei were 
observed, suggesting fusion had occurred (Weimann and Charlton et al., 2003; Weimann 
and Johansson et al., 2003). BM-derived MSCs have also been transplanted into Niemann-
Pick mice. The transplanted MSCs were shown to fuse with Purkinje neurons and develop 
into functional neurons to promote brain function (Bae and Furuya et al., 2005). 
BM cell fusion was also investigated using transgenic mouse models carrying either Cre-
recombinase or LacZ reporter gene, which is under the control of LoxP-flanked stop cassette 
mediated by Cre recombination. Spontaneous fusion was observed in the brain, liver and 
heart of irradiated healthy mice (Alvarez-Dolado and Pardal et al., 2003). More recently, it 
was suggested that fusion between BM cells and Purkinje cells and the formation of 
heterokaryon occurs at a much higher efficiency upon tissue injury than under normal 
conditions (Johansson and Youssef et al., 2008). Then another group sought to address fusion 
under strictly physiological conditions using the Cre-LoxP system. They claimed absence of 
binucleated cell generation after BM transplantation and favour the idea that fusion between 
HSCs and Purkinje neurons is only a transient event and under non-invasive conditions, no 
stable heterokaryons are formed (Nern and Wolff et al., 2009). 
Other studies on BM transplantation suggested that cell fusion could also be the mechanism 
of tissue repair for heart (Nygren and Jovinge et al., 2004), kidney (Fang and Alison et al., 
2005) and intestinal epithelium (Rizvi and Swain et al., 2006). However, there are also 
studies reporting HSC plasticity with no cell fusion observations (Newsome and 
Johannessen et al., 2003; Bailey and Jiang et al., 2004; Harris and Herzog et al., 2004). 
While some may ask whether stem cells regenerate tissue by fusing with other cells or by 
transdifferentiation, it will be fair to say that cell fusion and transdifferentiation do not 
exclude each other. In transplantation and transdifferentiation studies mentioned above, 
each group used a different cell population, including whole BM cells, HSCs and MSCs 
isolated based on expression of different cell markers. The diversity thus makes it hard to 
compare the results and conclude. Transdifferentiation of BM cells have been shown in vitro; 
however, cell fusion does occur during tissue repair as well as in normal tissues although at 
a low frequency. It is most possible that the mechanism of plasticity involves both fusion 
and transdifferentiation. For one thing, upon fusion of BM cells with another cell type, the 
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latter may induce differentiation of BM cells; for another, fusion may result in transient 
hybrid cells with plasticity, which can differentiate into different cell types. Further research 
will be needed to provide more information on stem cell plasticity and tissue regeneration. 

3.3 Fusion-induced reprogramming 
3.3.1 Fusion between pluripotent and somatic cells 
It has long been known that under co-culturing system, different cell types can fuse together, 
although at rather low rates. Somatic cells were shown to fuse spontaneously with ESCs in 
vitro and were reprogrammed (Pells and Di Domenico et al., 2002). 
The pioneer study was designed to fuse pluripotent embryonic carcinoma cells (ECCs) with 
primary thymocytes with the resultant hybrid cells showing similarities to the parent ECCs 
in their multipotent differentiation abilities (Miller and Ruddle, 1976). This indicated that 
pluripotency was not lost by the introduction of a somatic cell; on the contrary, pluripotency 
prevailed the cell fate and overwhelmed the differentiation pathways.  
More recent research has shown that pluripotency can be re-established in somatic cells 
by fusion with ECCs, embryonic germ cells (EGCs) and ESCs, suggesting that these 
pluripotent cells possess the same or similar components that mediates reprogramming 
(Han and Sidhu, 2008). Compared to ECCs and EGCs, ESCs may represent a better source 
for this fusion-based reprogramming and have been paid much attention. The 
programming abilities of mouse ESCs (mESCs) were first illustrated by showing that 
mouse spleen cells obtained pluripotency after fusion with ESCs (Matveeva and Shilov et 
al., 1998). After fusion with mESCs, the Oct4 gene was reactivated 48 hours later in mouse 
lymphocytes, which suggest pluripotent properties of the hybrid cells. This was also 
testified by the hybrids’ contribution to all three germ layers as well as the epigenetic 
status as assessed by DNA methylation pattern of imprinted and non-imprinted genes 
(Tada and Takahama et al., 2001). Similar to mESCs, hESCs can also reprogram 
differentiated somatic cells to an embryonic state by fusion (Figure 2). This was first 
achieved by Eggan’s group in which hESCs were fused with human fibroblasts, resulting 
in tetraploid hybrid cells with gene expression patterns, epigenetic status and 
differentiation ability characteristic of hESCs (Cowan and Atienza et al., 2005). Another 
fusion-induced reprogramming based on hESCs claimed re-expression of EGFP in OCT4-
EGFP knock-in ESC-derived myeloid precursor cells after fusion and ESC-specific marker 
gene expression in the hybrid cells. Furthermore, pluripotency of the hybrids were 
demonstrated by the formation of three germ layers and extra-embryonic tissues (Yu and 
Vodyanik et al., 2006). These results provide an alternative pathway to SCNT and iPSCs 
generation for reprogramming somatic cells and especially for studying the mechanisms 
of nuclear reprogramming. 
Fusion between same or similar cells results in synkaryons or homokaryons (Figure 2). The 
former are single nucleated cells in which chromosome loss or re-sorting has occurred to 
homokaryons, an intermediate cell type in the process of synkaryon formation. Similarly, 
the cells formed by the fusion of different types of cells are either synkaryons or 
heterokaryons. Heterkaryons contain multiple nuclei and each nucleus remains separate 
and stable over time. Heterokaryon formation has been used as a tool to overcome 
chromosome loss and rearrangement after fusion and as a model to study the role of 
cytoplasmic factors on gene expressions. When nuclear fusion occurs, the fused nucleus 
initially contains chromosomal content of both fusion partners, but then chromosome loss or 
re-sorting leads to the formation of snykaryons. 
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data also showed that repair of muscle injury was not the result of HSC transdifferentiation, 
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liver function after BM transplantation. The newly generated hepatocytes express genes of 
both donor and host, indicating fusion of donor and host cells. Southern blot and 
karyotyping analysis further confirmed that the hepatocytes derived, arise from BM and 
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accepted that in a damaged tissue model, BM can fuse with somatic cells at the site of injury 
and regenerate organ function. 
It was then indicated that this transdifferentiation induced by cell fusion is injury-
independent and could occur under normal conditions. Analysis of female brains that had 
male BM transplantation, revealed the existence of tetraploid Purkinje neurons (XXXY), 
indicating fusion between HSCs and existing Purkinje neurons. Similarly, after 
transplantation of green fluorescent protein (GFP)-positive BM into lethally irradiated wild-
type mice, GFP-positive Purkinje-BM cell heterokaryons containing two nuclei were 
observed, suggesting fusion had occurred (Weimann and Charlton et al., 2003; Weimann 
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2005) and intestinal epithelium (Rizvi and Swain et al., 2006). However, there are also 
studies reporting HSC plasticity with no cell fusion observations (Newsome and 
Johannessen et al., 2003; Bailey and Jiang et al., 2004; Harris and Herzog et al., 2004). 
While some may ask whether stem cells regenerate tissue by fusing with other cells or by 
transdifferentiation, it will be fair to say that cell fusion and transdifferentiation do not 
exclude each other. In transplantation and transdifferentiation studies mentioned above, 
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latter may induce differentiation of BM cells; for another, fusion may result in transient 
hybrid cells with plasticity, which can differentiate into different cell types. Further research 
will be needed to provide more information on stem cell plasticity and tissue regeneration. 

3.3 Fusion-induced reprogramming 
3.3.1 Fusion between pluripotent and somatic cells 
It has long been known that under co-culturing system, different cell types can fuse together, 
although at rather low rates. Somatic cells were shown to fuse spontaneously with ESCs in 
vitro and were reprogrammed (Pells and Di Domenico et al., 2002). 
The pioneer study was designed to fuse pluripotent embryonic carcinoma cells (ECCs) with 
primary thymocytes with the resultant hybrid cells showing similarities to the parent ECCs 
in their multipotent differentiation abilities (Miller and Ruddle, 1976). This indicated that 
pluripotency was not lost by the introduction of a somatic cell; on the contrary, pluripotency 
prevailed the cell fate and overwhelmed the differentiation pathways.  
More recent research has shown that pluripotency can be re-established in somatic cells 
by fusion with ECCs, embryonic germ cells (EGCs) and ESCs, suggesting that these 
pluripotent cells possess the same or similar components that mediates reprogramming 
(Han and Sidhu, 2008). Compared to ECCs and EGCs, ESCs may represent a better source 
for this fusion-based reprogramming and have been paid much attention. The 
programming abilities of mouse ESCs (mESCs) were first illustrated by showing that 
mouse spleen cells obtained pluripotency after fusion with ESCs (Matveeva and Shilov et 
al., 1998). After fusion with mESCs, the Oct4 gene was reactivated 48 hours later in mouse 
lymphocytes, which suggest pluripotent properties of the hybrid cells. This was also 
testified by the hybrids’ contribution to all three germ layers as well as the epigenetic 
status as assessed by DNA methylation pattern of imprinted and non-imprinted genes 
(Tada and Takahama et al., 2001). Similar to mESCs, hESCs can also reprogram 
differentiated somatic cells to an embryonic state by fusion (Figure 2). This was first 
achieved by Eggan’s group in which hESCs were fused with human fibroblasts, resulting 
in tetraploid hybrid cells with gene expression patterns, epigenetic status and 
differentiation ability characteristic of hESCs (Cowan and Atienza et al., 2005). Another 
fusion-induced reprogramming based on hESCs claimed re-expression of EGFP in OCT4-
EGFP knock-in ESC-derived myeloid precursor cells after fusion and ESC-specific marker 
gene expression in the hybrid cells. Furthermore, pluripotency of the hybrids were 
demonstrated by the formation of three germ layers and extra-embryonic tissues (Yu and 
Vodyanik et al., 2006). These results provide an alternative pathway to SCNT and iPSCs 
generation for reprogramming somatic cells and especially for studying the mechanisms 
of nuclear reprogramming. 
Fusion between same or similar cells results in synkaryons or homokaryons (Figure 2). The 
former are single nucleated cells in which chromosome loss or re-sorting has occurred to 
homokaryons, an intermediate cell type in the process of synkaryon formation. Similarly, 
the cells formed by the fusion of different types of cells are either synkaryons or 
heterokaryons. Heterkaryons contain multiple nuclei and each nucleus remains separate 
and stable over time. Heterokaryon formation has been used as a tool to overcome 
chromosome loss and rearrangement after fusion and as a model to study the role of 
cytoplasmic factors on gene expressions. When nuclear fusion occurs, the fused nucleus 
initially contains chromosomal content of both fusion partners, but then chromosome loss or 
re-sorting leads to the formation of snykaryons. 
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Fig. 2. Fusion between same or different types of cells and the resulting cell types. 

3.3.2 Comparison of different fusion methods 
Reactivation of previously silenced genes in the somatic cells after fusion with another cell 
type was first reported in heterokaryons of muscle and amniotic cells, indicating plasticity 
of differentiated cells can be changed by fusion (Blau and Chiu et al., 1983). Subsequent 
studies fusing different cell types demonstrated that silenced genes in differentiated cell 
types can be reactivated after fusion and the differentiated state is not fixed. Instead, the 
differentiated state of cells can be reset and regulated in the heterokaryons (Yamanaka and 
Blau, 2010). In the case of somatic-stem cell fusion, reprogramming of somatic cells have 
been reported as mentioned in this chapter and shown in Figure 2. 
Three approaches have been developed and applied for fusion-induced reprogramming: 
electro-fusion, polyethylene glycol (PEG)-induced fusion and Sendai virus-induced fusion. 
Electro-fusion, which involves delivery of an electric pulse to the fusing cells, was 
developed in the 1980s. It allows the two types of cells in a low conductivity medium 
suspension, be brought into close contact by dielectrophoresis, which uses high frequency 
alternating current and aligns the cells in a chain. Then, the high voltage electrical field 
pulses applied brings about an abrupt change in the ionic conductivity and membrane 
permeability, which results in temporary reversible membrane breakdown, pore formation 
on the membranes and finally combining of the membranes. The cells are held in place 
transiently by an alternating voltage to allow fused membranes to mature and components 
of the cell cytoplasm to mix. A number of studies reported high fusion rate and 
reproducibility when using electro-fusion (Radomska and Eckhardt, 1995). Electro-fusion 
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has been applied to induce fusion between mouse EGCs/ESCs and somatic cells for 
reprogramming (Tada and Tada et al., 1997; Tada and Takahama et al., 2001).  
PEG is a chemical that has long been used to induce cell-cell fusion (Ahkong and Howell et 
al., 1975). Several mechanisms were suggested on how PEG mediates cell fusion. Being a 
linear polymer of ethylene oxides and hydroxyl terminals, PEG has the ability of binding to 
water molecules and form compounds. It is now widely accepted that PEG aggregates cell 
membranes as well as dehydrating in the areas of contact (MacDonald, 1985). At the same 
time, PEG also promotes fusion via positive osmotic pressure that likely helps stabilize 
fusion intermediates (Lentz, 2007). Fusion experiments mediated by PEG between both 
mouse and human ESCs have demonstrated that 50% PEG can be applied to reprogram 
somatic cells although at a rather low efficiency (Cowan and Atienza et al., 2005; Do and 
Schöler, 2005). 
Sendai virus (Hemagglutinating Virus of Japan, HVJ) is a type of enveloped virus that can 
bind to cell surface receptors on the target membrane and fuse with cell plasma membrane 
at neutral pH with the mediation of viral envelope glycoproteins (Robert Blumenthal, 1991). 
Cell fusion induced by HVJ was first reported to induce fusion among tumor cells, resulting 
in the formation of giant polynuclear structures (Okada, 1962). Then, cell fusion between 
mouse and human was induced by virus in 1965 (Harris and Watkins et al., 1965). The HVJ-
Envelope (HVJ-E) is inactivated and purified HVJ, with only the cell membrane-fusing 
capability retained. When HVJ-E are added to the cells at a concentration of several hundred 
per cell, they are absorbed on the cell surface immediately by the receptor acetyl type sialic 
acid (at the terminal of sugar chains), which is recognized by haemagglutinin–
neuraminidase (HN) protein at 4°C. This leads to distortion of the cell membranes due to the 
penetration of an F protein of the envelope into the lipid layer of the cell membrane, which 
allows an inflow of ions. At this stage, the cell/HVJ-E complex is brought to a 37°C 
environment to induce temporary alteration of the cell membrane structure and cell fusion 
(Hoekstra and Klappe et al., 1985; Henis and Gutman, 1987; Loyter and Chejanovsky et al., 
1989; Düzgüneş and Shavnin, 1992). Because the genomic RNA of the Sendai virus has been 
inactivated, there is no potential infective or proliferative harm to the cells. 
However, the fusion efficiency of these methods in reprogramming has not been compared. 
It is in fact hard to compare the results from the above mentioned studies directly. First of 
all, in the reports of different groups, different somatic cell types and different ESC lines 
were used, which may affect fusion efficiency. Secondly, even for the same fusion approach, 
conditions applied by each group differ slightly. 
We modified protocols of electro-fusion, virus induced fusion and PEG-induced fusion to 
suit two hESC lines and a human fetal fibroblast (HFF) cell line that have not been used for 
fusion-based reprogramming with the aim of determining their effectiveness of 
reprogramming human somatic cells. The results indicated that by optimizing fusion 
methods, hybrid cells between hESCs and HFFs could be generated at different efficiencies. 
These hybrid cells formed stem cell-like colonies and expressed stem cell specific markers. 
To identify the two types of cells, an auto-fluorescent hESC line Envy and CMFDA- or 
SNARF-labelled cells (MEL1 and HFF10T, respectively) were used. An additional drug 
selection process was applied for hybrid selection, which enabled screening of stem cells 
that fused with puromycin-resistant HFFs (HFF10T). Envy cells contain a GFP sequence and 
the constitutive expression of GFP makes them easily visible and distinguishable from 
feeder HFFs (Costa and Dottori et al., 2005). MEL1 hESCs were labelled with CMFDA to 
express a similar level of fluorescence as Envy under the microscope and flow cytometry 
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mouse and human was induced by virus in 1965 (Harris and Watkins et al., 1965). The HVJ-
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capability retained. When HVJ-E are added to the cells at a concentration of several hundred 
per cell, they are absorbed on the cell surface immediately by the receptor acetyl type sialic 
acid (at the terminal of sugar chains), which is recognized by haemagglutinin–
neuraminidase (HN) protein at 4°C. This leads to distortion of the cell membranes due to the 
penetration of an F protein of the envelope into the lipid layer of the cell membrane, which 
allows an inflow of ions. At this stage, the cell/HVJ-E complex is brought to a 37°C 
environment to induce temporary alteration of the cell membrane structure and cell fusion 
(Hoekstra and Klappe et al., 1985; Henis and Gutman, 1987; Loyter and Chejanovsky et al., 
1989; Düzgüneş and Shavnin, 1992). Because the genomic RNA of the Sendai virus has been 
inactivated, there is no potential infective or proliferative harm to the cells. 
However, the fusion efficiency of these methods in reprogramming has not been compared. 
It is in fact hard to compare the results from the above mentioned studies directly. First of 
all, in the reports of different groups, different somatic cell types and different ESC lines 
were used, which may affect fusion efficiency. Secondly, even for the same fusion approach, 
conditions applied by each group differ slightly. 
We modified protocols of electro-fusion, virus induced fusion and PEG-induced fusion to 
suit two hESC lines and a human fetal fibroblast (HFF) cell line that have not been used for 
fusion-based reprogramming with the aim of determining their effectiveness of 
reprogramming human somatic cells. The results indicated that by optimizing fusion 
methods, hybrid cells between hESCs and HFFs could be generated at different efficiencies. 
These hybrid cells formed stem cell-like colonies and expressed stem cell specific markers. 
To identify the two types of cells, an auto-fluorescent hESC line Envy and CMFDA- or 
SNARF-labelled cells (MEL1 and HFF10T, respectively) were used. An additional drug 
selection process was applied for hybrid selection, which enabled screening of stem cells 
that fused with puromycin-resistant HFFs (HFF10T). Envy cells contain a GFP sequence and 
the constitutive expression of GFP makes them easily visible and distinguishable from 
feeder HFFs (Costa and Dottori et al., 2005). MEL1 hESCs were labelled with CMFDA to 
express a similar level of fluorescence as Envy under the microscope and flow cytometry 
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conditions, whereas HFF10T cells were labelled fluorescent red with SNARF. As shown in 
Figure 3A, cells that were dual fluorescent represent the fused hybrid cells. After induced 
fusion of hESCs and puromycin-resistant HFFs, cells were cultured in normal hESC growth 
medium with puromycin supplemented from day 2 to 14 days post-fusion to screen for 
hybrid cells. Morphological changes during this period were assessed at different time 
points and shown in Figure 3B (day 5 and passage 2 day 7). Puromycin is toxic to wild type 
hESCs and the cell death was observed within 24 h. Only hESCs that had fused with  
 

 
Fig. 3. hESC-HFF fusion. (A) A typical example of hybrid generation induced by cell fusion. 
(B) Formation of hybrid colony after fusion between Envy and HFF10T induced by PEG. (C) 
RT-PCR analysis of gene expression. Lanes 1 to 6 were loaded with samples (1) Envy, (2) 
HFF10T, (3) hybrid P1, (4) hybrid P2, (5) hybrid P3 and (6) water. (D) Chromosome numbers 
in hESCs, HFFs and hybrid cells. (D) Analysis of DNA content in HFF10T cells and hybrids 
(Han, unpublished data). 
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HFF10T cells that bear the puromycin-resistant plasmid sequence can survive the antibiotic 
selection system. Stem cell-like colonies started to form on day 4 and after 2 weeks, the 
colonies can be manually dissected for sub-culture and they illustrated the compact, phase-
bright cell cluster feature of hESCs (Figure 3B).  
RT-PCR (Figure 3C) shows that through the culturing process, pluripotency markers such as 
OCT4, NANOG and SOX2 were expressed in the putative hybrids at a comparable level to 
that in the hESC control, indicating their ESC properties. In contrast, AFPM, a somatic cell 
marker, was strongly expressed in HFF10T cells but not in hESCs. In the hybrid cells at P1 
and P2, this AFPM expression was removed, most probably due to reprogramming. 
However, a weak expression of AFPM was observed from P3 hybrid cells, suggesting re-
differentiation. Primers that specifically amplify GFP sequence that was inserted into Envy 
cells’ DNA and the puromycin-resistant sequence of the plasmid (siSTRIK) that was 
transferred into HFF10T cells were used to examine the origin of the hybrid cells. 
DNA content analysis and chromosome number counting reflects the ploidity of the cells. 
As shown in Figure 3D and 3E, a normal human diploid cell has 46 chromosomes (44 
autosomes and 2 sex chromosomes), whereas in a typical hybrid cell generated from PEG 
induced fusion between Envy/MEL1 and HFF10T cell, 92 chromosomes were contained 
within a single nucleus. The DNA content of hybrids showed an obvious loss of S phase 
cells and a trend of increased DNA content.  
 

 
Fig. 4. Quantification of fusion efficiency by flow cytometry between Envy and HFF10T cells 
induced by different methods (Han, unpublished data). 

When flow cytometer was applied, as shown in Figure 4, the GFP positive Envy and the 
SNARF-labelled HFF populations are separate and distinct. The fusion products appeared 
as a dual fluorescing population with magnitudes that are approximately equal to those of 
the stained fusion partners. The fusion efficiencies of the three methods (electro-fusion, 
virus-induced fusion and PEG-induced fusion) were compared using two different hESC 
lines, Envy and MEL1. There were no considerable differences in fusion results between the 
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two cell lines (data not shown). However, when fusion strategies are considered, it was 
found that in electro-fusion, voltage applied for generating pores on the membranes of cells 
caused cell lysis and resulted in less survival of hybrid cells or generation of stem cell-like 
colonies. Furthermore, PEG 1500 was able to generate the highest number of colonies with 
typical stem cell characteristics despite its cytotoxicity and low percentage of double-stained 
hybrid cells (Figure 4). Sendai virus fusion was shown to have a moderate fusion ability as 
determined by hybrid generation efficiency and number of colony formation. In the study, it 
was concluded that fusion using PEG was still superior compared to other fusion methods 
used. Our results showed a fusion rate of 1.0 ± 1.2% and 1.2 ± 1.0 % for two different hESC 
lines (Envy and MEL1 respectively). When colony number was counted, only 0.0003 ± 
0.0001% of the cell population was observed to form stem cell-like colonies. This was not 
improved by optimization attempts which involved changing the PEG concentration or 
modifying the incubation time. Nor did the density of the cells in the PEG solution have any 
effect on the fusion rate. This could be because PEG mediated fusion is affected by many 
factors that are hard to normalize, such as the size and shape of the cell pellet and the speed 
and vigor with which PEG is stirred into the resuspended cell pellet (Radomska and 
Eckhardt, 1995). 

4. Prospects of cell fusion in future regenerative medicine 
After injury or under pathological conditions, stem cells can proliferate and differentiate in 
order to regenerate and repair damaged tissues. During regeneration process, adult stem 
cells normally differentiate to cells that reside in the damaged site. As discussed earlier, in 
the organs of muscle, brain and liver, cell fusion has been demonstrated during tissue 
regeneration, despite of controversial reports. Stem cells from the BM origin have been of 
particular interest because they have shown to migrate to alternative locations and 
contribute to functional cells. Transdifferentiation was postulated as the mechanism of 
generation of the differentiated cell types after HSC and MSC transplantation. However, the 
finding that HSCs and MSCs can fuse with other cell types in vivo indicated that cell fusion 
could be the mechanism to explain the low number of newly generated functional cells in 
tissue repair after injury. Currently, it is still not clear whether the improvement of organ 
function after damage was a result of fusion-mediated recovery or production of growth 
factors and cytokines of the residue stem cells. Furthermore, it is possible that fusion occurs 
in more organs than we know and at a higher frequency than we expected. In addition, the 
function of cell fusion may be more important than what we have known in the process of 
organ or tissue repair. 
In vitro cell fusion studies have shown that fusion between different cell types can change 
cell fate and gene expression profiles. Fusion reverses the differentiated state of mature cells 
towards a more immature or even embryonic-like state (Tada and Takahama et al., 2001; 
Cowan and Atienza et al., 2005). 
Despite successful reprogramming, the strategy of inducing reprogramming by cell fusion has 
been problematic in the following aspects. Firstly, although the somatic cell genome is 
reprogrammed, the existence of ESC or other pluripotent cell genome in the tetraploid hybrids 
is a technical hurdle for therapeutic application. When transplanted or injected into somatic 
donors, immune rejection caused by the ESC genome could happen at a high frequency. 
Secondly, after fusion of two cells, both heterokaryons and synkaryons can be formed. 
Chromosome loss or spitting a nucleus of a heterokaryon results in the formation of 

Reprogramming Somatic Cells by Fusion with Embryonic Stem Cells:  
Present Status and Prospects in Regenerative Medicine   

 

251 

synkaryons and chromosomal instability and genetic instability have been reported (Vasilkova 
and Kizilova et al., 2007; Nowak-Imialek and Kues et al., 2010). This needs to be taken into 
consideration when clinical transplantation is the aim of generating these hybrids. Thirdly, the 
efficiency of fusion induced reprogramming has been low. Since the first study reporting the 
success of reprogramming human somatic cells after fusion with hESCs, efforts have been 
made in order to increase reprogramming efficiency in the system. Over expression of certain 
transcription factors, such as Nanog and Sall4, as well as manipulation of histonemethylase 
Jhdm2a and methyltransferease G9a, have been claimed to significantly enhance the ability to 
generate reprogrammed hybrids from fusion (Silva and Chambers et al., 2006; Ma and Chiang 
et al., 2008; Wong and Gaspar-Maia et al., 2008). However, these approaches need to be further 
tested in different cell lines and cell types. Lastly, fusion induced reprogramming was 
evidenced by morphological changes, gene expressions and epigenetic states, yet only limited 
functional reprogramming has been demonstrated (Yu and Vodyanik et al., 2006). 
To fully explore the mechanisms of fusion induced reprogramming for cell therapy and 
regenerative medical application, there are important questions yet to be answered. For 
example, the subcellular location of reprogramming factors has always been a subject of 
interest. When the nucleus and the cytoplasm of mESCs were fused with neurosphere cells 
separately, only karyoplasts could reactivate Oct4 in the somatic genome (Do and Scholer, 
2004). A conflicting observation was made later by Strelchenko et al., showing that hybrid 
cells generated by fusion of human somatic cells with enucleated ESCs express pluripotency 
markers OCT4 and TRA-2-39 (Strelchenko and Kukharenko et al., 2006). Most recently, it 
was reported that hESC cytoplast fusion can only initiate but unable to complete 
reprogramming, indicating the importance of the ESC nucleus in fusion-induced 
reprogramming (Hasegawa and Zhang et al., 2010) (Figure 2). Another issue is the 
possibility of immune rejection caused by the existence of the allogenic genome in the 
hybrid cells when they are transplanted into the somatic donor. In this case, removal of the 
pluripotent genome would be necessary. However, this would be hindered if the major 
elements responsible for reprogramming within ESCs are in the nucleus. Although a 
remedial approach has been developed in the mouse by allowing enough time for ESC 
nucleus to reprogram the somatic genome before removing the ESC nucleus (Pralong and 
Mrozik et al., 2005), the reprogramming ability of those nuclei-removed ESCs needs to be 
confirmed and it is not known if this approach could also be applied to hESCs. Targeted 
elimination of ESC chromosomes from mouse somatic cell-ESC hybrids is introduced as an 
alternative method to expel the effect of ESC genome (Matsumura and Tada et al., 2007). It 
was also reported that human B-lymphocytes can be reprogrammed towards a multipotent 
state in transient heterokaryons before nuclear fusion (Pereira and Terranova et al., 2008). In 
that case, it may be possible to remove ESC genome after reprogramming has occurred 
although this needs further investigation. Finally, the lacking of effective approaches to 
monitor early reprogramming events and being unaware of the molecules that mediate 
reprogramming in the ESCs, makes it challenging to achieve efficient fusion and 
reprogramming. However, considering that cell fusion is technically simple and 
reprogramming occurs fast after fusion, it is widely accepted that it is an ideal way to 
investigate the regulatory mechanisms of reprogramming. For example, it was 
demonstrated by heterokaryoyic cell fusion between mESCs and human fibroblasts that 
activation-induced cytidinedeaminase (AID), a DNA demethylation enzyme, is required for 
reprogramming initiation (Bhutani and Brady et al., 2010). 
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elimination of ESC chromosomes from mouse somatic cell-ESC hybrids is introduced as an 
alternative method to expel the effect of ESC genome (Matsumura and Tada et al., 2007). It 
was also reported that human B-lymphocytes can be reprogrammed towards a multipotent 
state in transient heterokaryons before nuclear fusion (Pereira and Terranova et al., 2008). In 
that case, it may be possible to remove ESC genome after reprogramming has occurred 
although this needs further investigation. Finally, the lacking of effective approaches to 
monitor early reprogramming events and being unaware of the molecules that mediate 
reprogramming in the ESCs, makes it challenging to achieve efficient fusion and 
reprogramming. However, considering that cell fusion is technically simple and 
reprogramming occurs fast after fusion, it is widely accepted that it is an ideal way to 
investigate the regulatory mechanisms of reprogramming. For example, it was 
demonstrated by heterokaryoyic cell fusion between mESCs and human fibroblasts that 
activation-induced cytidinedeaminase (AID), a DNA demethylation enzyme, is required for 
reprogramming initiation (Bhutani and Brady et al., 2010). 
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5. Conclusion 
In vivo cell fusion is a tightly regulated process that occurs in normal development or under 
pathological conditions. There are indications that induced in vitro cell fusion could be 
potentially applied for regeneration when stem cells are fused with somatic cells. A better 
understanding of the process will enable us to use cell fusion as an approach for cell 
therapy. Fusion between ESCs and somatic cells is considered a way of reprogramming 
somatic cells, with the generation of pluripotent cells that can be further differentiated into 
desired cell types. Cell-cell fusion may be faster and more efficient than iPSC technique as 
hESCs provide all the necessary factors for reprogramming. However, enucleation of ESC 
nucleus must be achieved before the hybrid cells can be used clinically. In addition, cell 
fusion is a useful tool for studying the molecular mechanism that controls somatic cell 
reprogramming. 
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1. Introduction      
Human stem cells provide new hopes in the clinical treatment of a number of diseases, are 
excellent models for tissue and cell differentiation, and serve as the basis of new screening 
systems for drug development and toxicity. Regenerative medicine makes use of cells that 
can grow and differentiate to replace a damaged tissue. Hematopoietic stem/progenitor 
cells are successfully applied for bone marrow transplantation in otherwise lethal clinical 
conditions, while many other cell-based treatments are still experimental.  
Based on their basic features, we distinguish two major kinds of stem cells. Pluripotent stem 
cells, capable of differentiating to all types of the cells of human body, were first derived 
from early human embryos (HuES) and could be grown to provide cell lines with preserved 
pluripotent characteristics (Thomson et al., 1998). A recently discovered method of 
generating induced pluripotent stem (iPS) cells from differentiated cell types (Takahashi & 
Yamanaka, 2006) provides a potential to obtain autologous human stem cell lines without 
using embryonic tissues. In both cases a major concern, regarding therapeutic applications, 
is the formation of teratomas, consisting of numerous types of partially differentiated tissues 
(Reubinoff et al., 2000).   
Another major source of human stem cells is our own body. Although in a relatively small 
number, the so called “tissue-derived stem cells”, sometimes referred to as “adult stem 
cells”, are present throughout our life in various tissues and organs. The “stemness” of these 
cells, that is their actual stage of differentiation, depends on age, tissue origin and many 
other still unrecognized conditions. We know that the bone marrow or the cord blood of the 
neonate contains mostly hematopoietic progenitor cells, the skin, the liver or the intestine 
has a large number of repopulating epithelial progenitors, and even the muscle or the brain 
have dormant cells capable of tissue regeneration. Whether our body also contains early cell 
types similar to the embryonic stem cells, capable of differentiating into any tissue, is still an 
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unanswered question (Vieyra et al., 2005; Bussolati & Camussi, 2006; Bussolati & Camussi, 
2007; Satija et al., 2007).     
Under laboratory conditions undifferentiated cells from HuES or iPS cell lines grow in small 
clumps, but retain their undifferentiated form only under special conditions. They require 
media which contain a specific combination of growth factors, and in most cases the 
presence of appropriate feeder cells. The passage of the pluripotent cells can be performed 
by mild protease treatment and each cell type may require individual culturing and 
passaging conditions.  
The differentiation of the HUES or iPS cells is initiated spontaneously, as soon as these cells 
are removed from the special media and/or feeder cells, and placed into normal tissue 
culture plates or flasks. If the attachment of the cells is prevented, pluripotent stem cells 
generate so called embryoid bodies (EBs), which are complex, teratoma-like tissue structures 
with highly variable forms and tissue elements. If these EBs are placed onto tissue culture 
plates, they attach to the surface and start a further spontaneous differentiation process, by 
forming in many cases well recognizable tissue-types. Under these conditions, the formation 
of endothelial, epithelial, and neuronal cells, as well as of fibroblasts or cardiomyocytes can 
be observed.  
Tissue formation greatly depends on the culture conditions, which can be relatively well 
adjusted to obtain a specific enrichment of a desired tissue type. By applying protease-based 
cell separation, specific protein and nucleic acid extractions, or even by studying the formed 
tissues in situ, the pattern of protein expression can be followed during the stages of 
differentiation of stem cells.    
Well characterized human pluripotent stem cells thus indeed represent a great new tool for 
developmental studies, drug screening as well as cell- and gene-therapy applications. 
However, all these approaches usually require the development of efficient, stable gene 
delivery, and proper progenitor cell and tissue separation methods. Following of cell fate of 
differentiation by stably expressed marker proteins, or the introduction of new or corrected 
genes into stem cells, greatly facilitate and expand their research and therapeutic potential.   
Currently, the most widely applied methods for gene delivery into stem cells are based on 
the use of viral vector constructs. There are numerous efficient retrovirus- or lentivirus-
based methods which allow stable genomic incorporation of the foreign DNAs with high 
gene product expression levels. However, virus-based gene therapy technologies also have 
serious drawbacks, including safety concerns of virus production, and the preferential 
incorporation of foreign genes into active host gene loci, which may cause uncontrolled 
proliferation of the gene-modified stem cells (Schroder et al., 2002; VandenDriessche et al., 
2003). Non-viral gene delivery techniques are usually considered to be less efficient, 
however, with the emergence and refinement of the transposon based methods, they 
represent a valid alternative to viral applications (Ivics & Izsvak, 2004; Izsvak & Ivics, 2004; 
Ivics & Izsvak, 2006). In the following sections we detail the basic features, advantages and 
concerns of using transposon-based gene delivery into human stem cells. 

2. Transposon systems as genetic tools 
Transposons are “selfish” genetic elements that can move from one DNA locus to another 
either by a replicative or a non-replicative manner. They are widely present in the genome 
of all organisms and are also believed to be important driving forces for evolution 
(Kazazian, 2004; Hedges & Batzer, 2005; Feschotte & Pritham, 2007). The human genome 
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carries a significant proportion of transposable elements: it is estimated that ca. 45% of our 
genetic material is made up of transposons (Biemont & Vieira, 2006; Mills et al., 2006; 
Wicker et al., 2007; Goodier & Kazazian, 2008). The majority of these belong to the Class I 
retrotransposons which contain currently active elements moving in our genome by the 
replicative “copy and paste” mechanism (Mills et al., 2007). Although applications using 
certain retrotransposons as genetic tools exist (Uren et al., 2005; Ostertag et al., 2007), their 
obvious disadvantages (the potential remobilization of the delivered transgene and the high 
mutational rate resulting from reverse transcription) make them less favorable as genetic 
delivery vehicles. 
As opposed to retrotransposons, the Class II DNA transposons make up a relatively small 
portion (~3%) of the human mobile elements (Feschotte & Pritham, 2007) and currently none 
of them have been shown to be active in our genome (Collier & Largaespada, 2007; Izsvak et 
al., 2010). They move by the non-replicative “cut and paste” mechanism and their active and 
modified forms have been widely used in genetic analysis of lower (mostly invertebrate) 
model organisms including Drosophila species and Caenorhabditis elegans (Mates et al., 2007). 
Various gene trapping or insertional mutagenesis experiments proved that transposon 
based gene delivery is an efficient system, however, lacking similar genetic methods in 
mammalian cells was an obvious disadvantage. 
The first breakthrough in this field was the resurrection of Sleeping Beauty (SB), an artificial 
Tc1/Mariner-type transposon system “remastered” from old fish transposon fossils, and the 

 
Fig. 1. The principle of gene delivery by the Sleeping Beauty transposon system. 
The gene of interest in a transcription unit (here a puromycin resistance gene, “puro”) is 
placed between the transposon sequences (IR-DR(L) and-(R): inverted repeat – direct repeat 
Left and Right sequences). Such an engineered transposon vector is co-transfected with a 
transposase expressing plasmid into the cells (left panel) and selected by puromycin for 10 
days. Following selection, live cells are visualized by Giemsa-staining. The control reaction 
is carried out using a mutant transposase (right panel) to detect the level of random 
integration without transposition. As shown in this experiment, transposon based gene 
delivery is several orders of magnitude higher than the background random integration. 
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unanswered question (Vieyra et al., 2005; Bussolati & Camussi, 2006; Bussolati & Camussi, 
2007; Satija et al., 2007).     
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incorporation of foreign genes into active host gene loci, which may cause uncontrolled 
proliferation of the gene-modified stem cells (Schroder et al., 2002; VandenDriessche et al., 
2003). Non-viral gene delivery techniques are usually considered to be less efficient, 
however, with the emergence and refinement of the transposon based methods, they 
represent a valid alternative to viral applications (Ivics & Izsvak, 2004; Izsvak & Ivics, 2004; 
Ivics & Izsvak, 2006). In the following sections we detail the basic features, advantages and 
concerns of using transposon-based gene delivery into human stem cells. 

2. Transposon systems as genetic tools 
Transposons are “selfish” genetic elements that can move from one DNA locus to another 
either by a replicative or a non-replicative manner. They are widely present in the genome 
of all organisms and are also believed to be important driving forces for evolution 
(Kazazian, 2004; Hedges & Batzer, 2005; Feschotte & Pritham, 2007). The human genome 
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Wicker et al., 2007; Goodier & Kazazian, 2008). The majority of these belong to the Class I 
retrotransposons which contain currently active elements moving in our genome by the 
replicative “copy and paste” mechanism (Mills et al., 2007). Although applications using 
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obvious disadvantages (the potential remobilization of the delivered transgene and the high 
mutational rate resulting from reverse transcription) make them less favorable as genetic 
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As opposed to retrotransposons, the Class II DNA transposons make up a relatively small 
portion (~3%) of the human mobile elements (Feschotte & Pritham, 2007) and currently none 
of them have been shown to be active in our genome (Collier & Largaespada, 2007; Izsvak et 
al., 2010). They move by the non-replicative “cut and paste” mechanism and their active and 
modified forms have been widely used in genetic analysis of lower (mostly invertebrate) 
model organisms including Drosophila species and Caenorhabditis elegans (Mates et al., 2007). 
Various gene trapping or insertional mutagenesis experiments proved that transposon 
based gene delivery is an efficient system, however, lacking similar genetic methods in 
mammalian cells was an obvious disadvantage. 
The first breakthrough in this field was the resurrection of Sleeping Beauty (SB), an artificial 
Tc1/Mariner-type transposon system “remastered” from old fish transposon fossils, and the 

 
Fig. 1. The principle of gene delivery by the Sleeping Beauty transposon system. 
The gene of interest in a transcription unit (here a puromycin resistance gene, “puro”) is 
placed between the transposon sequences (IR-DR(L) and-(R): inverted repeat – direct repeat 
Left and Right sequences). Such an engineered transposon vector is co-transfected with a 
transposase expressing plasmid into the cells (left panel) and selected by puromycin for 10 
days. Following selection, live cells are visualized by Giemsa-staining. The control reaction 
is carried out using a mutant transposase (right panel) to detect the level of random 
integration without transposition. As shown in this experiment, transposon based gene 
delivery is several orders of magnitude higher than the background random integration. 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

262 

proof of principle that it was active in mammalian cells (Ivics et al., 1997). Its structure is 
relatively simple (Figure 1) and an elegant way of creating a non-autonomous version by 
separating the transposase from its targets (the terminal inverted repeat sequences) made it 
an easily controllable system and therefore an attractive tool for functional genetics (Izsvak 
et al., 2000). Nevertheless, its efficiency in gene delivery at that stage was still behind that of 
viral vectors, the canonical genetic vehicles used in human applications. 
Following the reconstruction of SB, other DNA transposons were shown to be active in 
mammalian cells, including transposons isolated from other species (such as piggyBac from 
the insect Trichoplusia ni (Ding et al., 2005) and Tol2 from medaka fish (Balciunas et al., 
2006)), and another “awakened” Tc1/Mariner transposon called Frog Prince (Miskey et al., 
2003). However, transposons are naturally not selected for maximal activity in order to 
minimize the insertional mutagenesis in the host genome and the reconstructed ones were 
not expected to be the most active forms either. It was then shown that it is possible to create 
hyperactive versions of these transposons by molecular engineering (Zayed et al., 2004; Baus 
et al., 2005; Pledger & Coates, 2005), and such variants would likely represent more efficient 
genetic vehicles. 
Recently, a 100 times more active form of SB (SB100x) was created, and its activity was 
already comparable to the most efficient viral vectors (Mates et al., 2009). The system could 
also tolerate practically any inserted sequence and the cargo size capacity is less limited than 
that of viral vectors: it can efficiently move inserts of >8 kb, although transposition efficiency 
decreases with larger cargo size (Izsvak et al., 2010). Unexpectedly, the amount of the 
transposase seemed to be a more critical issue: the transposition efficiency paradoxically 
decreases when the amount of transposase raises beyond a certain level, a phenomenon 
called overproduction inhibition (Lohe & Hartl, 1996). All of the used DNA transposons 
seem to share this feature but the careful titration to set up the optimal transposase level 
provided evidence that among them, SB was the most efficient system in conditions when 
the amount of transposon DNA is limiting (Grabundzija et al., 2010). This finding made the 
SB system attractive to many applications where transgene delivery into hard-to-transfect 
cell types is required, including embryonic stem cells (see Part 3). In addition, the lack of 
endogenous copies in vertebrate (particularly in human) genomes represents an important 
safety issue as it ensures that the integrated transgenes are not being remobilized (Ivics et 
al., 1997; Ivics et al., 2004). Such attractive characteristics prognosticated that the SB100x 
transposon version would likely represent a method of choice when carrying out gene 
delivery into mammalian cells. 
The “technology transfer” from invertebrates to use transposons for genetic manipulations 
had an immediate effect on mammalian forward genetic screens: SB transposon was 
successfully used in cancer genetics in order to identify genes involved in certain malignant 
phenotypes (Carlson et al., 2005; Collier et al., 2005; Collier & Largaespada, 2005; Starr et al., 
2009). In addition, various insertional mutagenesis screens could be set up, often exploiting 
the phenomenon of “local hopping” when the transposon preferentially moves in the 
vicinity of the donor chromosomal locus (Dupuy et al., 2005; Lu et al., 2007; Takeda et al., 
2007; Takeda et al., 2008). This characteristic seems to be a common feature of “cut and 
paste” transposons and could be very useful for saturation mutagenesis of particular 
chromosomal regions (Luo et al., 1998; Fischer et al., 2001; Carlson et al., 2003; Carlson & 
Largaespada, 2005; Keng et al., 2005). For SB, however, this “local hopping” does not appear 
to be very stringent since the transposition intervals are higher than that of other DNA 
transposons (Carlson et al., 2003). Nevertheless, the SB transposon was successfully 
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established as an efficient genetic tool for forward genetics in mammals, similarly to the P 
element based applications in Drosophila (Ryder & Russell, 2003; Miskey et al., 2005).        
When considering gene therapy applications in human, however, efficiency is only one of 
the important issues that must be addressed before a genetic system becomes approved. For 
example, an important drawback of the efficient viral methods are their non-random 
integration profile: they integrate favorably into transcription units, often preferably into 5’ 
regions of active genes (Schroder et al., 2002; Bushman, 2003; VandenDriessche et al., 2003; 
Wu et al., 2003; Narezkina et al., 2004). To a lesser extent, this adverse site preference is also 
the characteristic of some transposons, including piggyBac (Wilson et al., 2007) and Tol2 
(Grabundzija et al., 2010). On the other hand, Sleeping Beauty seems to be a favorable system 
from this point of view: the integration profile was revealed to be very close to random on 
the genomic level (Vigdal et al., 2002; Liu et al., 2005; Yant et al., 2005). This important 
feature significantly lowers the risk of insertional mutagenesis which is beneficial for gene 
therapy applications. 
Other issues include the potential silencing of the transgene which could hinder the 
applicability of viral vectors (Ellis, 2005). Embryonic stem cells, for instance, have clear 
molecular defense mechanisms against viral promoter sequences (Meilinger et al., 2009; 
Rowe et al., 2010). When addressing this question for the SB transposon, it was revealed that 
the effect of silencing depends rather on the cargo sequence and not on the vector itself 
(Garrison et al., 2007; Zhu et al., 2010). All these encouraging characteristics further 
supported the use of SB as a tool for gene therapy and provided the basis for the first clinical 
trial initiated by a non-viral vector: SB is used in the treatment of a B-lymphoid malignancy 
by ex vivo genetically modified autologous T-cells (Williams, 2008). The outcome of the trial 
will apparently provide valuable information on the efficiency and biosafety of transposon 
based gene delivery and could potentially set new standards in gene therapy application, 
especially since the use of the SB transposon system was recently shown to be applicable 
also in embryonic stem cells (Wilber et al., 2007; Orban et al., 2009). This promising scenario 
undoubtedly played a role in that the SB100x transposase version was recently nominated as 
the “Molecule of the Year” in 2009 (http://www.biotechniques.com/news/Sleeping-
Beauty-named-Molecule-of-the-Year/biotechniques-187068.html?autnID¼191663). 

3. Selecting transgene expressing stem cells after transposition 
The basis of any successful gene therapy applications is undeniably an efficient and stable 
gene delivery into stem cells. For this purpose, viral based applications were traditionally 
favored as viruses have been selected through evolution to efficiently deliver genetic 
material (DNA or RNA) into their host cells. However, two negative aspects of their usage 
made non-viral approaches favorable despite their lower efficiency: the biased integration 
profile of viral vectors, and the limitation of the cargo size due to the packaging constraint of 
the virus particles. The latter one is an important issue when considering relatively large 
cDNAs of certain human genes, or the need for simultaneous delivery of more cDNAs into 
one sample. Although potentially overcoming these problems, the uses of first generation 
non-viral vectors were clearly several magnitudes less efficient than their peer viral 
counterparts. With the emerging hyperactive transposons, however, gene delivery efficiency 
was partly resolved. Nevertheless, the use of any transposon system requires the 
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established as an efficient genetic tool for forward genetics in mammals, similarly to the P 
element based applications in Drosophila (Ryder & Russell, 2003; Miskey et al., 2005).        
When considering gene therapy applications in human, however, efficiency is only one of 
the important issues that must be addressed before a genetic system becomes approved. For 
example, an important drawback of the efficient viral methods are their non-random 
integration profile: they integrate favorably into transcription units, often preferably into 5’ 
regions of active genes (Schroder et al., 2002; Bushman, 2003; VandenDriessche et al., 2003; 
Wu et al., 2003; Narezkina et al., 2004). To a lesser extent, this adverse site preference is also 
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(Grabundzija et al., 2010). On the other hand, Sleeping Beauty seems to be a favorable system 
from this point of view: the integration profile was revealed to be very close to random on 
the genomic level (Vigdal et al., 2002; Liu et al., 2005; Yant et al., 2005). This important 
feature significantly lowers the risk of insertional mutagenesis which is beneficial for gene 
therapy applications. 
Other issues include the potential silencing of the transgene which could hinder the 
applicability of viral vectors (Ellis, 2005). Embryonic stem cells, for instance, have clear 
molecular defense mechanisms against viral promoter sequences (Meilinger et al., 2009; 
Rowe et al., 2010). When addressing this question for the SB transposon, it was revealed that 
the effect of silencing depends rather on the cargo sequence and not on the vector itself 
(Garrison et al., 2007; Zhu et al., 2010). All these encouraging characteristics further 
supported the use of SB as a tool for gene therapy and provided the basis for the first clinical 
trial initiated by a non-viral vector: SB is used in the treatment of a B-lymphoid malignancy 
by ex vivo genetically modified autologous T-cells (Williams, 2008). The outcome of the trial 
will apparently provide valuable information on the efficiency and biosafety of transposon 
based gene delivery and could potentially set new standards in gene therapy application, 
especially since the use of the SB transposon system was recently shown to be applicable 
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non-viral vectors were clearly several magnitudes less efficient than their peer viral 
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transfection of DNA into the host cells, and several applications involve cell types that are 
generally difficult to transfect, including embryonic stem cells. Albeit various transfection 
protocols are currently available, it is infrequent to achieve higher than 50-80% transfection 
efficiency without severely affecting cell survival, therefore efficient and preferably non-
invasive selection protocols should always be worked out to establish homogenous 
transgene expressing stem cells following transfection and transposition. 
One widely used selection method is to apply chemical selection (e.g. antibiotics) to enrich 
for transgene expression. This approach usually serves well if cell source is not limiting and 
when the chemical selection does not significantly perturb cell physiology. Embryonic stem 
cells, however, represent much more sensitive cell types and if later clinical applications are 
taken into account, it has to be borne in mind that the precious cells on which the therapy 
can begin with will most likely come from a limited source. Therefore, a selection must be 
efficient and at the same time, the least invasive procedure. The commonly used drugs, 
however, could induce undesired gene expression profiles, or initiate partial differentiation 
of the stem cells. If chemical selection is inescapable, the cells must always be examined 
carefully whether they retained their pluripotency status at least by immunostaining for 
accepted surface markers or preferably also by scrutinizing their differentiation potential 
(Duan et al., 2007; Tomescot et al., 2007; Orban et al., 2009). Moreover, since the use of a 
marker gene (eg. an antibiotic resistance gene) evidently means a use of a larger cargo, the 
overall gene delivery efficiency will decrease. An elegant way of reducing this problem is 
the use of viral linker peptides between cDNA sequences instead of independent 
transcription units (see Part 4), but the potentially altered genetic profiles still disfavors such 
selection approaches, if possible. 
Another unexpected problem of chemical selection originates from the multidrug resistance 
phenotype, more precisely, from the presence of MDR-ABC transporters, especially the 
ABCG2 protein. It is now well established that this multidrug transporter is present in 
embryonic stem cells and is responsible for the so called “side population” phenotype of a 
wide variety of tissue-derived stem cells (Zhou et al., 2001; Sarkadi et al., 2010). The exact 
function of ABCG2 in these cell types is not fully elucidated yet but numerous evidence 
points to its role to protect these valuable sanctuaries against various noxae by extruding 
undesired drugs out of the cells (Figure 2). Clearly, the presence of such defense mechanism 
can work against chemical selection since the increase of endogenous ABCG2 expression 
could work against the enrichment of transgene expressing stem cells, e.g. by pumping out 
puromycin from stem cells (Takenaka et al., 2007). Also, antibiotic selection may greatly 
increase MDR-ABC protein expression as a stress-related response (Theile et al., 2010).                   
Another approach for the enrichment of transgene expression is the use of fluorescent 
proteins as markers. The genetically modified, fluorescent stem cells can be separated by 
FACS (Fluorescent Activated Cell Sorting) analysis or positive clumps can be sequestered in 
sterile conditions using fluorescent microscopy. In our laboratory, we have routinely 
established different transgene expressing human embryonic stem cell clones, usually 
combining both methods (Figure 3). Although less invasive than chemical selection, this 
procedure can be more laborious and time consuming. Moreover, as strongly expressing 
cells have a higher chance of being selected, this method inherently favors stem cells with 
higher copy numbers which should be considered if a certain application requires low copy 
number (or even single copy number) clones. Nevertheless, this approach is still less 
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invasive as a chemical selection, even though the problem of delivering another transgene 
additionally to the selection marker again places a burden by the increase of the cargo size, 
therefore lowering the efficiency.  
 
 

 
 

Fig. 2. Expression of the ABCG2 membrane transporter in a human embryonic stem cell 
clump. 
HUES9 cells were immunostained with the 5D3 anti-ABCG2 antibody (green); the Hoechst 
33342 dye (blue) was used to visualize cell nuclei. The confocal microscopy image clearly 
shows that ABCG2 is localized in the plasma membrane of all examined cells. Scale bar 
represents 20 μm. 
 

To combine the advantages of viral vectors and transposons, several groups attempted to 
create genetic chimera vehicles, using non-integrating virus forms with the SB system 
(Bowers et al., 2006; Staunstrup et al., 2009; Vink et al., 2009; de Silva et al., 2010b). This 
approach can overcome the inefficient delivery often associated with transfection of DNA 
into certain cell types, and presents the favorable transgene integration profile provided by 
the SB transposase. Such hybrid vectors certainly open new vistas in gene therapy, although 
rigorous testing should still be carried out to carefully examine the safety and efficiency of 
these methods. There is one study claiming that the chimera vector of a Herpes simplex 
virus and a hyperactive version of SB loses its transposition “hyperactivity” in vivo (de Silva 
et al., 2010a). However, as this study used an earlier version of the transposase, the results 
should be carefully repeated with the new SB100x system which provides a far more robust 
gene delivery in vivo than any previous transposons, therefore could potentially overcome 
this negative side effect.   
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transcription units (see Part 4), but the potentially altered genetic profiles still disfavors such 
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invasive as a chemical selection, even though the problem of delivering another transgene 
additionally to the selection marker again places a burden by the increase of the cargo size, 
therefore lowering the efficiency.  
 
 

 
 

Fig. 2. Expression of the ABCG2 membrane transporter in a human embryonic stem cell 
clump. 
HUES9 cells were immunostained with the 5D3 anti-ABCG2 antibody (green); the Hoechst 
33342 dye (blue) was used to visualize cell nuclei. The confocal microscopy image clearly 
shows that ABCG2 is localized in the plasma membrane of all examined cells. Scale bar 
represents 20 μm. 
 

To combine the advantages of viral vectors and transposons, several groups attempted to 
create genetic chimera vehicles, using non-integrating virus forms with the SB system 
(Bowers et al., 2006; Staunstrup et al., 2009; Vink et al., 2009; de Silva et al., 2010b). This 
approach can overcome the inefficient delivery often associated with transfection of DNA 
into certain cell types, and presents the favorable transgene integration profile provided by 
the SB transposase. Such hybrid vectors certainly open new vistas in gene therapy, although 
rigorous testing should still be carried out to carefully examine the safety and efficiency of 
these methods. There is one study claiming that the chimera vector of a Herpes simplex 
virus and a hyperactive version of SB loses its transposition “hyperactivity” in vivo (de Silva 
et al., 2010a). However, as this study used an earlier version of the transposase, the results 
should be carefully repeated with the new SB100x system which provides a far more robust 
gene delivery in vivo than any previous transposons, therefore could potentially overcome 
this negative side effect.   
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Fig. 3. Cloning of the transgene expressing embryonic stem cells following transposon 
mediated gene delivery. 
(A) GFP expression cassette is delivered into HUES9 cells by the SB transposon system. The 
image is taken 48 hours post-transfection, showing a heterogeneous cell population of a 
clump on mouse embryonic feeder cells. (B) Enrichment of transgene expressing cells by 
manual sequestration of GFP positive cells using fluorescent microscopy. (C) The results of 
cloning GFP expressing stem cells by FACS from clumps in stage (B). Phase contrast 
fluorescence microscopy images, x40 magnification. 

4. Applications of transposon based gene delivery in embryonic stem cells 
HuES cells represent excellent models for cell and tissue differentiation, however, directing 
the genetic program toward a certain lineage is often challenging. For various applications, 
such as pharmacological screening models, the aim is to achieve a reasonable enrichment of 
a given tissue type among the various progeny of cell types. Current methods often apply 
endogenous morphogenic proteins or invasive chemicals to obtain the tissue(s) of interest, 
however, the use of such artificial chemical cocktails could have serious side effects, 
including undesired gene expression profiles and/or distorted differentiation pathways. On 
the other hand, the alternatively used spontaneous differentiation of HuES cells (e.g. via the 
embryoid body pathway) is a stochastic process and the efficiency of obtaining a particular 
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cell type is often very low. In addition, some tissue types are difficult to recognize solely by 
morphological signs, and other – often invasive – molecular identification methods are 
necessary to apply.  
In our laboratory, we are examining cardiovascular differentiation, with an obvious 
advantage of having a clearly recognizable phenotype at the end of differentiation. Such 
contracting cell populations can be found following spontaneous differentiation, however, 
their number can vary significantly. To increase the efficiency of cardiac cell detection, we 
have developed a method using a specific “double-feature” promoter (Orban et al., 2009). It 
is based on the unprecedented characteristic of a CAG promoter variant: as being a 
constitutive promoter, it is expressed in all tissue types which was the reason why it was 
chosen to drive the expression of a fluorescent reporter gene. On the other hand, the 
transcriptional activity of this CAG variant becomes extremely high in differentiated 
cardiomyocytes, providing an excellent platform of selecting these cell types based on the 
intensity of the fluorescent signal. This behavior is also very useful when a transposon based 
gene delivery is applied: the “double-feature” promoter is used to identify the transgene 
expressing undifferentiated cells after transfection and later on, it offers the possibility to 
select for differentiated cardiomyocytes (Figure 4). This approach represents a great 
advantage because up to our knowledge, no commercially available antibodies against 
cardiac specific cell surface markers exist which would allow gentle separation of these cell 
types. Moreover, as this promoter is less prone for silencing (Chung et al., 2002; Xia et al., 
2007), the loss of cells containing inactive transgene copies is also significantly reduced. The 
background of this “double-feature” phenomenon is still under investigations, and 
deciphering its structural basis could lead to a promising scenario of creating promoters 
with different tissue specificities. Such achievement would represent a great technological  

 
Fig. 4. Using the “double-feature” CAG promoter to visualize cardiomyocytes. 

White arrows depict contracting cardiomyocytes arising from spontaneously differentiated 
HUES9 cell clones expressing either CAG promoter- (SB-CAG-GFP) or EF1α promoter-
driven (SB-EF1α-GFP) transgene. Note that in SB-EF1α-GFP cells, the entire population 
expresses GFP at low level almost uniformly, whereas in SB-CAG-GFP cells, GFP expression 
in cardiomyocytes is extremely high as compared to the surrounding tissues; see further 
details in text. Phase contrast fluorescence microscopy images, x40 magnification. 
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breakthrough as tissues lacking easily recognizable morphological signs could be separated 
without invasive identification protocols; and the SB transposon based transgene delivery 
would ensure the lowest possible risk of mutagenesis by its random integration profile. 
The technology of generating iPS cells is an obvious example where the use of transposons 
as genetic vehicles is clearly beneficial due to the large cargo size. For efficient 
reprogramming of fibroblasts, at least 4 transcription factors need to be overexpressed 
(Takahashi & Yamanaka, 2006) which places a heavy burden on the otherwise also not very 
efficient method itself. The use of independent transcription units are clearly represent too 
large cargos; the use of IRES (Internal Ribosome Entry Site) sequences instead also faces the 
problem of inefficient and non-equimolar expression of several cDNAs. An elegant way of 
overcoming this issue is the use of the 2A viral linker peptides: it basically allows to 
establish a polycistronic mRNA from which separate peptide chains can be translated 
equimolarly in eukaryotic systems (Szymczak et al., 2004). However, when considering an 
additional selection marker, the length of such a cargo (~7 kb or higher) still pushes the 
packaging limits of most viral vectors so the need to deliver such a long transgene calls for 
the use of transposons. Indeed, the piggyBac system was applied to successfully establish 
pluripotent iPS cell lines (Kaji et al., 2009; Woltjen et al., 2009). Nevertheless, some 
disadvantages of the piggyBac system, e.g. the non-random integration profile (Wilson et al., 
2007) or the presence of endogenous elements potentially capable of remobilizing the 
transgene (Newman et al., 2008) clearly awaits for the use of another, technically safer 
system such as the SB transposon. In addition, for any gene therapy application constrained 
by the size of a large human transgene cDNA calls for the application of transposons, 
preferably the SB system. 

5. Conclusion 
Embryonic stem cells represent promising new tools in the clinical treatment of various 
diseases, and in the meantime, they provide emerging new systems in modeling tissue 
differentiation and pharmacological screens for drug development and toxicity. With the 
development of laboratory protocols for the maintenance of these cell types, it is also 
important to work out efficient and biologically safe methods for gene delivery as it often 
represents the “take-off” point of any successful work with HuES cells. Among the non-viral 
gene delivery techniques, the hyperactive Sleeping Beauty transposon-transposase system 
represents a particularly attractive method with several advantages. It is a powerful gene 
delivery methodology with the least currently known genotoxic effects mainly due to its 
random integration profile at the genomic level. Also, it is a favorable genetic vehicle in 
terms of cargo capacity, tolerating relatively long transgene sequences. Moreover, as 
opposed to most viral vectors, the transposon sequences are less prone to epigenetic 
silencing which also provides the background for a long-term stable transgene expression. 
The last but not the least argument for the use of this transposon system is the cheaper and 
easier production of vector DNA, especially when clinical-grade applications are 
considered. Taken together, all these favorable characteristics definitely make the 
hyperactive SB system an attractive alternative for any gene therapy purposes, although, as 
it is the case with any other newly developed techniques, further investigations are still 
necessary to validate its biological safety in clinical applications. 
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1. Introduction    
Human pluripotent stem cells (hPSCs, which include both human embryonic and induced 
pluripotent stem cells [hESCs and hiPSCs]) provide a unique model system to study early 
human development, derive functionally mature cell populations, and hold great promise to 
advance medical treatments for currently incurable diseases. Modulating gene function in 
these cells is of critical importance to gain insight into the molecular underpinnings of the 
pluripotent state and the process of differentiation. Furthermore, efficient transgenesis in 
hPSC is essential in generating cells carrying specific disease-associated alleles, thereby 
enabling the study of human diseases at the cellular level.  
In contrast to murine ESCs, hESCs have proven quite recalcitrant to gene modification using 
many of the traditional methods. The reason(s) for this difference between mESCs and 
hESCs are poorly understood, but it has been postulated that hESCs represent a slightly 
different stage with distinct developmental potential than mESCs and that this difference 
accounts for the differences observed in transgenesis and homologous recombination 
(Buecker et al., 2010).  
DNA can be introduced into hPSCs using viral and non-viral methods, yielding both 
transient and stable transduction. Stable integration into the genome can occur at random 
sites, thus potentially disrupting endogenous gene expression or function. In addition, 
transduced cell lines can be selected to carry targeted gene insertions through site-specific 
recombination or homologous recombination. In this chapter, we describe several methods 
to transduce genetic elements into hPSCs and discuss their strengths and weaknesses.  

2. Random transgenesis 
Several methods have been used successfully to randomly integrate DNA into the genome 
of hPSCs and thereby generating marker lines that express reporter genes in a cell- or tissue-
specific manner. The most commonly used methods to transduce DNA into cells, either 
transiently or stably, involve chemical-based transfection reagents, electroporation, or viral 
infection. The advantages and limitations of each transgenic method will be discussed in the 
following section. In general, transgenic approaches to create reporter lines are limited by 
the fact that regulatory elements controlling cell-specific gene expression are often either 
poorly defined or located at great distances from the gene. To faithfully reproduce a gene 
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expression pattern may require DNA fragment lengths that exceed conventional 
recombinant DNA methods. In addition, stably transduced reporter genes may be under 
control of endogenous regulatory elements near the sight of integration. For example, 
genetic integration into certain compact regions of the genome can lead to silencing or lower 
levels of expression due to reduced accessibility of transcription factors. Another caveat of 
using random insertional transgenesis is that in rare instances gene insertion may interrupt 
expression of other genes that influence cell phenotype. As a result of these positional 
effects, screening and analysis of multiple clones for reporter gene expression patterns over 
time and during differentiation must be performed. Unfortunately, generation of single-cell 
clones is often difficult given the low cloning efficiency of hESCs (Amit et al., 2000). 
Recently, this challenge has been partially mitigated by the use of neurotrophins (such as 
NT3 and NT4) (Pyle et al., 2006) or selective inhibitors of Rho-associated kinase ROCK (e.g. 
Y-27632) (Damoiseaux et al., 2009; Watanabe et al., 2007), both of which increase survival of 
dissociated hESCs.  
The methods described in this section have been used to introduce transgenes encoding 
fluorescent proteins or drug resistance markers under the transcriptional control of cell-
specific promoters into hPSCs. Specific sub-populations of cells expressing the reporter gene 
can be enriched and isolated using drug selection or flow cytometry-based cell sorting.  

2.1 Electroporation  
Electroporation involves the use of electric pulses of varying voltage, length, and number to 
transiently increase the permeability of the cell membrane and permit entry of DNA. Several 
groups have reported the use of electroporation for the transfection of hESCs (Eiges et al., 
2001; Lakshmipathy et al., 2004; Mohr et al., 2006; Zwaka and Thomson, 2003). Using a 
plasmid containing a gene encoding green fluorescent protein (GFP) under control of a 
cytomegalovirus immediate-early gene 1 (CMV) promoter/enhancer, Mohr et al. 
investigated the electroporation parameters of pulse, voltage, duration, and number on 
hESC viability and transfection efficiency (Mohr et al., 2006). A single 300V, 0.5 millisecond 
pulse achieved an optimum survival rate of 50% and a transient transfection rate of 10%. 
These values were consistent with other reported transfection efficiencies using 
electroporation (Lakshmipathy et al., 2004). It is important to note that this study focused on 
the transient transfection of plasmid DNA. In contrast, stable transfection efficiencies are 
much lower because of the low rate of DNA integration into the genome. Typically, 
transient transgene expression in hESCs is not retained for longer than 5 passages (Vallier et 
al., 2004). By comparison, the yield of stably transfected clones using electroporation has 
been reported to be on the order of 1 in 10-5 (Adewumi et al., 2007; Zwaka and Thomson, 
2003). Moreover, less than 1% of electroporated hESCs in single-cell suspension survive 
(Zwaka and Thomson, 2003). However, electroporation of hESCs in clumps suspended  
in standard cell culture medium greatly improved cell survival (Zwaka and Thomson,  
2003). 

2.2 Nucleofection  
Nucleofection is a recently developed and commercialized technology (Amaxa® 
Nucleofector® Technology, Lonza) that expands on the principles of electroporation. 
Specifically, nucleofection is a customized procedure in which buffer solutions and electric 
pulses are optimized for specific cell types (Siemen et al., 2005; Siemen et al., 2008). In 

Gene Transduction Approaches in Human Embryonic Stem Cells   

 

279 

contrast to electroporation, in which efficiency is dependent on cell cycle because DNA only 
enters the nucleus when the nuclear envelope is fragmented during cell division, 
nucleofection leads to a direct transfer of the DNA into the cell nucleus (Hamm et al., 2002). 
Nucleofection of a GFP reporter construct into hESCs yielded survival rates of >70% and a 
transient transgene expression of 66% in surviving cells. Furthermore, transfected cells 
maintained expression of markers of pluripotency, such as TRA-1-60 and OCT4, and could 
be expanded to stably expressing clones. Additionally, the small amount of cells and DNA 
required for nucleofection has allowed it to be a valuable tool for high-throughput genetic 
manipulation of hESCs (Moore et al., 2010). 

2.3 Chemical-based transfection methods 
As an alternative to electroporation, chemical transfection reagents (lipid and polymer-
based reagents) have been used in attempts to achieve substantial levels of transgene 
expression in hESCs. The commonly used calcium-phosphate (Ca/PO4) mediated 
transfection methods have had limited success in hESCs, due to the cytotoxicity of the 
Ca/PO4 precipitate.  
An early report compared the efficiency of three different lipofection-based reagents, 
Lipofectamine (Invitrogen), Fugene (Boehringer Mannnheim) and ExGen 500 (Fermentas), 
in hESCs by using an expression construct in which GFP was under control of the 
elongation factor I (EF1α) promoter (Eiges et al., 2001). Transient transfection with ExGen 
500 resulted in transgene expression an order of magnitude higher than Lipofectamine or 
Fugene. However, GFP transgene expression occurred in only 10% of the ExGene500 
transfected cells, a transfection efficiency comparable to electroporation. This report conflicts 
with that of others (Siemen et al., 2005), which state that ExGen 500 was less effective than 
other reagents such as Lipofectamine and Fugene. One study compared several chemical 
transfection reagents and confirmed the poor efficiency of ExGen 500 and determined that 
GeneJammer was the most effective method (Anderson et al., 2007). A recent report 
describes the development of a class of polymers, poly(β-amino esters), which have higher 
gene delivery efficiencies because of their ability to condense DNA into nanoparticles, thus 
enhancing cellular uptake (Green et al., 2008). These nanoparticles have gene delivery 
efficiencies 4 times higher than other transfection reagents such as Lipofectamine. It is 
important to note that the reported differences between the efficacies of these reagents could 
be attributed to differences in the culture systems and individual hESC lines tested. 
Therefore, some reagents may be better suited for use in specific hESC lines. 
In order to achieve stable transfection into hESCs using chemical-based transfection 
methods, a gene encoding antibiotic-resistance or fluorescent protein must be present in the 
construct so that stable transfectants can be selected. HESC lines developed employing such 
methods have been utilized to monitor the differentiation status of hESCs. Eiges et al. used 
lipofection to transfect hESCs with GFP under the control of a murine Rex1 promoter, a gene 
that is rapidly downregulated upon differentiation of hESCs (Eiges et al., 2001). The 
transfected hESCs could be sorted to homogeneity using fluorescent-activated cell sorting 
(FACS). The purified cell population showed high levels of GFP expression when in an 
undifferentiated state. As the cells differentiated this expression was significantly reduced. 
Along similar lines, lipofection was used to generate a hESC line with GFP driven by an 
OCT4 promoter. Such OCT4-GFP lines have proven useful in monitoring the exit from the 
undifferentiated state and acquisition of differentiation markers. 
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Chemical-based transfection methods have also been used to tag and purify specific hESC 
derivatives. For example, chemical transgenic methods were used to enrich cardiomyocytes 
using a reporter system in which the human α-myosin promoter drove expression of 
puromycin–N-acetyltransferase (PAC)(Anderson et al., 2007). Positive selection with 
puromycin of hESCs differentiated towards cardiomyocytes resulted in a cardiomyocytes 
enrichment of 14.5 fold (change from 7% to 92% cardiomyocytes). Enriched cardiomyocytes 
expressed high levels of cardiac specific markers and displayed cardiac-specific action 
potentials, demonstrating that functionality was not compromised by drug selection. In 
another example, lipofection was used to transfect hESCs with plasmids encoding GFP 
placed under the transcriptional control of a motor neuron specific enhancer within the 5’-
regulatory region of the gene encoding the transcription factor Hb9. Motor neurons induced 
in vitro with the growth factor SHH and retinoic acid activated Hb9-driven GFP expression, 
allowing their isolation by FACS. Sorted cells achieved physiological and functional 
maturation in vitro, demonstrating the feasibility of promoter/enhancer-based FACS for the 
isolation of specific derivatives from hESCs. Chemical transfection has also been used to 
generate hESC lines with fluorescent reporter transgenes under transcriptional control of 
murine albumin (Lavon and Benvenisty, 2005; Lavon et al., 2004) and Pdx1 (Lavon et al., 
2006) genes in order to identify hESC differentiating toward the hepatic and pancreatic 
lineages, respectively. 

2.4 Lentiviral systems 
Lentiviral vectors offer another strategy to stably introduce DNA into hESCs. Pfeifer et al. 
first reported the use of lenti-viral vectors for high levels of transduction efficiency without 
transgene silencing in hESCs (Pfeifer et al., 2002). Specifically, almost 100% efficiency was 
reported at a multiplicity of infection of 50, and transgene expression was maintained over 
several passages. Several additional groups have reported high-level sustained transgene 
expression in hESCs and hESC derivatives using similar viral vectors. For example, Gropp 
et al. used lentiviral vectors to stably transduce a GFP encoding transgene under the control 
of an EF1α promoter (Gropp et al., 2003). Transduction of hESCs with these lentiviral 
vectors allowed for stable transgene expression for long-term (38 weeks) undifferentiated 
culture. Furthermore, transgene expression was not silenced upon differentiation as 
demonstrated by continuous GFP expression throughout differentiation both in vitro (EB 
formation) and in vivo (teratoma formation).  
Lentiviral vectors have also been used to identify and select hESC derivative cell 
populations. For example, Huber et al. generated stable transgenic hESC lines using 
lentiviral vectors and isolated single-cell clones that expressed a GFP transgene under the 
transcriptional control of a cardiac specific promoter, human myosin light-chain-2V 
promoter (Huber et al., 2007). As hESCs differentiated, GFP expressing cells were isolated 
and purified to near homogeneity using FACS. The GFP-positive cells stained for cardiac 
specific markers, expressed cardiac-specific genes, displayed cardiac-specific action-
potentials, and demonstrated long-term engraftment in rat hearts. A recent report expanded 
on these methods to engineer hESCs with lentiviral vectors that combined blasticidin, 
neomycin, and puromycin resistance based drug selection of pure populations of stem cells 
and cardiomyocytes with constitutive or lineage-specific promoters that control expression 
of fluorescent proteins. This allowed for cardiomyocytes and their progenitors to be 
visualized and tracked (Kita-Matsuo et al., 2009). Specifically, hESCs were infected with 
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lenti vectors carrying Brachyury (T) and α-myosin heavy chain (αMHC) promoters driving 
expression of fluorescent or drug-resistance proteins. HESCs differentiated to early 
mesoderm and cardiomyocytes were enriched using cell sorting or drug selection.  
Moreover, a drug selection differentiation protocol yielded 96% pure cardiomyocytes that 
could be cultured for over 4 months. Additionally, these drug-selected cardiomyocytes 
exhibited a gene expression profile similar to that of adult human cardiomyocytes and 
generated force and action potentials consistent with normal fetal cardiomyocytes. 
Lentiviral approaches have also been used to engineer hESCs with glial fibrillary acidic 
protein (GFAP) (Dhara et al., 2009) and alpha-fetoprotein (AFP) (Chiao et al., 2008) 
promoters driving expression of genes encoding fluorescent proteins to enrich for hESCs 
differentiating towards the neural and hepatic lineages, respectively. 

2.5 Comparison of random transgenic methods 
Very few studies have directly compared the non-viral and viral gene delivery methods 
discussed above. A recent study compared the transduction efficiencies and effect on cell 
viability of each method in several hESC lines using a fusion construct with an ubiquitin 
promoter driving GFP and firefly luciferase along with a neomyocin selection marker (Cao 
et al., 2009). Lentiviral transduction demonstrated the highest efficiency (range: 22.4-25.3%) 
with >95% cell viability. Nucleofection demonstrated significantly lower efficiency (range: 
5.8-16.1%) with moderate cell survival (range: 70-75%). Minimal transfection efficiency was 
observed with electroporation (range: 1.9-2.1%) and lipofection (range: 1.3-1.5%). 
Electroporation resulted in the lowest cell survival (range: 38-58%) while cell survival with 
lipofection (>90%) was comparable to that of lentiviral infection. Moreover, lentiviral 
transduction resulted in the greatest number of hESCs stably expressing the fusion reporter 
gene. 
Even though lentiviral transduction results in the highest efficiency and cell survival of all 
transgenic approaches, it has several drawbacks that may make use of other transgenic 
methods more attractive. One major weakness of lentiviral methods is that constructs larger 
than 6-8 kb package poorly, thereby reducing the efficiency of transduction and limiting the 
size of DNA that can be used (Kumar et al., 2001). Another disadvantage of lentiviral vectors 
is that they integrate randomly and thus have the ability to activate or inactivate nearby 
genes (Kohn et al., 2003). A final concern that may limit the use of lentiviral vectors is that 
viral transgenes may be silenced in the infected cells. Several studies have shown that gene 
silencing can occur during propagation of undifferentiated ESCs (Cherry et al., 2000) as well 
as during differentiation (Laker et al., 1998). Such silencing is likely due to epigenetic 
modifications of the viral DNA following its integration. Furthermore, studies have 
demonstrated that transgenes delivered by lentiviral vectors are suppressed in ESCs in a 
promoter-dependent manner (Hong et al., 2007; Xia et al., 2007). For example, Xia et al. 
examined the silencing of four ubiquitous promoters in lentiviral vectors driving expression 
of GFP in hESCs: CMV, hybrid CMV enhancer/chicken β-actin (CAG), phosphoglycerate 
kinase (PGK) and EF1α (Xia et al., 2007). By calculating the ratio between the percentage of 
nonfluorescent cells and the GFP copy number per cell, the authors showed that more than 
95% of the GFP copies driven by the CMV or CAG promoter and 75% of the GFP copies 
driven by the EF1α promoter were inactive. Meanwhile, GFP driven by the PGK promoter 
showed the least extent of suppression with ~55% inactive. Results such as these clearly 
demonstrate that genes delivered through the use of lentivirus are highly susceptible to 
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Chemical-based transfection methods have also been used to tag and purify specific hESC 
derivatives. For example, chemical transgenic methods were used to enrich cardiomyocytes 
using a reporter system in which the human α-myosin promoter drove expression of 
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puromycin of hESCs differentiated towards cardiomyocytes resulted in a cardiomyocytes 
enrichment of 14.5 fold (change from 7% to 92% cardiomyocytes). Enriched cardiomyocytes 
expressed high levels of cardiac specific markers and displayed cardiac-specific action 
potentials, demonstrating that functionality was not compromised by drug selection. In 
another example, lipofection was used to transfect hESCs with plasmids encoding GFP 
placed under the transcriptional control of a motor neuron specific enhancer within the 5’-
regulatory region of the gene encoding the transcription factor Hb9. Motor neurons induced 
in vitro with the growth factor SHH and retinoic acid activated Hb9-driven GFP expression, 
allowing their isolation by FACS. Sorted cells achieved physiological and functional 
maturation in vitro, demonstrating the feasibility of promoter/enhancer-based FACS for the 
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2.4 Lentiviral systems 
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promoter (Huber et al., 2007). As hESCs differentiated, GFP expressing cells were isolated 
and purified to near homogeneity using FACS. The GFP-positive cells stained for cardiac 
specific markers, expressed cardiac-specific genes, displayed cardiac-specific action-
potentials, and demonstrated long-term engraftment in rat hearts. A recent report expanded 
on these methods to engineer hESCs with lentiviral vectors that combined blasticidin, 
neomycin, and puromycin resistance based drug selection of pure populations of stem cells 
and cardiomyocytes with constitutive or lineage-specific promoters that control expression 
of fluorescent proteins. This allowed for cardiomyocytes and their progenitors to be 
visualized and tracked (Kita-Matsuo et al., 2009). Specifically, hESCs were infected with 
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lenti vectors carrying Brachyury (T) and α-myosin heavy chain (αMHC) promoters driving 
expression of fluorescent or drug-resistance proteins. HESCs differentiated to early 
mesoderm and cardiomyocytes were enriched using cell sorting or drug selection.  
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exhibited a gene expression profile similar to that of adult human cardiomyocytes and 
generated force and action potentials consistent with normal fetal cardiomyocytes. 
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Electroporation resulted in the lowest cell survival (range: 38-58%) while cell survival with 
lipofection (>90%) was comparable to that of lentiviral infection. Moreover, lentiviral 
transduction resulted in the greatest number of hESCs stably expressing the fusion reporter 
gene. 
Even though lentiviral transduction results in the highest efficiency and cell survival of all 
transgenic approaches, it has several drawbacks that may make use of other transgenic 
methods more attractive. One major weakness of lentiviral methods is that constructs larger 
than 6-8 kb package poorly, thereby reducing the efficiency of transduction and limiting the 
size of DNA that can be used (Kumar et al., 2001). Another disadvantage of lentiviral vectors 
is that they integrate randomly and thus have the ability to activate or inactivate nearby 
genes (Kohn et al., 2003). A final concern that may limit the use of lentiviral vectors is that 
viral transgenes may be silenced in the infected cells. Several studies have shown that gene 
silencing can occur during propagation of undifferentiated ESCs (Cherry et al., 2000) as well 
as during differentiation (Laker et al., 1998). Such silencing is likely due to epigenetic 
modifications of the viral DNA following its integration. Furthermore, studies have 
demonstrated that transgenes delivered by lentiviral vectors are suppressed in ESCs in a 
promoter-dependent manner (Hong et al., 2007; Xia et al., 2007). For example, Xia et al. 
examined the silencing of four ubiquitous promoters in lentiviral vectors driving expression 
of GFP in hESCs: CMV, hybrid CMV enhancer/chicken β-actin (CAG), phosphoglycerate 
kinase (PGK) and EF1α (Xia et al., 2007). By calculating the ratio between the percentage of 
nonfluorescent cells and the GFP copy number per cell, the authors showed that more than 
95% of the GFP copies driven by the CMV or CAG promoter and 75% of the GFP copies 
driven by the EF1α promoter were inactive. Meanwhile, GFP driven by the PGK promoter 
showed the least extent of suppression with ~55% inactive. Results such as these clearly 
demonstrate that genes delivered through the use of lentivirus are highly susceptible to 
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gene silencing and that the choice of promoter is critical for long term ubiquitous expression 
of transgenes. Whether similar gene silencing occurs with cell- and tissue-specific promoters 
remains to be explored. 

3. Site-specific recombination 
One way to avoid the problems caused by random integration of transgenes into the 
genome is the creation of hESCs lines where large, complex genetic elements can be stably 
introduced into cells at defined chromosomal locations in a single copy. Several studies have 
identified sites on chromosomes 2, 6, 10, 12, 13, 17, and 21 that are transcriptionally active in 
undifferentiated hESCs and remain transcriptionally active upon differentiation into all 
tested mature cell populations (Costa et al., 2005; Irion et al., 2007; Thyagarajan et al., 2008). 
Two strategies that have been used for site-specific recombination to introduce transgenes 
into hESCs are the Cre/loxP and phiC3I recombination systems. 

3.1 Cre/lox  
The Cre protein is a site-specific DNA recombinase that catalyzes the recombination of DNA 
between loxP sequences which contain binding sites for Cre. When cells that have loxP sites 
in their genome express Cre, a recombination event occurs between the loxP sites 
(Bouhassira et al., 1997). Depending on the orientation of the loxP sites relative to each other, 
the recombination reaction can result in an insertion, deletion (direct repeat of two loxP 
sites), inversion (two inverted loxP on the same chromosome), or translocation (two loxP 
sties on different chromosomes). Nolden et al. first reported the Cre-mediated 
recombination of a chromosomally integrated loxP-modified allele in hESCs and hESC 
derived neural progenitors (Nolden et al., 2006). In this system, a constitutively active CAG 
promoter drove transcription of the HcRed (an enhanced version of red fluorescent protein 
[RFP]) while a neomycin-resistance gene (Neo) was under transcriptional control of the PGK 
promoter, thus allowing for selection of stable clones. Cre-mediated recombination caused 
deletion of HcRed and Neo resulting in the expression of a second reporter GFP. In another 
study, Cre-mediated recombination was used to insert genes at the human homolog of the 
mouse Rosa26 locus (hROSA26) (Irion et al., 2007). Specifically, a vector containing a loxP-
flanked promoterless Neo-resistance gene followed by an inverted RFP variant, tandem 
dimer RFP (tdRFP), flanked by mutant loxP2272 was targeted to the hROSA26 locus using 
homologous recombination (see below for further discussion of homologous 
recombination). The loxP and mutant loxP2272 sites were positioned so that after Cre 
expression, the neomycin resistance cassette was deleted and the tdRFP is inverted, placing 
it under control of the endogenous hROSA26 promoter. The use of wildtype and mutant 
loxP allowed for the exchange of the tdRFP cassette with any cDNA of interst at the 
hROSA26 locus using Cre recombinase-mediated cassette exchange. 
One drawback of the Cre-loxP system is that its efficiency depends on the level of Cre 
expression, which is typically achieved by either transfection or viral methods. As a result, 
recombination only occurs in a low percentage of the cell population (10-15%). As an 
alternative strategy to introduce Cre, several groups have reported the use of cell-permeable 
versions of Cre recombinase that induce recombination by direct protein delivery and lead 
to higher levels of recombination (>90%) (Jo et al., 2001; Joshi et al., 2002; Will et al., 2002).  

Gene Transduction Approaches in Human Embryonic Stem Cells   

 

283 

3.2 phiC3I 
Another method to carry out site-specific recombination in hESCs is the use of 
bacteriophage phiC3I integrase. Unlike Cre recombinase, the phiC3I catalyzes 
recombination between non-identical sites which makes recombination unidirectional, 
ensuring that integrated constructs do not act as substrates for the reverse excision reaction. 
PhiC3I carries out site-specific recombination between its attachment site (attB) and an 
attachment site (attP) in host DNA. Moreover, phiC3I integrases target a small number of 
loci (pseudo-attP sties) in transcriptionally active regions (“hot spots”) of the human 
genome.  
Recently, hESC lines were developed in which phiC31 integrase was used to place a target 
site for the R4 integrase into a pseudo attP site, and the R4 integrase was used to place genes 
of interest into the specific R4 target site (Figure 1) (Liu et al., 2009; Thyagarajan et al., 2008). 
Specifically, hESCs were co-transfected with a plasmid with a CMV promoter driving 
expression of phiC3I integrase and a plasmid containing the R4 attP target site upstream of a 
promoter-less Zeocin-resistance gene, as well as a hygromycin-resistance marker and a 
phiC3I attB site (pJTI/Zeo). Individual colonies carrying a R4 attP site upstream of the 
Zeocin selectable marker was achieved with selection with hygromyocin and screened for 
insertion into one of the genome’s pseudo-att sites (e.g. chromosomal location 13q32 
represents a hot spot). Retargeting these “R4” cell lines was achieved by co-transfecting a 
plasmid expressing the R4 integrase with a plasmid that had the human EF1α promoter 
upstream of the complementary R4 attB recognition site (pER4B-EG and pER4B-hOG). 
Recombination between the R4 attP and attB sites positioned the EF1α promoter upstream of  
 

 
Fig. 1. Site-specific recombination strategy using phiC3I integrase. In the first step a “platform 
line” is created using phiC3I integrase, which mediates site-specific recombination of the 
pJTI/Zeo plasmid into one of the host cell genome’s pseudo-att sites. In a second “retargeting” 
step, the R4 integrase mediates site-specific recombination of the pER4B vector with the 
previously inserted att site. Proper R4 recombination events lead to the transcriptional 
activation of the Zeocin-resistance gene. Figure and legend adapted from Liu et al., 2009. 
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gene silencing and that the choice of promoter is critical for long term ubiquitous expression 
of transgenes. Whether similar gene silencing occurs with cell- and tissue-specific promoters 
remains to be explored. 

3. Site-specific recombination 
One way to avoid the problems caused by random integration of transgenes into the 
genome is the creation of hESCs lines where large, complex genetic elements can be stably 
introduced into cells at defined chromosomal locations in a single copy. Several studies have 
identified sites on chromosomes 2, 6, 10, 12, 13, 17, and 21 that are transcriptionally active in 
undifferentiated hESCs and remain transcriptionally active upon differentiation into all 
tested mature cell populations (Costa et al., 2005; Irion et al., 2007; Thyagarajan et al., 2008). 
Two strategies that have been used for site-specific recombination to introduce transgenes 
into hESCs are the Cre/loxP and phiC3I recombination systems. 

3.1 Cre/lox  
The Cre protein is a site-specific DNA recombinase that catalyzes the recombination of DNA 
between loxP sequences which contain binding sites for Cre. When cells that have loxP sites 
in their genome express Cre, a recombination event occurs between the loxP sites 
(Bouhassira et al., 1997). Depending on the orientation of the loxP sites relative to each other, 
the recombination reaction can result in an insertion, deletion (direct repeat of two loxP 
sites), inversion (two inverted loxP on the same chromosome), or translocation (two loxP 
sties on different chromosomes). Nolden et al. first reported the Cre-mediated 
recombination of a chromosomally integrated loxP-modified allele in hESCs and hESC 
derived neural progenitors (Nolden et al., 2006). In this system, a constitutively active CAG 
promoter drove transcription of the HcRed (an enhanced version of red fluorescent protein 
[RFP]) while a neomycin-resistance gene (Neo) was under transcriptional control of the PGK 
promoter, thus allowing for selection of stable clones. Cre-mediated recombination caused 
deletion of HcRed and Neo resulting in the expression of a second reporter GFP. In another 
study, Cre-mediated recombination was used to insert genes at the human homolog of the 
mouse Rosa26 locus (hROSA26) (Irion et al., 2007). Specifically, a vector containing a loxP-
flanked promoterless Neo-resistance gene followed by an inverted RFP variant, tandem 
dimer RFP (tdRFP), flanked by mutant loxP2272 was targeted to the hROSA26 locus using 
homologous recombination (see below for further discussion of homologous 
recombination). The loxP and mutant loxP2272 sites were positioned so that after Cre 
expression, the neomycin resistance cassette was deleted and the tdRFP is inverted, placing 
it under control of the endogenous hROSA26 promoter. The use of wildtype and mutant 
loxP allowed for the exchange of the tdRFP cassette with any cDNA of interst at the 
hROSA26 locus using Cre recombinase-mediated cassette exchange. 
One drawback of the Cre-loxP system is that its efficiency depends on the level of Cre 
expression, which is typically achieved by either transfection or viral methods. As a result, 
recombination only occurs in a low percentage of the cell population (10-15%). As an 
alternative strategy to introduce Cre, several groups have reported the use of cell-permeable 
versions of Cre recombinase that induce recombination by direct protein delivery and lead 
to higher levels of recombination (>90%) (Jo et al., 2001; Joshi et al., 2002; Will et al., 2002).  
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3.2 phiC3I 
Another method to carry out site-specific recombination in hESCs is the use of 
bacteriophage phiC3I integrase. Unlike Cre recombinase, the phiC3I catalyzes 
recombination between non-identical sites which makes recombination unidirectional, 
ensuring that integrated constructs do not act as substrates for the reverse excision reaction. 
PhiC3I carries out site-specific recombination between its attachment site (attB) and an 
attachment site (attP) in host DNA. Moreover, phiC3I integrases target a small number of 
loci (pseudo-attP sties) in transcriptionally active regions (“hot spots”) of the human 
genome.  
Recently, hESC lines were developed in which phiC31 integrase was used to place a target 
site for the R4 integrase into a pseudo attP site, and the R4 integrase was used to place genes 
of interest into the specific R4 target site (Figure 1) (Liu et al., 2009; Thyagarajan et al., 2008). 
Specifically, hESCs were co-transfected with a plasmid with a CMV promoter driving 
expression of phiC3I integrase and a plasmid containing the R4 attP target site upstream of a 
promoter-less Zeocin-resistance gene, as well as a hygromycin-resistance marker and a 
phiC3I attB site (pJTI/Zeo). Individual colonies carrying a R4 attP site upstream of the 
Zeocin selectable marker was achieved with selection with hygromyocin and screened for 
insertion into one of the genome’s pseudo-att sites (e.g. chromosomal location 13q32 
represents a hot spot). Retargeting these “R4” cell lines was achieved by co-transfecting a 
plasmid expressing the R4 integrase with a plasmid that had the human EF1α promoter 
upstream of the complementary R4 attB recognition site (pER4B-EG and pER4B-hOG). 
Recombination between the R4 attP and attB sites positioned the EF1α promoter upstream of  
 

 
Fig. 1. Site-specific recombination strategy using phiC3I integrase. In the first step a “platform 
line” is created using phiC3I integrase, which mediates site-specific recombination of the 
pJTI/Zeo plasmid into one of the host cell genome’s pseudo-att sites. In a second “retargeting” 
step, the R4 integrase mediates site-specific recombination of the pER4B vector with the 
previously inserted att site. Proper R4 recombination events lead to the transcriptional 
activation of the Zeocin-resistance gene. Figure and legend adapted from Liu et al., 2009. 
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the Zeocin-resistance gene. Thus, only clones that had undergone a site-specific 
recombination event were resistant to Zeocin. This method has been used to place cassettes 
with GFP driven by promoters such as EF1α and OCT4 in specific loci in hESCs. Retargeting 
was extremely efficient with an average of 17 colonies per 106 transfected cells with all 
Zeocin resistant clones containing a single integration event occurring at the chromosome 
13q23 hot spot. 
A major disadvantage of the phiC3I site-specific integration techniques is that it requires the 
generation of “platform” hESC lines (e.g. the “R4” cell line). Although retargeting efficiency 
is extremely high (100% after Zeomycin selection), initial targeting to one of the pseudo-att 
sites is inefficient and requires the screening of hundreds of clones. Given that hESC lines 
vary in their behavior and propensity to differentiate into various lineages (Osafune et al., 
2008), multiple “platform” lines would need to be generated. 

4. Homologous recombination 
Homologous recombination (HR) has long been a powerful “reverse genetics” approach to 
interrogate gene function in mice. Methods for HR exploit the endogenous DNA repair and 
recombination machinery to alter specific sequences within the genome by aligning the 
engineered transduced DNA sequences with genomic sequences. The outcome can include 
single base pair mutations, deletion of entire exons or open reading frames, and insertion of 
sequences that encode protein tags or reporter proteins, such as fluorescent proteins. In 
contrast to other genetic modifications described above, HR faithfully reproduces expression 
patterns of genes with largely insignificant effects on expression of neighboring genes. 
There are three main reasons to target genes by HR in hESCs. First, hESC lines can be 
designed to express a reporter gene under the control of an endogenous and 
developmentally regulated promoter. Such marker lines are useful to monitor and 
interrogate the developmental progression from undifferentiated to mature cell states and to 
optimize protocols for efficient and directed differentiation. By using cell isolation and 
purification methods, such as FACS, even extremely rare and specialized cell types can be 
isolated and separated from other cell types, especially from undifferentiated hESC that 
carry the potential to generate tumors. Such purified cell populations are essential for cell 
transplantation studies and eventual cell replacement therapies. Second, efficient HR can be 
used to attach tags onto genes so that the function of their protein products can be studied in 
vitro and in vivo. By modifying genes with tags that permit detection and purification, 
endogenous protein function can be explored without relying on current overexpression 
approaches that are prone to yield artifactual results. Finally, HR can be employed to 
introduce specific mutations in disease-associated genes to develop models of human 
disease. Currently, the majority of research to study human diseases in cell culture utilize 
hiPSCs derived from patients with specific genetic defects or predispositions. However, 
methods for iPSC generation are still wrought with potential complications, e.g. the various 
transgenes required for reprogramming may influence disease progression. Efficient HR in 
hPSCs would provide a powerful alternative method to insert mutations in disease 
associated genes and model human diseases.  
In comparison to murine ESCs, a limited, yet gradually expanding number of genes has 
been modified by HR in hESCs (see Table 1 for examples). One reason for the limited 
success of HR is that hPSCs, in contrast to murine ESCs, grow poorly as single cells, a 
necessary condition to isolate the cells carrying the rare HR events. This problem can be 
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partially overcome by treating dissociated cells with ROCK inhibitor, which has been shown 
to increase survival of dissociated hESCs (Damoiseaux et al., 2009; Watanabe et al., 2007). 
Most reports of HR in hESCs have targeted the X-chromosome linked HPRT1 (Hypoxanthine-
guanine phosphoribosyltransferase) locus, a gene which is inherently easier to target since 
deletion of the single copy of HPRT in male cells yields cells that are resistant to the drug 6-
Thioguinine (6-TG). While these studies provide compelling proof-of-principle, methods for 
HR in hESC are far from optimized. In this section, we discuss four methods that show great 
promise in generating HR in hESCs. 

4.1 Conventional HR method 
The conventional HR method in mESCs utilizes standard transduction methods, such as 
electroporation (see descriptions above), to introduce linearized DNA constructs comprised of 
homology arms of 3 to 5 kilo bases (kb) flanking drug selection cassettes, such as Neomycin or 
Hygromycin resistance genes. These drug resistance genes are placed between the homology 
arms to disrupt or delete one or more exons of the targeted gene. Positive drug selection alone 
yields both targeted and random insertions into the genome. To increase the frequency of 
targeted insertions, many strategies incorporate a negative selectable marker, generally Herpes 
simplex virus thymidine kinase (HSV-TK), which confers sensitivity to Gancyclovir (Ganc), 
inserted distally to one of the homology arms (Mansour et al., 1988). Cells in which a random 
insertion has occurred will have retained HSV-TK and will consequently be eliminated in the 
presence of Ganc. Cells that are resistant to Ganc have not integrated the HSV-TK gene, thus 
potentially representing a HR event. HR rates, which vary between <0.1-5%, are generally 
indicated as a percentage of cells carrying a targeted insertion (as determined by Southern blot 
or PCR) among all Neomycin resistant clones. To further increase targeting efficiencies it is 
critical to utilize isogenic DNA, i.e. the DNA used to create the homology arms in the targeting 
vector matches the DNA of the cells used for targeting. While this is possible with the various 
in-bred mouse strains, the large number of single nucleotide polymorphisms (SNP) in the 
human population (one every 1,000 base pairs) rule out an approach that utilizes isogenic 
DNA. However, it is noteworthy that two reports found that HR in humans is efficient even 
with non-isogenic DNA (Sedivy et al., 1999; Urbach et al., 2004). The need for isogenic DNA is 
overcome as the length of the homology arms increases, however, plasmids of greater than 15 
kb are difficult to engineer and propagate. This size restriction is overcome with the use of 
bacterial artificial chromosomes (see below). Due to the low targeting frequencies observed for 
many loci, this conventional HR method rarely succeeds at disrupting both copies of a gene. 
To date only a small number of genes have been successfully targeted in hESCs using positive-
negative selection methods (see Table 1).  
 
Gene hESC line HR Method Efficiency Reference 
ATM HUES9, 

H9 
BAC 21% (3/14) for first 

allele, 27% (10/37) for 
second allele 

(Song et al., 
2010) 

FEZF2 HUES9 Conventional positive 
(Neo)-negative (HSV-
TK) selection 

1.5% (2/130 clones) (Ruby and 
Zheng, 2009) 

HMGA1 BG01, 
BG02, H1 

AAV 96% (24 of 25 HygR 
clones) 

(Khan et al., 
2010) 
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the Zeocin-resistance gene. Thus, only clones that had undergone a site-specific 
recombination event were resistant to Zeocin. This method has been used to place cassettes 
with GFP driven by promoters such as EF1α and OCT4 in specific loci in hESCs. Retargeting 
was extremely efficient with an average of 17 colonies per 106 transfected cells with all 
Zeocin resistant clones containing a single integration event occurring at the chromosome 
13q23 hot spot. 
A major disadvantage of the phiC3I site-specific integration techniques is that it requires the 
generation of “platform” hESC lines (e.g. the “R4” cell line). Although retargeting efficiency 
is extremely high (100% after Zeomycin selection), initial targeting to one of the pseudo-att 
sites is inefficient and requires the screening of hundreds of clones. Given that hESC lines 
vary in their behavior and propensity to differentiate into various lineages (Osafune et al., 
2008), multiple “platform” lines would need to be generated. 

4. Homologous recombination 
Homologous recombination (HR) has long been a powerful “reverse genetics” approach to 
interrogate gene function in mice. Methods for HR exploit the endogenous DNA repair and 
recombination machinery to alter specific sequences within the genome by aligning the 
engineered transduced DNA sequences with genomic sequences. The outcome can include 
single base pair mutations, deletion of entire exons or open reading frames, and insertion of 
sequences that encode protein tags or reporter proteins, such as fluorescent proteins. In 
contrast to other genetic modifications described above, HR faithfully reproduces expression 
patterns of genes with largely insignificant effects on expression of neighboring genes. 
There are three main reasons to target genes by HR in hESCs. First, hESC lines can be 
designed to express a reporter gene under the control of an endogenous and 
developmentally regulated promoter. Such marker lines are useful to monitor and 
interrogate the developmental progression from undifferentiated to mature cell states and to 
optimize protocols for efficient and directed differentiation. By using cell isolation and 
purification methods, such as FACS, even extremely rare and specialized cell types can be 
isolated and separated from other cell types, especially from undifferentiated hESC that 
carry the potential to generate tumors. Such purified cell populations are essential for cell 
transplantation studies and eventual cell replacement therapies. Second, efficient HR can be 
used to attach tags onto genes so that the function of their protein products can be studied in 
vitro and in vivo. By modifying genes with tags that permit detection and purification, 
endogenous protein function can be explored without relying on current overexpression 
approaches that are prone to yield artifactual results. Finally, HR can be employed to 
introduce specific mutations in disease-associated genes to develop models of human 
disease. Currently, the majority of research to study human diseases in cell culture utilize 
hiPSCs derived from patients with specific genetic defects or predispositions. However, 
methods for iPSC generation are still wrought with potential complications, e.g. the various 
transgenes required for reprogramming may influence disease progression. Efficient HR in 
hPSCs would provide a powerful alternative method to insert mutations in disease 
associated genes and model human diseases.  
In comparison to murine ESCs, a limited, yet gradually expanding number of genes has 
been modified by HR in hESCs (see Table 1 for examples). One reason for the limited 
success of HR is that hPSCs, in contrast to murine ESCs, grow poorly as single cells, a 
necessary condition to isolate the cells carrying the rare HR events. This problem can be 
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partially overcome by treating dissociated cells with ROCK inhibitor, which has been shown 
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Most reports of HR in hESCs have targeted the X-chromosome linked HPRT1 (Hypoxanthine-
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Thioguinine (6-TG). While these studies provide compelling proof-of-principle, methods for 
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indicated as a percentage of cells carrying a targeted insertion (as determined by Southern blot 
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human population (one every 1,000 base pairs) rule out an approach that utilizes isogenic 
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To date only a small number of genes have been successfully targeted in hESCs using positive-
negative selection methods (see Table 1).  
 
Gene hESC line HR Method Efficiency Reference 
ATM HUES9, 

H9 
BAC 21% (3/14) for first 

allele, 27% (10/37) for 
second allele 

(Song et al., 
2010) 

FEZF2 HUES9 Conventional positive 
(Neo)-negative (HSV-
TK) selection 

1.5% (2/130 clones) (Ruby and 
Zheng, 2009) 

HMGA1 BG01, 
BG02, H1 

AAV 96% (24 of 25 HygR 
clones) 

(Khan et al., 
2010) 
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H1 Conventional positive 
(Neo)-negative (6TG) 
selection 

2% (7 6-TGR out of 350 
G418R) 

(Zwaka and 
Thomson, 2003) 

H13 Conventional positive 
(Hyg)-negative (6TG) 
selection 

~1-2% (Urbach et al., 
2004) 

H1 Conventional positive 
(Neo)-negative (6TG) 
selection 

2.3% (6 6TGR out of 
260 G418R) 

(Di Domenico et 
al., 2008) 

KhES-1 HDAdV 45% (14 of 31 GancR 
and G418R clones) 

(Suzuki et al., 
2008) 

HUES3, 
HUES 8 

BAC HUES3: 1 of 3 PuroR 
clones 
HUES8: 1of 6 PuroR 
clones 

(Song et al., 
2010) 

HPRT1 
 

BG01, 
iPSCs 

AAV BG01: 26% (8 of 31 
G418R clones) 
iPSCs: 19-29% 

(Khan et al., 
2010) 

IL2RG HUES1, 
HUES3 

ZFN and IDLV 13-39% (Lombardo et 
al., 2007) 

MIXL1 HES3 Conventional positive 
(Neo) selection 

Not indicated (Davis et al., 
2008) 

OLIG2 BG01 Conventional positive 
(Neo)-negative (HSV-
TK) selection 

5.7% (6/106 clones) (Xue et al., 2009) 

p53 HUES9, 
H9 

BACs 3.3% (2/60) for first 
allele, 22% (7/32) for 
second allele 

(Song et al., 
2010) 

PIG-A H1, H9, 
iPSC lines 

ZFN 50% (6 out 12 HygR 
clones) 

(Zou et al., 2009) 

PITX3 BG01, 
iPSCs 

ZFN 11% (Hockemeyer et 
al., 2009) 

H1 Conventional positive 
(Neo) selection 

27% (28/103 G418R 
clones) 
39% (22/56 G418R 
clones) 

(Zwaka and 
Thomson, 2003) 

POU5F1 
(OCT4) 

BG01 ZFN 39-100% depending on 
ZFN pair 

(Hockemeyer et 
al., 2009) 

ROSA26 HES2 Conventional positive 
(Neo)-negative (D-TA) 
selection 

2.3% (2/88 G418R 
clones) 

(Irion et al., 
2007) 

Table 1. Examples of genes targeted by homologous recombination in hPSCs. Abbreviations: 
6-TGR = resistance to drug 6-thioguanine; BAC = Bacterial artificial chromosome; D-TA = 
diphtheria toxin A-fragment; G418R = resistance to drug G418; GancR = resistance to drug 
ganciclovir; HSV-TK = herpes simplex virus thymidine kinase; HygR = resistance to drug 
Hygromycin; IDLV = integration defective lenti virus; iPSC = induced pluripotent stem cell; 
Neo = Neomycin; PuroR = resistance to drug Puromycin; ZNF = Zinc finger nuclease. 
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4.2 BAC-based HR 
A major reason for the low HR efficiency observed for conventional methods in both mouse 
and human ESCs is related to the limited length of homology arms. It has been documented 
that with an increase in homology arm lengths from 1.3 to 6.8 kb, gene targeting frequencies 
dramatically increase (Hasty et al., 1991), and further lengthening homology regions 
increases targeted gene insertion frequencies. The upper limit for the length of conventional 
targeting vectors is approximately 20 kb, with standard targeting vectors carrying 
approximately 10 kb of homologous DNA (e.g. a short and long arm of 4 and 6 kb, 
respectively). Bacterial artificial chromosomes (BACs) with usual insert sizes of 150-350 kb 
(and up to 700 kb) provide a unique tool to overcome the length constraint of conventional 
targeting vectors. Manipulation of these large DNA constructs requires recombineering 
technologies (Copeland et al., 2001), which exploits the HR system of Escherichia coli to 
generate large recombinant DNA constructs. Importantly, the large homology regions 
overcome the need for isogenic DNA, thus permitting HR in hESCs of various genetic 
backgrounds. 
A recent report described successful BAC-based HR in hESCs at three loci, p53, ATM and 
HPRT, with targeting efficiencies of 21 to 27% (Song et al., 2010). The linearized BAC-
targeting vectors were transduced into hESCs, both HUES9 and H9, by electroporation. 
Using the same targeting vectors with an alternative drug selection cassette, the authors 
were able to generate homozygous mutants in ATM and p53. One frequently cited 
drawback of BAC-based gene targeting is the difficulty in distinguishing HR from random 
integration. Song et al. overcame this challenge by shortening one homology arm to less 
than 10 kb while retaining the other at 80 to 100 kb. This allowed confirmation of HR by 
Southern blotting and a ligation-mediated PCR. 

4.3 Zinc finger nucleases mediated HR 
It has been well documented that double-stranded DNA breaks significantly enhance HR in 
human cells (Porteus and Carroll, 2005; Porteus et al., 2003). Such double-stranded breaks 
(DSB) are then repaired either by nonhomologous end joining (NHEJ), which is highly error 
prone thereby disrupting the targeted gene, or by homology-directed repair (HDR), where 
the sequence of a homologous strand of DNA (generally the intact homologous 
chromosome) is accurately copied. However, introduction of a single DSB in the genome is 
impossible with conventional restriction enzymes.  
Zinc-finger nucleases (ZFN) offer a unique technology for cutting at single sites within the 
genome. In this approach a Zinc-finger DNA binding domain of the C2H2 class is 
engineered to recognize a single DNA sequence of interest and fused to an endo-nuclease, 
generally Fok1. Since Fok1 needs to dimerize to cleave DNA, two Zinc-finger DNA binding 
proteins with oppositely oriented binding sites are engineered. These two ZFNs are 
designed to be highly specific so that the Fok1 nuclease introduces a single DSB in the entire 
genome. One study demonstrated that design of the ZFN can greatly affect targeting 
efficiency, with rates varying between 39 to 100% for three distinct ZFN pairs designed to 
the OCT4 locus (Hockemeyer et al., 2009). In addition to the difficult and time-consuming 
nature of ZFN design and construction, it should be noted that site-specificity is difficult to 
control and off-target cleavage events have been observed (Radecke et al., 2010). As the ZFN 
introduces a single DSB, the DNA repair machinery will either introduce a deletion at the 
break site by NHEJ, or, if an exogenous DNA fragment is provided, a genetic modification 
near the DSB by HDR.  
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(and up to 700 kb) provide a unique tool to overcome the length constraint of conventional 
targeting vectors. Manipulation of these large DNA constructs requires recombineering 
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generate large recombinant DNA constructs. Importantly, the large homology regions 
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The ZFN technology has been successfully applied in multiple organisms, including 
Zebrafish, and in mouse and human cell culture, including hESC and hiPSCs (Davis and 
Stokoe, 2010; Hockemeyer et al., 2009; Lee et al., 2010a, b; Lombardo et al., 2007; Porteus and 
Carroll, 2005; Zou et al., 2009). A major obstacle to successfully applying this method is that 
two ZFNs and the homologous DNA have to be co-delivered into the cells of interest. 
Lombardo et al. addressed this issue by utilizing integration defective lentiviral vectors 
(IDLV) to co-deliver the ZFNs and the donor sequence. While this method yielded HR at the 
targeted site, the IL-2 receptor common γ-chain gene (IL2RG), in hESCs (Lombardo et al., 
2007), such IDLVs are potentially capable of integrating randomly into the genome, thereby 
potentially disrupting critical genes. 
An alternative virus free application of ZFNs in hESCs and hiPSCs was recently reported to 
target the PIG-A locus and a chromosomally integrated GFP gene (Zou et al., 2009). In this 
study, the donor DNA (2 kb homology arm) was transduced with or without the DNA 
encoding the ZFNs, into hESCs under optimized conditions that included the use of an 
immortalized cell line (W3R) that expresses Wnt3a, a growth factor that promotes hESC 
growth (Cai et al., 2007). The Amaxa Nucleofector® Technology was employed to achieve 
50% transfection efficiency and high stable integration rates (10-5 cells). In the presence of the 
ZFNs, HR frequencies were increased 200 to 2,000 fold. 

4.4 Adenoviral vector- and adeno associated viral-mediated HR. 
Adenoviral vectors (AdVs) have been used extensivley to transduce a broad range of cell 
types, including hPSCs, and are used in pre-clinical studies involving gene therapy. AdVs 
have been modified to remove all viral genes from the viral genome, thereby producing 
helper-dependent AdVs (HDAdVs) that are less cytotoxic than their wildtype counterparts. 
Suzuki et al. used HDAdV to successfully target the HPRT1 locus in hESCs at high efficiency 
(Suzuki et al., 2008). 
Adeno-associated virus (AAV) is a single-stranded DNA virus, which derives its name from 
the fact that it is often found in cells that are simultaneously infected with adenovirus. 
However, in contrast to adenovirus, AAV does not elicit a host immune response or 
stimulate inflammation and can infect non-dividing cells. Wildtype AAV predominately 
integrates into one location on human chromosome 19. Like adenovirus, AAV can be 
engineered to remove all viral genes, including those needed for integration, and has been 
utilized for HR in mammalian cell culture (Hirata et al., 2002; Porteus et al., 2003; Russell 
and Hirata, 1998; Vasileva and Jessberger, 2005; Vasileva et al., 2006), including hESCs and 
hiPSCs (Khan et al., 2010). 
Upon endocytosis, a wildtype AAV particle moves to the nucleus via motor proteins in the 
cytoplasm and nuclear tubular structures (Seisenberger et al., 2001), thereby “protecting” 
the single stranded genome on its journey to the nucleus. Once within the nucleus, “the 
linear single-stranded monomers mimic DNA damage and induce DNA-repair pathways” 
(Vasileva and Jessberger, 2005). In Escherichia coli it is well established that single stranded 
DNA triggers DNA repair via the SOS system. Consequently, it has been postulated that in 
eukaryotic cells, single stranded DNA would trigger a similar DNA repair process. The 
various methods described above involve donor DNA that is double stranded, which only 
efficiently triggers a DNA response pathway and homology-based repair when double 
stranded breaks exist in the genome. Thus, with its single stranded DNA genome, 
recombinant AAV may represent an ideal substrate for HR. 
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With a genome of 4.8 kb, AAV provides limited capacity of targeting vector design. At the 
same time, this limited genome size greatly simplifies cloning strategies relative to the 
coventional methods or BAC recombineering. Targeting vectors can be designed to replace 
all viral sequences except two essential palindromic inverted terminal repeats (ITR) flanking 
the donor DNA. In contrast to the conventional HR methods and BAC-mediated HR, left 
and right homology arms of 1 kilobase length have been shown to be sufficient to promote 
high HR rates using AAV. To permit selection of infected cells, the recombinant AAV can be 
constructed to contain drug selection genes under control of a constitutive promoter. HESCs 
can be efficiently infected with AAV serotype 2, 4 and 5 (Smith-Arica et al., 2003), and 
among drug selected clones HR frequencies approaching 100% have been reported (Hirata 
et al., 2002; Khan et al., 2010; Porteus et al., 2003; Suzuki et al., 2008; Vasileva et al., 2006). 

5. Concluding remarks 
Manipulation of gene expression using one or more of the various transgenesis methods 
described here are critical in advancing hPSC science and accelerating applications of hPSC 
in regenerative medicine. While many methods of transgenesis developed in other cell 
culture systems are available, it is clear that hPSCs exhibit unique properties and 
charcateristics so that all methods require significant refinement and optimization. The 
current differences in gene transduction efficiencies among the various hPSC lines will 
likely evaporate as culture conditions for hPSC improve and become standardized. Recent 
advances and improvements in culture substrates and media formulations specifically 
designed for hPSCs will greatly augment and enhance the current methods to modify the 
genome of hPSCs. Additionally, further development of technologies for single cell isolation 
and purification, such as flow cytometry and cell sorting, will yield transduced and targeted 
cell populations in sufficiently large numbers to permit further analysis of transgenic cell 
lines and to enable transplantation studies. 
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1. Introduction 
Klinefelter syndrome (KS) is the most common chromosomal aberration in men, with an 
estimated frequency of 1:500 to 1:1000 among live deliveries (Lanfranco et al., 2004). KS is 
characterized by an X-chromosome polysomy, with X disomy being the most common 
variant (47, XXY). Although the classic description of men with KS has been that they are 
tall with eunuchoid body proportions, low testosterone, sparse facial and pubic hair, small, 
hard testicles, micropenis, sterility, and mild to moderate cognitive deficits, it is now well 
known that this description is not accurate. Rather, men with KS exhibit a broad spectrum of 
phenotypes, and they are represented in a variety of professions and can be found at all 
socioeconomic levels (Lanfranco et al., 2004). 
The cardinal problems in men with KS—progressive testicular failure (and thus 
azoospermia or cryptozoospermia), small testes (5 to 7 cm3), and low testosterone—are 
found in most men with KS, and men with these symptoms should undergo prompt 
cytogenic evaluation. Most men with KS are diagnosed as adults, when they present with 
infertility or hypogonadism (Graham et al., 1988). It is strongly recommended that men with 
KS undergo genetic counseling, because they have an increased medical risk for various 
diseases, including diabetes, cardiovascular disease, and cancer, and their offspring have an 
increased risk for chromosomal abnormalities (Lanfranco et al., 2004).  
It is predicted that the aberrant expression of X chromosome-linked genes plays a role in the 
failure of spermatogenesis seen in men with 47, XXY. However, the mechanisms underlying 
the infertility of men with KS is still poorly understood, and its treatment is both difficult 
and rarely successful. The elucidation of the molecular mechanisms of X chromosome 
inactivation might therefore allow us to better predict the extent of reproductive failure in 
KS patients and to design novel therapies.  
It was recently reported that introducing a set of transcription factors related to pluripotency 
can directly reprogram human somatic cells to produce induced pluripotent stem (iPS) cells 
(Lowry et al., 2008; Park et al., 2008; Takahashi et al., 2007; Yu et al., 2007). We reasoned that 
iPS cells derived from KS patients could be useful as a tool for studying the mechanism of X 
chromosome inactivation. In addition, iPS cells derived from testicular tissue might be a 
potential source for cell-based therapies to treat some cases of male infertility. 
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In this study, we successfully obtained iPS cells derived from the testicular tissue of men 
with KS, by introducing four transcription factors (OCT4, SOX2, KLF4, and C-MYC), using 
the lentiviral vector system. In the future, such iPS cells might be useful for uncovering the 
mechanisms of X-chromosome inactivation, and could lead to novel treatments for 
infertility. 

2. Materials and methods 
2.1 Human subjects 
In accordance with the regulations set forth by the Human Investigations Committee of 
Toho University School of Medicine, written informed consent was obtained from male 
patients being treated for infertility, who visited the Reproduction Center of Toho Medical 
Center Omori Hospital. Testicular tissues were obtained from one patient with KS by 
testicular sperm extraction. 

2.2 Adult human testis tissues with KS 
First, we confirmed that there were no mature sperm in the testicular tissues from KS patients. 
These tissues included the rete testis, Leydig cells, Sertoli cells, and fibroblasts. The tissues 
were used fresh. Cell suspensions from the testis tissues were prepared by enzymatic digestion 
(Ogawa et al., 1997). The dissociated testis cell suspension was plated onto 10-cm culture 
dishes coated with 0.1% gelatin (Sigma) in a standard culture medium (Dulbecco’s modified 
Eagle’s medium (DMEM) (Invitrogen) containing 7% fetal bovine serum (FBS), 2 mM 
glutamine (Sigma), and antibiotics (50 U/ml penicillin and 50 μg/ml streptomycin; Sigma)). 
These cells were incubated at 37°C in a humidified 5% CO2/95% air atmosphere for 17 days. 

2.3 Cell culture 
293FT cells were purchased (Invitrogen). The 293FT cells were maintained in the standard 
culture medium. Mitomycin C-treated MEF feeder cells were purchased (ReproCELL). The 
MEF feeder cells were plated in 0.1% gelatin-coated 10-cm culture dishes in the standard 
culture medium. iPS cells were generated and maintained in Primate ES medium 
(ReproCELL) supplemented with 4 ng/ml recombinant human basic fibroblast growth 
factor (bFGF) (R&D Systems). To grow the iPS cells, the Primate ES cell medium was 
supplemented with 4 ng/ml bFGF and 10 μM Y27632 (Wako) and changed every second 
day. For passaging, the iPS cells were rinsed with Hank’s balanced salt solution (HBSS) 
(Invitrogen) once and incubated in dissociation medium (ReproCELL) at 37°C. All cultures 
were maintained at 37°C in a humidified 5% CO2/95% air atmosphere.  

2.4 Plasmid construction 
The open reading frames of human OCT4, SOX2, KLF4, and C-MYC were amplified by RT-
PCR and subcloned into pLenti 6.3/V5-TOPO (Invitrogen). A stop codon was inserted to 
avoid expressing the V5 protein. All the plasmids were constructed by Invitrogen.  

2.5 Lentivirus production and infection 
The ViraPowerTM HiPerfomeTM Lentiviral Expression Kit (Invitrogen) was used to produce 
the lentiviruses. 293FT cells were plated at 6 X 106 cells per 10-cm dish and incubated 
overnight. We prepared four dishes of 293FT cells to produce four lentiviruses (encoding of 
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OCT4, SOX2, KLF4, and C-MYC). The next day, the 293FT cells were transfected with 3 μg 
pLenti 6.3/V5-TOPO and 9 μg ViraPower packaging mix with the Fugene 6 transfection 
reagent (Roche), according to the manufacturer’s instructions. The medium was collected 24 
and 48 hours after the transduction and replaced with new medium. The collected 
supernatants were designated as the first and second virus-containing supernatants. 
Medium was also collected 72 hours after transduction, as the third (final) virus-containing 
supernatant. The virus-producing cells were then discarded. The virus-containing 
supernatants were filtered through a 0.45-μm pore filter (Millipore). An equal amount of the 
supernatants containing each of the four lentiviruses was mixed, transferred to the culture 
dish containing testis cells, and incubated at 37°C. 

2.6 iPS cell generation 
The virus-containing medium was used to replace the standard medium in the testis cell 
cultures, 24 hours after the third virus-mediated transduction of medium from the virus-
producing cells. The medium was changed every second day. Six days later, the cells were 
harvested by trypsinization, and 5 X 104 cells were placed on MEF feeder cells (10-cm dish) 
in Primate ES cell medium supplemented with 4 ng/ml bFGF. The medium was changed 
every second day. We monitored these cells daily for morphological changes. 

2.7 Immunofluorescence microscopy and immunostaining 
The Human Embryonic Stem Cell Marker Antibody Panel was used (R&D Systems). Cells 
were washed twice with phosphate-buffered saline, fixed with 4% (w/v) paraformaldehyde 
for 20 min, permeabilized for 60 min with phosphate-buffered saline containing 0.1% (v/v) 
Triton X-100, and then blocked for 3 h with phosphate-buffered saline containing 20% donkey 
serum. For immunostaining, the fixed samples were incubated with anti-human alkaline 
phosphatase monoclonal, anti-human NANOG polyclonal, anti-human OCT4 polyclonal, anti-
human SSEA-1 monoclonal, and anti-human SSEA-4 monoclonal antibodies (all from R&D 
Systems) as indicated, washed three times with PBS containing 0.1% (v/v) Triton X-100, and 
probed with the appropriate secondary antibodies (anti-goat IgG antibody conjugated with 
Alexa 488 or anti-mouse IgG antibody conjugated with Alexa 488) (Molecular Probes). Nucleic 
acid was detected using SYTOXR Orange Nucleic Acid Stain (Molecular Probes). 

2.8 Reverse-Transcription (RT)-PCR 
Total RNA was prepared using the PureLinkTM Micro-to-Midi Total RNA Purification 
System (Invitrogen). RT-PCR was performed using the SuperScriptTMIII One-Step RT-PCR 
System with PlatinumR Taq DNA Polymerase (Invitrogen) for human SSC markers, with the 
following conditions: 55°C for 30 min for reverse transcription; 94°C for 2 min to inactivate 
the reverse transcriptase and activate the polymerase; 40 cycles of 94°C for 15 s, 55°C for 30 
s, 68°C for 1 min; and 68°C for 5 min, for the final extension. The products were as follows: 
for OCT4, 315 bp; NANOG, 285 bp; GAPDH, 513 bp; STELLAR, 174 bp; GDF3, 150 bp; DAZL, 
178 bp; and VASA, 199 bp, (Klimanskaya et al., 2006) (Ezeh et al., 2005). 

2.9 Short tandem repeat analysis and karyotyping 
DNA fingerprinting analyses with short tandem repeat (STR) markers were performed at 
SRL Laboratory, Japan. Chromosomal G-band analyses were performed at Nihon Gene 
Research Laboratories, Japan.  
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2.10 In vitro assay (embryoid body formation) 
Confluent iPS cells in a 10-cm dish were harvested by trypsinization. The iPS cells were then 
transferred to a Poly (hydroxyethyl methacrylate-co-methyl methacrylate; HEMA-MMA)-
coated dish in Primate ES cell medium. The medium was changed every other day, and the 
cells were maintained in floating culture for 8 days. 

2.11 In vivo assay (teratoma formation) 
Confluent iPS cells in a 6-well dish were harvested by trypsin treatment, collected into 
tubes, and spun, and the pellets were suspended in ES medium. The cells were then injected 
into the testes of SCID mice (8-weeks old) (Charles River). Twelve weeks after injection, the 
tumors were dissected and fixed with 10% formalin. Pathological analyses were performed 
at the Tokyo Central Pathology Laboratory, Japan. 

3. Results 
3.1 Generation of ES-like cell colonies from the testicular tissue of an infertile man 
with KS 
Testicular tissue was obtained from an infertile man with KS (Fig. 1a). Colonies with a 
human ES cell-like morphology first became visible 15-16 days after their transduction with 
transcription-factor-expressing viruses under human ES cell-supporting conditions. The 
morphology of these colonies was similar to that of human ES cells. We obtained about 20 
ES cell-like colonies from 5 X 104 testicular cells in this experiment (data not shown). The 
colonies were collected on days 20-25, and transferred into 24-well plates on MEF feeder 
cells. Colonies that continued to expand and maintained an ES cell-like cell morphology 
were further passaged, while those that failed to expand or produced aberrant colonies were 
discarded. Ultimately, only one ES cell-like cell line was obtained (Fig. 1b).  
  

 
Fig. 1. Generation of ES-like cells from human testicular tissue from an adult with KS by 
four transcription factors (OCT4, SOX2, KLF4, and C-MYC). a, Overview of the human 
testicular sample. b, Morphology and STR analysis of the ES-like cells. Bar = 60 μm 
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We then performed evaluations to confirm that this ES-like cell line was derived from 
testicular tissue. The pattern of 15 short tandem repeat (STR) loci and the Amelogenin locus 
was a perfect match between the ES cell-like colonies and one testicular tissue sample, as 
assessed using the PowerPlexR 16 System (Promega). The results for 8 STRs and Amelogenin 
are shown in Figure 1b. In this analysis, Amelogenin only indicated the presence of the X or 
Y chromosome, and could not distinguish polysomies of the X or Y chromosome. These 
findings indicated that the ES cell-like colonies were generated from the testicular tissue and 
were not a result of cross-contamination.  

3.2 Human testicular cells and ES-like cells derived from a KS patient expressed 
OCT4, NANOG, STELLAR, and GDF3, but not DAZL or VASA 
RT-PCR showed that the ES-like cells derived from the KS patient expressed many marker 
genes for undifferentiated ES cells, including OCT4, NANOG, STELLAR, and GDF3 (Fig. 2). 
We also confirmed that the testicular tissues from the same KS patient expressed OCT4, 
NANOG, STELLAR, and GDF3 (Fig. 2). Neither the ES-like cells nor the original testes 
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Fig. 1. Generation of ES-like cells from human testicular tissue from an adult with KS by 
four transcription factors (OCT4, SOX2, KLF4, and C-MYC). a, Overview of the human 
testicular sample. b, Morphology and STR analysis of the ES-like cells. Bar = 60 μm 
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Fig. 3. G-banding chromosome analysis of the ES-like cells. A karyotype analysis of the ES-
like cells derived from a patient with KS 

3.4 iPS cells derived from a KS patient expressed human ES-cell markers by 
immunostaining 
We characterized the iPS cells derived from the KS patient by immunostaining, and found 
that they expressed human ES-cell-specific surface antigens, including alkaline phosphatase 
(AP), NANOG, OCT4, and SSEA-4, but not SSEA-1 (Fig. 4a-e). 
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Fig. 4. Characterization of ES-like cells derived from a KS patient by immunostaining. a-e, 
Immunostaining of ES-like cells for alkaline phosphatase (AP) (a), NANOG (b), OCT4 (c), 
SSEA-1 (d), and SSEA-4 (e). Nuclei were stained with SYTOXR Orange. Bar=100 μm. 

3.5 iPS cells derived from a KS patient have the potential for multipotency in vitro and 
in vivo 
To assess the pluripotency of the iPS cells in vitro, we examined their ability to form 
embryoid bodies. After 8 days in floating culture, embryoid bodies derived from the iPS cell 
were identified (Fig. 5a). 
We next investigated whether the iPS cells derived from a KS patient were pluripotent in 
vivo, by transplanting them into the testis of SCID mice. We observed tumor formation in 
the testis 12 weeks after the injection. Histological inspection showed that the cells had 
differentiated into representatives of all three germ layers in vivo (Fig. 5b). 
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Fig. 5. Embryoid body formation and teratoma formation from the ES-like cells derived 
from a KS patient. a, Embryoid body derived from the iPS cells in vitro. Bars = 30 μm. 
b, Hematoxylin and eosin staining of sections of tumors generated from the ES-like cells 
derived from a KS patient. Bars = 60 μm. 

4. Discussion 
Male infertility has increasingly become a major health and social concern worldwide. At 
the same time, the development of molecular genetics and stem cell biology methods has led 
to major advances in genomic medicine. However, the genetic abnormalities that cause male 
infertility are still largely unknown. 
Many of the most severe cases of nonobstructive azoospermia are in men with KS, which is 
the most common known genetic cause of azoospermia. In 90% of these cases, KS results 
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from non-mosaic X chromosomal aneuploidy, in which the men carry an extra X 
chromosome (47, XXY). The other 10% of patients are mosaics who carry a combination of 
XXY/XY chromosomes (Graham et al., 1988). Approximately half of the Klinefelter’s cases 
are thought to be paternally derived, and recent evidence suggests that KS may be related to 
advancing paternal age, although this finding is controversial (Jacobs et al., 1988; Lowe et 
al., 2001).  
It is predicted that the aberrant expression of X chromosome-linked genes plays a role in the 
spermatogenic failure seen in men with 47, XXY (Vawter et al., 2007). However, the 
abnormal inactivation of the X chromosome in KS patients has not been demonstrated. 
Therefore, it is important to investigate the molecular mechanisms of X chromosome 
inactivation in KS, both to predict the extent of reproductive failure and to offer some 
treatment in the future. 
The condition of nonobstructive azoospermia is typically characterized by  small-volume 
testes and elevated follicle-stimulating hormone (FSH). Men with nonobstructive 
azoospermia have severely deficient spermatogenesis, resulting in so little sperm being 
produced in the testis that the sperm reach the ejaculate. Typically, a man with 
nonobstructive azoospermia cannot biologically father a child. Recently, however, 
microdissection testicular sperm extraction (micro-TESE) has shown promise for enabling 
nonobstructive azoospermia patients, including those with KS, to father a child (Schlegel, 
1999; Schlegel, 2009). However, very little sperm is retrieved from the testis of 
nonobstructive azoospermia patients using this technique. We are therefore looking for new 
approaches to treat male infertility, including that due to nonobstructive azoospermia. 
The reprogramming of human somatic cell nuclei towards pluripotency was recently 
achieved by the introduction of four defined factors, generating iPS cells (Lowry et al., 2008; 
Park et al., 2008; Takahashi et al., 2007; Yu et al., 2007). This remarkable technique enables 
the generation of patient-specific cells that can be used to model human diseases in tissue 
culture. We hypothesized that the generation of iPS cells derived from the testicular tissues 
of infertile men might provide a cell source for individual cell-based therapy that also 
avoids the ethical concerns associated with the use of stem cells. In support of this 
possibility, the establishment of pluripotent stem cells from the adult human testis under 
specific culture conditions was reported (Conrad et al., 2008) (Kossack et al., 2009). 
However, a later report indicated that the pluripotent stem cells of Conrad et al have a gene-
expression profile that is similar to fibroblasts, and not similar to human ES cells (Ko et al., 
2010). Therefore, the pluripotency of Conrad and colleagues’ stem cells has been called into 
question. In addition, fibroblasts can be easily established from human testicular cultures 
(Chen et al., 1975).  
Here we successfully generated iPS cells from the testicular tissue of KS patients by 
expressing four transcription factors in them (OCT4, SOX2, KLF4, and C-MYC). The 
morphology, proliferation, surface markers, and gene expression of these cells were similar 
to those of human ES cells. In the future, the investigation of iPS cells derived from KS 
patients may elucidate the mechanisms of infertility in KS patients and lead to a 
breakthrough in its treatment.  
In particular, the X chromosome is the only chromosome in humans where one sex (female) 
has double the amount of genetic material as the other sex. In animals and hybridoma 
models, the presence of two active X chromosomes is lethal; in females, one of the X 
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chromosomes undergoes random X chromosome inactivation (XIC) during embryogenesis, 
which is executed by a noncoding RNA called X chromosome inactivating transcript (XIST) 
(Hong et al., 2000). Therefore, since KS is not lethal, it is unlikely that both X chromosomes 
are active in men with KS, and XIC must occur. Such an abnormal inactivation of the X 
chromosome, which ordinarily would never happen in men, might be associated with some 
of the reproductive and cognitive sequelae associated with KS.  
Data from several groups led to the assumption that most men with KS are born with 
spermatogonia (Lin et al., 2004) (Yamamoto et al., 2002) (Wikstrom et al., 2004). However, 
during early puberty, most likely after the initiation of spermatogenesis, the spermatogonia 
undergo massive apoptosis due to increased FSH levels in boys with KS (Wikstrom et al., 
2004). It was later found that boys with KS have an adequate number of sperm in the 
ejaculate during early puberty (Paduch et al., 2009). The mechanism by which 
spermatogenesis is lost from puberty to adulthood is unknown. Three possible mechanisms 
have been suggested. The first is an intratesticular hormonal imbalance that results in 
hypersensitivity to the increasing intratesticular testosterone and estradiol concentrations 
(Paduch et al., 2009). The second is Sertoli cell dysfunction (Paduch et al., 2009). The third 
suggests that there are defects in spermatogonial stem cell renewal (Paduch et al., 2009). In 
particular, the abnormal pairing of X and Y chromosomes may lead to the loss of 
spermatocytes during meiosis (Paduch et al., 2009). 
In the future, an understanding of the molecular mechanism governing X chromosome 
inactivation should help us resolve how male infertility develops and how its treatment 
might be improved. 
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1. Introduction 
Embryonic stem (ES) cells are derived from the epiblast of the inner cell mass (ICM) of a 
blastocyst. These are pluripotent cells and can give rise to all derivatives of the three 
primary germ layers - ectoderm, endoderm, and mesoderm. ES cells require specific signals 
for specific lineage of differentiation - if injected directly into another body, ES cells will 
differentiate into many different types of cells, causing a teratoma (Wu et al., 2007). 
The techniques for culturing mouse embryonic stem (ES) cells from the inner cell mass of the 
preimplantation blastocyst were first done in 1981 (Martin, 1981), and versions of these 
standard procedures are used today in laboratories throughout the world. The first 
successful derivation of human ES (hES) cells was reported by Thomson et al. (Thomson et 
al., 1998). They isolated and plated the cells onto mitotically inactivated MEF (mouse 
embryonic fibroblast) cells. In 2000, Reubinoff et al. confirmed that hES cells could be 
efficiently derived from surplus embryos and possess the differentiation potential under in 
vitro conditions. Since then, there has been rapid progress made and numerous studies have 
described the derivation of new hES cell lines including methods of growing both 
undifferentiated hES cells and their differentiated progeny. In last 6 years, there has been 
exponential increase in methods to improve culture conditions, differentiation patterns to 
produce human cells for transplantation and drug testing (Trounson, 2006, Gepstein, 2002) 
and genetic manipulation (Draper et al., 2004, Zwaka and Thomson,  2003). 
Generating cultures of mouse or human ES cells that remain in a proliferating and 
undifferentiated state is multistep process. Typically, the inner cell mass of a 
preimplantation blastocyst is removed from the trophectoderm that surrounds it and 
cultured in the small plastic culture dishes containing growth medium supplemented with 
fetal calf serum. The culture dishes are sometimes coated with a "feeder" layer of non-
dividing cells, which are often MEF cells that have been chemically inactivated so they will 
not divide. Mouse ES cells can be grown in vitro without feeder layers if the cytokine 
leukemia inhibitory factor (LIF) is added to the culture medium, but human ES cells do not 
respond to LIF. 
The process of generating an embryonic stem cell line is somewhat difficult, so lines are not 
produced every time from the preimplantation-stage embryo maintained in a culture dish. 
However, if the plated cells survive, divide and multiply enough to crowd the dish, they are 
removed, and plated into several fresh culture dishes. The process of re-plating or 
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subculturing of the cells is repeated many times and maintained for many months. Once the 
cell line is established, the original cells yield millions of embryonic stem cells. Embryonic 
stem cells that have proliferated in cell culture for six or more months without 
differentiating, are pluripotent, and appear genetically normal and then referred to as an 
embryonic stem cell line. 
As long as the embryonic stem cells in culture are grown under appropriate conditions, they 
can remain undifferentiated condition. But, if cells are allowed to clump together, known as 
embryoid bodies and they start to differentiate spontaneously. They can form any types of 
cells like muscle cells, nerve cells, and many other cell types. Although spontaneous 
differentiation is a good indication that a culture of embryonic stem cells is healthy, it is not 
a proficient way to produce cultures of specific cell types. To generate cultures of particular 
types of differentiated cells like heart muscle cells, blood cells, or nerve cells, researchers 
tried to control the differentiation of embryonic stem cells. They changed the chemical 
composition of the culture medium, altered the surface of the culture dish, or modified the 
cells by inserting specific genes. Through years of experimentation, scientists have 
established some basic protocols or "recipes" for the directed differentiation of embryonic 
stem cells into some targeted cell types. 
 
- Derived from the inner cell mass/epiblast of the blastocyst.  
- Capable of undergoing an unlimited number of symmetrical divisions without 

differentiating (long- term self-renewal).  
- Exhibit and maintain a stable, full (diploid), normal complement of chromosomes 

(karyotype).  
- Give rise to differentiated cell types that are derived from all three primary germ layers 

of the embryo (endoderm, mesoderm, and ectoderm).  
- Capable of integrating into all fetal tissues during development (Mouse ES cells 

maintained in culture for long periods can still generate any tissue when they are 
reintroduced into an embryo to generate a chimeric animal).  

- Capable of colonizing the germ line and giving rise to egg or sperm cells.  
- Clonogenic, which is a single ES cell can give rise to a colony of genetically identical 

cells, or clones, which have the same properties as the original cell.  
- Express the transcription factor Oct-4, which then activates or inhibits a host of target 

genes and maintains ES cells in a proliferative, undifferentiating state.  
- Can be induced to continue proliferating or to differentiate.  
- Lacks the G1 checkpoint in the cell cycle. ES cells spend most of their time in the S 

phase of the cell cycle, during which they synthesize DNA.  
- Unlike differentiated somatic cells, ES cells do not require any external stimulus to 

initiate DNA replication.  
- Do not show X chromosome inactivation. In every somatic cell of a female mammal, 

one of the two X chromosomes becomes permanently inactivated. X chromosome 
inactivation does not occur in undifferentiated ES cells.  

 

Table 1. Characteristics of embryonic stem cells 

The ability of ES cells to develop into all cell types of the body has fascinated many scientists 
in recent years. The transcription factor Oct4 has been used as a key marker for ES cells and 
for the pluripotent cells of the intact embryo and its expression must be maintained at a high 
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level for ES cells to remain undifferentiated (Mallon et al., 2006). However, the Oct4 protein 
itself is insufficient to maintain ES cells in the undifferentiated state (Matsuda et al., 1999). 
Two groups also identified another transcription factor, Nanog, which is essential for the 
maintenance of the undifferentiated state of mouse ES cells (Sato et al., 2004, Mitsui et al., 
2003). By comparing gene expression patterns between different ES cell lines, other cell 
types such as adult stem cells and differentiated cells, genes that are enriched in the ES cells 
have been identified. 
To understand the mechanism behind the undifferentiated property of ES cells and genes 
that play a vital role in the maintenance of the pluripotency of ES cells, development of 
efficient gene delivery system is necessary for embryonic stem cell research. 

1.1 Significance of Gene delivery systems in embryonic stem cells 
ES cells have generated great hope as a potential resource for cell and transplantion therapy, 
due to their ability to differentiate into many cell types (Odorico et al.,2001). However, such 
potential depends on efficient and reliable methods for specific tissue differentiation using 
several strategies, such as manipulation of the microenvironment by use of different cell 
culture conditions, and the use of growth factors or small molecules that can efficiently 
regulate cell differentiation at specific cell stages (Boheler et al., 2002, Thomson et al., 1998). 
Matrices designed for formation of specific tissues and genetic manipulation of stem cells 
include transient expression from exogenous constructs, expression of episomal vectors, 
stable expression from randomly integrated exogenous constructs, or site specific targeting 
by homologous recombination (Bethke and Sauer1997). The use of genetic manipulation in 
ES cells has provided a valuable tool in the research for gene function study (Dhara and 
Benvenisty, 2004). 
For analyzing the molecular mechanism of the specific genes during proliferation and 
differentiation of ES cells, gene delivery into ES cells is very important technique. There are 
arrays of transfection reagents and methods which aim to achieve high efficiency in specific 
gene delivery. Determination of the best gene delivery approach for any particular 
experiment requires consideration of a number of different factors. Even with all the newest 
and currently available technologies, ES cells have very low efficiency in transduction 
during conventional transfection procedures, with their undifferentiated phenotype often 
being compromised. Many gene delivery systems are reported till today, like viral 
transfection, lipofection, and nucleofection, but all the methods have some or the other 
disadvantages. Here, we tried to explain several gene delivery systems used in ES cell 
research. Especially, we focus on magnet-based nanofection. 

2. Gene delivery systems 
In this chapter, we will mainly discuss about magnet-based nanofection and its benefits 
compared to the other viral and non viral gene delivery systems, but here we briefly explain 
several gene delivery techniques, such as calcium phosphate- (Jarcho, 1981), DEAE–dextran- 
(Gauss and Lieber, 1992), or liposome–mediated transfection (Schenborn and Oler, 2000), 
electroporation (Chu et al.,1987), nucleofection (Siemen et al., 2005), or viral vector-mediated 
transduction (Kaplitt et al., 1994). Under standard conditions, mammalian cells take up and 
express the externally applied DNA with very low efficiency. Various methods have been 
proposed to overcome this problem. 
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level for ES cells to remain undifferentiated (Mallon et al., 2006). However, the Oct4 protein 
itself is insufficient to maintain ES cells in the undifferentiated state (Matsuda et al., 1999). 
Two groups also identified another transcription factor, Nanog, which is essential for the 
maintenance of the undifferentiated state of mouse ES cells (Sato et al., 2004, Mitsui et al., 
2003). By comparing gene expression patterns between different ES cell lines, other cell 
types such as adult stem cells and differentiated cells, genes that are enriched in the ES cells 
have been identified. 
To understand the mechanism behind the undifferentiated property of ES cells and genes 
that play a vital role in the maintenance of the pluripotency of ES cells, development of 
efficient gene delivery system is necessary for embryonic stem cell research. 
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ES cells have generated great hope as a potential resource for cell and transplantion therapy, 
due to their ability to differentiate into many cell types (Odorico et al.,2001). However, such 
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several strategies, such as manipulation of the microenvironment by use of different cell 
culture conditions, and the use of growth factors or small molecules that can efficiently 
regulate cell differentiation at specific cell stages (Boheler et al., 2002, Thomson et al., 1998). 
Matrices designed for formation of specific tissues and genetic manipulation of stem cells 
include transient expression from exogenous constructs, expression of episomal vectors, 
stable expression from randomly integrated exogenous constructs, or site specific targeting 
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ES cells has provided a valuable tool in the research for gene function study (Dhara and 
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For analyzing the molecular mechanism of the specific genes during proliferation and 
differentiation of ES cells, gene delivery into ES cells is very important technique. There are 
arrays of transfection reagents and methods which aim to achieve high efficiency in specific 
gene delivery. Determination of the best gene delivery approach for any particular 
experiment requires consideration of a number of different factors. Even with all the newest 
and currently available technologies, ES cells have very low efficiency in transduction 
during conventional transfection procedures, with their undifferentiated phenotype often 
being compromised. Many gene delivery systems are reported till today, like viral 
transfection, lipofection, and nucleofection, but all the methods have some or the other 
disadvantages. Here, we tried to explain several gene delivery systems used in ES cell 
research. Especially, we focus on magnet-based nanofection. 

2. Gene delivery systems 
In this chapter, we will mainly discuss about magnet-based nanofection and its benefits 
compared to the other viral and non viral gene delivery systems, but here we briefly explain 
several gene delivery techniques, such as calcium phosphate- (Jarcho, 1981), DEAE–dextran- 
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transduction (Kaplitt et al., 1994). Under standard conditions, mammalian cells take up and 
express the externally applied DNA with very low efficiency. Various methods have been 
proposed to overcome this problem. 
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- Calcium phosphate-mediated transfection; Calcium phosphate relies on precipitates of 
plasmid DNA formed by its interaction with calcium ions. It is cheap and has been 
routinely used for both transient and stable transfection in a variety of cell types and 
easy technique to perform. However, this method is prone to high variability and is not 
suited for in vivo gene transfer. 

- DEAE-dextran-mediated transfection; Diethylaminoethyl-dextran (DEAE–dextran) is a 
cationic polymer that tightly associates with negatively charged nucleic acids. This 
method successfully delivers nucleic acids into cells for transient gene expression, all of 
which seek to maximize the uptake of DNA and to minimize the cytotoxic effects. In 
this method, cells are exposed briefly to a high concentration of DEAE-dextran-DNA 
and then to chloroquine diphosphate, which acts as a facilitator for transfection. 
However, this technique is not generally useful for long-term transfection studies (stable 
transfection) that rely upon integration of transferred DNA into the chromosome.  

- Liposome–mediated transfection; Liposomes are lipid bilayers entrapping a fraction of 
aqueous fluid. DNA is spontaneously associated to the external surface of cationic 
liposomes (by virtue of its negative charge) and these liposomes will interact with the 
cell membrane. However the disadvantages of this technique are poor target selectivity 
and decreased efficiency compared viral vectors and transient gene expression.  

- Electroporation; Electroporation (or electropermeabilization) is a mechanical method 
which is used to introduce polar molecules into a host cell through the cell membrane. 
In this technique there is a significant increase in the electrical conductivity and 
permeability of the plasma membrane caused by an externally applied electrical field. It 
is generally used in molecular biology for introducing any new molecule into a cell, 
such as loading it with a molecular probe, a drug that can change the cell's function, or 
a piece of coding DNA.  

- Nucleofection; Nucleofection is a gene delivery system, in which, there is a combination 
of electrical parameters, generated by a device called nucleofector, with cell-type 
specific reagents. The substrate is directly transferred into the cell nucleus and to the 
cytoplasm. The major concern of this technique involves safety risks, lack of reliability, 
and high costs.  

- Viral vector-mediated transduction; Viruses are obligate intra-cellular parasites, 
designed through the course of evolution to infect cells, often with great specificity to a 
particular cell type. They tend to be very efficient at transfecting their own DNA into 
the host cell, which is expressed to produced new viral particles. By replacing genes 
that are needed for the replication phase of their life cycle (the non-essential genes) with 
foreign genes of interest, the recombinant viral vectors can transduce the specific cell 
type. Although a number of viruses have been developed, interest has centred on four 
types; retroviruses (including lentiviruses), adenoviruses, adeno -associated viruses, 
and herpes simplex virus type 1. However, the major disadvantages of viral vectors are 
that all viral vectors induce an immunological response to some degree and may have 
safety risks (such as insertional mutagenesis), and toxicity problems.  

3. Magnet-based nanofection 
In recent years, nanotechnology has reached such a level that allows nanoparticles with 
magnetic properties to be functionalized with specific ligands for many applications, such as 
site specific drug or gene delivery, magnetic resonance imaging, hyperthermic treatment for 
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cancer cells and tumour targeting (Latorre and Rinaldi, 2009). The term nanoparticle refers 
to particles less than 1 mm in size, typically less than 200 nm. Thus they are of a similar 
length scale to biomolecules, making nanoparticles ideal for combining with biomolecules 
for medical applications (Jain, 2007, Freitas, 2006). 
Several research groups have independently developed magnet-based nanofection methods. 
This method of transfection was inspired by the concept of magnetic drug targeting (Plank, 
Anton et al., 2003), which dates back to the late 1970s (Hafeli, 2004), where drugs are bound 
covalently or noncovalently to magnetic particles and suitable magnetic gradient fields are 
used to accumulate such ‘magnetic’ drugs at target sites and/or to retain them there. 
Magnet-based nanofection is a gene delivery system that utilizes nanotechnology. It is 
achieved by the application of a magnetic field to superparamagnetic iron peroxide particles 
which are associated with gene vectors (Lee et al., 2008). In this technique, the cationic 
polymer polyethyleneimine (PEI) is coated with superparamagnetic nanoparticles (tsMAG-
PEI) are complexed to plasmid DNA. Apart from suitable magnetic nanoparticles, magnet-
based nanofection also requires suitable magnetic fields, which are provided by the 
Magnetofactor plate, especially designed for magnet-based nanofection. This plate will 
produce a pattern of higher and lower densities of transfected cells according to the 
geometry of the magnetic field lines. As a reporter gene, enhanced GFP (green fluorescent 
protein) was transfected in D3 embryonic stem cells by magnet-based nanofection and gave 
better result (45 %), when compared to Fugene 6- and liposome-mediated transfection (15 
%) (Plank, Schillinger et al., 2003). 
There are several different types of commercially available magnet-based nanofection 
systems, which can be purchased from the OZ biosciences (France) or chemicell (Germany). 
PolyMag is a universally applicable magnetic particle preparation for high efficiency gene 
delivery. It can be used to deliver DNA into cells with a single step procedure and has been 
used successfully with plasmid DNA, antisense oligonucleotides, and siRNAs. While, 
CombiMag can be combined with any commercially available transfection reagent like poly 
cations and lipids which can be associated with plasmids DNA or siRNA. Recently, 
PolyMag, a type of magnet-based nanofection, has been reported to provide highly efficient 
transfection in numerous cell types (Gersting et al., 2004). 
The coupling of magnetic nanoparticles to gene vectors in presence of static magnetic feild 
has been shown to result in dramatic increase in transfection efficiency of reporter genes 
when compared with other gene delivery methods (Plank, Anton et al., 2003, Plank, 
Schillinger et al., 2003). Magnet-based nanofection has an improved dose dependent 
response and enhances transfection efficiency in both permanent and primary airway 
epithelial cells and also it leads to significant transgene expression at very short incubation 
times in an ex vivo airway epithelium organ model (Gersting et al., 2004). Magnet-based 
nanofection in human umbilical vein endothelial cells (HUVEC) had an increased 
transfection efficiency of a luciferase reporter gene up to 360-fold in comparison with 
various conventional transfection systems. Apart from the efficicency, there was only an up 
to 1.6-fold increase in toxicity caused by magnet-based nanofection, suggesting the 
advantages of this method (Krotz et al.,2003). 
Here, we briefly explain six types of commercially available magnet-based nanofection 
reagents. 
1. PolyMag has been optimized to be used with all types of nucleic acids and can be 

applied to any magnetic particle preparation for increased efficiency of nucleic acid 
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cancer cells and tumour targeting (Latorre and Rinaldi, 2009). The term nanoparticle refers 
to particles less than 1 mm in size, typically less than 200 nm. Thus they are of a similar 
length scale to biomolecules, making nanoparticles ideal for combining with biomolecules 
for medical applications (Jain, 2007, Freitas, 2006). 
Several research groups have independently developed magnet-based nanofection methods. 
This method of transfection was inspired by the concept of magnetic drug targeting (Plank, 
Anton et al., 2003), which dates back to the late 1970s (Hafeli, 2004), where drugs are bound 
covalently or noncovalently to magnetic particles and suitable magnetic gradient fields are 
used to accumulate such ‘magnetic’ drugs at target sites and/or to retain them there. 
Magnet-based nanofection is a gene delivery system that utilizes nanotechnology. It is 
achieved by the application of a magnetic field to superparamagnetic iron peroxide particles 
which are associated with gene vectors (Lee et al., 2008). In this technique, the cationic 
polymer polyethyleneimine (PEI) is coated with superparamagnetic nanoparticles (tsMAG-
PEI) are complexed to plasmid DNA. Apart from suitable magnetic nanoparticles, magnet-
based nanofection also requires suitable magnetic fields, which are provided by the 
Magnetofactor plate, especially designed for magnet-based nanofection. This plate will 
produce a pattern of higher and lower densities of transfected cells according to the 
geometry of the magnetic field lines. As a reporter gene, enhanced GFP (green fluorescent 
protein) was transfected in D3 embryonic stem cells by magnet-based nanofection and gave 
better result (45 %), when compared to Fugene 6- and liposome-mediated transfection (15 
%) (Plank, Schillinger et al., 2003). 
There are several different types of commercially available magnet-based nanofection 
systems, which can be purchased from the OZ biosciences (France) or chemicell (Germany). 
PolyMag is a universally applicable magnetic particle preparation for high efficiency gene 
delivery. It can be used to deliver DNA into cells with a single step procedure and has been 
used successfully with plasmid DNA, antisense oligonucleotides, and siRNAs. While, 
CombiMag can be combined with any commercially available transfection reagent like poly 
cations and lipids which can be associated with plasmids DNA or siRNA. Recently, 
PolyMag, a type of magnet-based nanofection, has been reported to provide highly efficient 
transfection in numerous cell types (Gersting et al., 2004). 
The coupling of magnetic nanoparticles to gene vectors in presence of static magnetic feild 
has been shown to result in dramatic increase in transfection efficiency of reporter genes 
when compared with other gene delivery methods (Plank, Anton et al., 2003, Plank, 
Schillinger et al., 2003). Magnet-based nanofection has an improved dose dependent 
response and enhances transfection efficiency in both permanent and primary airway 
epithelial cells and also it leads to significant transgene expression at very short incubation 
times in an ex vivo airway epithelium organ model (Gersting et al., 2004). Magnet-based 
nanofection in human umbilical vein endothelial cells (HUVEC) had an increased 
transfection efficiency of a luciferase reporter gene up to 360-fold in comparison with 
various conventional transfection systems. Apart from the efficicency, there was only an up 
to 1.6-fold increase in toxicity caused by magnet-based nanofection, suggesting the 
advantages of this method (Krotz et al.,2003). 
Here, we briefly explain six types of commercially available magnet-based nanofection 
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1. PolyMag has been optimized to be used with all types of nucleic acids and can be 

applied to any magnetic particle preparation for increased efficiency of nucleic acid 
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delivery. This reagent has been used successfully with plasmid DNA, antisense 
oligonucleotides, and siRNA (Kamau et al., 2006, Namiki et al., 2009).  

2. PolyMag Neo represents the latest development in magnet-based nanofection reagent 
and can be applied to wide variety of nucleic acid delivery, especially in the primary 
cell lines, where it is hard to transfect. Its universality and strong formulation were 
reported to allow in achieving higher gene expression level (Kim et al., 2009). 

3. CombiMag has been used successfully with plasmid DNA, antisense oligonucleotides, 
mRNA, siRNA, and viruses. This reagent is designed that it can combine with any 
commercially available transfection reagent such as cationic polymers and lipids 
(Kadota et al.,2005).  

4. SilenceMag provides more efficient method for delivery of siRNA even at low doses. 
This formulation was reported to provide reliable high gene silencing efficiencies in 
primary cell lines and introduce large quantities of siRNA duplexes into cells leading to 
exceptional gene knockdown effects (Li et al.,2008).  

5. ViroMag is reported to be applicable on a various cell lines and primary cells (hard to 
transfect cell lines) and can be combined with any viruses (specifically designed for 
retrovirus and lentivirus). It is reported that combination with adenovirus allows up to 
500-fold improvement of gene expression compared with other commercial available 
method (Kamau et al., 2006).  

6. NeuroMag is dedicated to be a magnet-based nanofection reagent for neurons. It is 
perfect for primary neurons and can also be used for glial cells. This reagent is also 
called magnetoencephalogram (MEG), an analogoue of electroencephalogram (EEG). 
However, in MEG, the magnetic fields are produced by ion flow and are associated 
with neuronal activity rather than the electric potentials measured in the EEG. By this 
system magnetic feilds can be recorded by neuronal activity occurring in the brain 
(Jensen and Tesche,  2002). 

Overall, magnet-based nanofection is easy to use and unique solution for transfection in 
various cell lines. It has many advantages than that of other gene delivery systems, as follows. 
1. High transgene expression.  
2. Lead to transfect non-permissive cells (ability of transfect in primary cells which are 

usually hard to transfect).  
3. Rapidly accumulate all virus doses on the cells/ culture medium.  
4. Synchronize cell adsorption/infection without alteration to the virus or its genome.  
5. Significantly progress virus infectivity.  
6. Confined to target specific area of transduction.  
7. Can be used for various types of nucleic acids including plasmid DNA, siRNA, 

oligonucleotides, linearized DNA, double stranded RNA, mRNA, shRNA, virus, and 
protein.  

8. Simple, easy to handle, and non-toxic.  
9. Compatible with and without serum-containing medium.  

4. Methodology of magnet-based nanofection 
4.1 Optimization of Magnet-based nanofection  
4.1.1 Magnet-based nanofection reagents 
Magnet-based nanofection reagents are universally applicable magnetic particle preparation 
for high efficiency gene delivery. The gene of interest to be transfected is mixed with 
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magnetic particles in a single step. Magnet-based nanofection reagents have been used 
successfully with plasmid DNA, antisense oligonucleotides, and siRNA. 

4.1.2 Magnetofactor plate 
Apart from suitable magnetic nanoparticles, magnet-based nanofection reagent requires 
appropriate magnetic fields. A magnetofactor plate (Chemicell, Germany) is specially 
designed for magnet-based nanofection reagent. 
Due to its special geometry, it produces powerful magnetic fields under different plate formats 
(T-75 flasks, 60 -100 -mm dishes, 6, 12, 24, and 96-well plates). The magnetofactor plate is 
designed in such way that it exerts a heterogeneous magnetic field that magnetizes the 
nanoparticles in solution, forms a very strong gradient, and covers all the surface of the plate. 

4.1.3 Generalized protocol of magnet-based nanofection 
For the better efficiency of transfection, it is always recommended to seed the cells on the 
previous day of the transfection. The suitable cell density will depend on the growth rate 
and the cells conditions. Cells should be 60-90 % confluent during magnet-based 
nanofection. Immediately preceeding transfection, the medium can be replaced with fresh 
medium (optionally without serum) if necessary. 
It is always better to incubate at least 24 hours before exposing the transfected cells to 
selection media. Vectors are prepared in medium without serum or in PBS. Along with the 
standard magnet-based nanofection protocol, the serum- and supplement-free vector cocktail 
is added to the cells that are cultured in medium. Therefore, the addition of the transfection 
reagent will result in the further dilution of standard culture medium. For most cell types, 
change of media is not required after magnet-based nanofection. However, it may be 
necessary for cell lines that are sensitive to serum/supplement concentration. Alternatively, 
the cells may be kept in serum-free medium during magnet-based nanofection. In this case, a 
changing of media may be required after magnet-based nanofection. 
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Fig. 1. Generalized view of magnet-based nanofection 
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for high efficiency gene delivery. The gene of interest to be transfected is mixed with 

Application of Magnet-based Nanofection in Embryonic Stem Cell Research 

 

313 

magnetic particles in a single step. Magnet-based nanofection reagents have been used 
successfully with plasmid DNA, antisense oligonucleotides, and siRNA. 

4.1.2 Magnetofactor plate 
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Due to its special geometry, it produces powerful magnetic fields under different plate formats 
(T-75 flasks, 60 -100 -mm dishes, 6, 12, 24, and 96-well plates). The magnetofactor plate is 
designed in such way that it exerts a heterogeneous magnetic field that magnetizes the 
nanoparticles in solution, forms a very strong gradient, and covers all the surface of the plate. 
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selection media. Vectors are prepared in medium without serum or in PBS. Along with the 
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is added to the cells that are cultured in medium. Therefore, the addition of the transfection 
reagent will result in the further dilution of standard culture medium. For most cell types, 
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necessary for cell lines that are sensitive to serum/supplement concentration. Alternatively, 
the cells may be kept in serum-free medium during magnet-based nanofection. In this case, a 
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4.1.4 Time 
Usually, transfection reagents must be in contact with cells for a period of time, then 
additional medium is added or the medium is replaced to assist decrease toxic effects of the 
reagent. The optimal transfection time depends on the cell lines, transfection reagent, and 
nucleic acid used. These reagents usually require significantly shorter time when compared 
to other transfection reagents and can be decreased to as little as 30 minutes with certain cell 
lines. This shortened transfection time may help in considerably decreased risk of cell death. 

4.1.5 Serum condition 
Transfections by magnet-based nanofection protocols often require serum-free conditions 
for optimal performance, because serum can interfere with many commercially available 
transfection reagents. It has to be noted that the best results are obtained when variability is 
minimized among lot of serum. 

4.1.6 DNA delivery mechanism of magnet-based nanofection 
The magnetic nanoparticles are majorly made up of iron oxide particles, which are fully 
biodegradable, coated with specific cationic property of the molecules depending upon the 
applications. Their association with the gene vectors (DNA, siRNA, ODN, virus, etc.) is 
achieved by salt-induced colloidal aggregation or electrostatic interaction. The magnetic 
particles are then concentrated towards the target cells by the force of an external magnetic 
field generated by magnets. The cellular uptake of the genetic material is accomplished by 
endocytosis and pinocytosis, two biologically natural processes. Consequently, membrane 
architecture and structure are reported to stay intact, in contrast to other physical 
transfection methods that damage the cell membrane (Kamau et al., 2006). The nucleic acids 
are then released into the cytoplasm. However, the releasing of nucleic acid may be by 
different mechanisms depending upon the formulation used: 
1. The proton sponge effect caused by cationic polymers coated on the nanoparticles 

promotes endosome osmotic swelling, disruption of the endosome membrane, and 
intracellular release of DNA.  

2. The destabilization of endosome by cationic lipids coated on the particles that release 
the nucleic acid into cells by flip-flop of cell negative lipids and charge neutralization  

3. The usual viral infection mechanism when virus is used in magnet-based nanofection 
works for primary cells and the cells which are hard to transfect, that are not dividing or 
slowly dividing, meaning that the genetic materials can go to the cell nucleus without 
cell division. Coupling magnetic nanoparticles to gene vectors results in a dramatic 
increase of the uptake of these vectors and consequently high transfection efficiency. 

The biodegradable cationic magnetic nanoparticles are reported to be non toxic at the 
recommended doses and also even at higher doses (Mykhaylyk et al., 2010). Complexes of 
gene vectors and magnetic nanoparticles are seen in cells after 10–15 minutes which is much 
faster than any other transfection method. After 24, 48, or 72 hours, most of the particles are 
localized in the cytoplasm, vacuoles (membranes surrounded structure into cells) and 
occasionally inside the nucleus. 
Thus, magnet-based nanofection uses a simple protocol for high efficient transfection in 
most of cell lines, up to several thousand fold increased levels of transgene expression upon 
short-term incubation (about 15~20 minutes). Moreover, great transfection rates and 
transgene expression levels are achievable with extremely low vector concentrations and 
without intense cytotoxicity. 
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5. Application of Magnet-based nanofection 
5.1 Cell lines 
The introduction of nucleic acids into cells is relevant for therapeutic (gene therapy) 
purposes. Many scientists have reported that high gene delivery can be obtained by magnet-
based nanofection in various cell lines. Magnetic drug targeting was used to enhance 
nonviral transgene expression in airway epithelial cells and tracheal airway epithelium ex 
vivo (Gersting et al., 2004). They also found that efficiency of transfection by magnet-based 
nanofection increased compared to other non viral gene delivery methods like polyfection 
and lipofection by 2–3 orders of magnitude. 
Transfection efficiency of a luciferase reporter gene was increased up to 360-fold by magnet-
based nanofection in umbilical vein endothelial cells (HUVEC) compared to various 
conventional methods (Ido et al.,2002). In contrast, there was only an up to 1.6-fold increase 
in toxicity caused by magnet-based nanofection, signifying that the advantages of magnet-
based nanofection outbalanced the increase in toxicity. It is quite simple, effective, and 
cheap improvement of plasmid gene delivery that results in hundred fold increased 
efficiency in gene expression in target cells (Plank, Anton et al., 2003). In this respect, they 
established a powerful tool in molecular physiological research and at the same time 
demonstrated its potential in gene therapies for cardiovascular diseases. As part of this 
study, they also showed the potency of magnet-based nanofection for the delivery of siRNA 
(small interfering RNA). 
Among the many strategies that have been proposed, immuno gene therapy has been one of 
the most of the common approaches. The authors have introduced cytokine genes into 
tumor cells which when re-administered after irradiation to a patient, are supposed to elicit 
an immune response against tumor antigens by the immunostimulatory effect of the 
expressed cytokine in general. 
In another study, the gene coding for human GM-CSF (granulocyte macrophage colony 
stimulating factor) under the influence of the CMV promoter in magnetic formulation was 
administered twice in a one week interval prior to surgery into the biologically active 
margins of the fibrosarcoma. Equal volume of plasmid DNA and magnetic particles (trans-
MAG-PEI, chemicell, Berlin, Germany) was mixed in physiological saline. A neodymium– 
iron–boron permanent magnet was fixed on the tumor adjacent to the injection site during 
vector injection. They found that expression of the magnetofected cytokine gene was 
increased in tumor (Gersting et al., 2004). 

5.2 Embryonic stem cells and magnet-based nanofection 
5.2.1 The Magnet-based nanofection method: non-viral gene transfection 
technologies for mammalian cells 
Although magnet-based nanofection was studied in various cell lines, Lee et al. originally 
used this technology for gene delivery in embryonic stem cells in 2008 (Lee et al., 2008). In 
this method, superparamagnetic nanoparticles (tsMAG) coated with cationic polymer 
polyethyleneimine (tsMAG-PEI) were combined with plasmid DNA. The tsMAG-PEI and 
DNA complex was generated by salt-induced aggregation and used for magnet-based 
nanofection. 
In this study, we compared the transfection efficiency of different DNA delivery methods 
such as PolyMag-mediated magnet-based nanofection, FuGENE 6-mediated transfection, 
liposome–mediated transfection, nucleofection, and calcium phosphate-mediated 
transfection both in NIH3T3 and embryonic stem cells. 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

314 

4.1.4 Time 
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achieved by salt-induced colloidal aggregation or electrostatic interaction. The magnetic 
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works for primary cells and the cells which are hard to transfect, that are not dividing or 
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increase of the uptake of these vectors and consequently high transfection efficiency. 

The biodegradable cationic magnetic nanoparticles are reported to be non toxic at the 
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faster than any other transfection method. After 24, 48, or 72 hours, most of the particles are 
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most of cell lines, up to several thousand fold increased levels of transgene expression upon 
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5. Application of Magnet-based nanofection 
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purposes. Many scientists have reported that high gene delivery can be obtained by magnet-
based nanofection in various cell lines. Magnetic drug targeting was used to enhance 
nonviral transgene expression in airway epithelial cells and tracheal airway epithelium ex 
vivo (Gersting et al., 2004). They also found that efficiency of transfection by magnet-based 
nanofection increased compared to other non viral gene delivery methods like polyfection 
and lipofection by 2–3 orders of magnitude. 
Transfection efficiency of a luciferase reporter gene was increased up to 360-fold by magnet-
based nanofection in umbilical vein endothelial cells (HUVEC) compared to various 
conventional methods (Ido et al.,2002). In contrast, there was only an up to 1.6-fold increase 
in toxicity caused by magnet-based nanofection, signifying that the advantages of magnet-
based nanofection outbalanced the increase in toxicity. It is quite simple, effective, and 
cheap improvement of plasmid gene delivery that results in hundred fold increased 
efficiency in gene expression in target cells (Plank, Anton et al., 2003). In this respect, they 
established a powerful tool in molecular physiological research and at the same time 
demonstrated its potential in gene therapies for cardiovascular diseases. As part of this 
study, they also showed the potency of magnet-based nanofection for the delivery of siRNA 
(small interfering RNA). 
Among the many strategies that have been proposed, immuno gene therapy has been one of 
the most of the common approaches. The authors have introduced cytokine genes into 
tumor cells which when re-administered after irradiation to a patient, are supposed to elicit 
an immune response against tumor antigens by the immunostimulatory effect of the 
expressed cytokine in general. 
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Table 2. Comparison of transfection efficiency of different DNA delivery systems 

Under standard conditions, mammalian cells take up and express externally applied DNA 
with very low efficiency. This is commonly due to the lipid bilayer of the eukaryotic cell 
membrane, which oppose the entry of charged molecules into a cell. All transfection 
methods cannot be applied to all types of cells or experiments. The different methods vary 
greatly with respect to the level of gene expression that can be achieved. 
Liposome–mediated transfection is a cationic liposome based reagent that provides high 
transfection efficiency and increased levels of the transgene expression in a range of 
mammalian cell lines in vitro using simple protocol (Dalby et al., 2004). However, this 
transfection reagent had highest efficiency and also highest toxicity. These results indicate 
that liposome–mediated transfection cannot be a widely accepted gene delivery method in 
ES Cells. 
FuGene 6-mediated transfection is one of the non liposomal transfection methods and has 
been used since 1997. Since that time, its popularity has increased due to its ease of use, 
minimal to no cytotoxicity, and the high level of transfection in various cell lines. This 
reagent can be easily used to transfect cells, very efficient and little numbers of cells are 
required for quantifiable response by following the standard protocol. High levels of 
transfection can be obtained by this method, compared to the traditional reagents 
(Mykhaylyk et al.,2007, Namiki et al., 2009, Plank, Schillinger et al., 2003). It was also 
reported that the efficiency of transfection by Fugene 6 in stem cells was very low (15 %) 
(Siemen et al.,2005). These results indicate that FuGENE 6 cannot be feasible method for ES 
cells. 
Recently, it has been reported that magnet-based nanofection gave a significantly higher 
efficiency (45 %) of gene delivery in stem cells than did the FuGENE 6-mediated transfection 
method (15 %) and found that these cells maintained their usual un-differentiated 
characteristics of self-renewal and pluripotency for a long time (> 50 passages) (Lee et al., 
2008). 
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5.2.2 Application of magnet-based nanofection in ES cell research 
Many non viral systems have come up recently for gene delivery in embryonic stem cells. 
But due to low efficiency levels, scientists started focusing on other alternative methods. 
Considering that these non viral gene delivery methods do not significantly affect basic 
properties of ES cells. 
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Fig. 2. Applicaton of the magnet-based nanofection method in ES cells 

In this chapter, we discuss about magnet-based nanofection in detail. In this technique, 
plastic tissue culture dishes were pre-treated with 0.1 % gelatin in 24-well plate on previous 
day of transfection. Undifferentiated mouse embryonic stem cells (D3) were cultured in 
Dulbecco’s modified eagle’s medium (DMEM) and transfected with a CMV promoter-
driven enhanced green fluorescent protein (pEGFP) expression vector through magnet-
based nanofection. For the transfection method, 1 μg pEGFP vector was suspended in 98 μl 
serum free buffer and 1 μg PolyMag was added to the mixture and incubated at room 
temperature for 15~20 minutes. The complex was added to the serum-free DMEM medium 
in each of the 24 wells. The plates were placed on the magnetofactor plate device for 15~20 
minutes at 370 C in 5 % CO2 incubator. After selection by using G418 antibiotic for 2 weeks, 
the positive colonies were subcultured separately in a new cell culture dishes which were 
pretreated with 0.1 % gelatin. To confirm that the cells are in undifferentiated state, some of 
the basic confirmatory tests were performed. 
1. AP staining protocol:  
• Cells were cultured on sterile glass cover slips or slides overnight at 37 ºC.  
• Add fixative solution for 30 seconds.  
• Rinse gently in deionised water for 45 seconds.  
• Add to alkaline-dye mixture and incubate at 18º C ~ 26º C for 15 minutes in dark. 
• Wash the excess dye with distilled water and observe under microscope.  
2. Immunocytochemistry protocol:  
• Fix the cells in 4 % PFA (paraformaldehyde) for 20~30 minutes at 37º C.  
• Permeabilization of cells using 0.1 % triton X  
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Under standard conditions, mammalian cells take up and express externally applied DNA 
with very low efficiency. This is commonly due to the lipid bilayer of the eukaryotic cell 
membrane, which oppose the entry of charged molecules into a cell. All transfection 
methods cannot be applied to all types of cells or experiments. The different methods vary 
greatly with respect to the level of gene expression that can be achieved. 
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minimal to no cytotoxicity, and the high level of transfection in various cell lines. This 
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5.2.2 Application of magnet-based nanofection in ES cell research 
Many non viral systems have come up recently for gene delivery in embryonic stem cells. 
But due to low efficiency levels, scientists started focusing on other alternative methods. 
Considering that these non viral gene delivery methods do not significantly affect basic 
properties of ES cells. 
 

CMV promoter 

pEGFPC1  
 

EGFP 
 4.7 kb   

Kanr / Neor 
PEI+FeSO4 

MagnetoFACTOR 
 

Fig. 2. Applicaton of the magnet-based nanofection method in ES cells 

In this chapter, we discuss about magnet-based nanofection in detail. In this technique, 
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based nanofection. For the transfection method, 1 μg pEGFP vector was suspended in 98 μl 
serum free buffer and 1 μg PolyMag was added to the mixture and incubated at room 
temperature for 15~20 minutes. The complex was added to the serum-free DMEM medium 
in each of the 24 wells. The plates were placed on the magnetofactor plate device for 15~20 
minutes at 370 C in 5 % CO2 incubator. After selection by using G418 antibiotic for 2 weeks, 
the positive colonies were subcultured separately in a new cell culture dishes which were 
pretreated with 0.1 % gelatin. To confirm that the cells are in undifferentiated state, some of 
the basic confirmatory tests were performed. 
1. AP staining protocol:  
• Cells were cultured on sterile glass cover slips or slides overnight at 37 ºC.  
• Add fixative solution for 30 seconds.  
• Rinse gently in deionised water for 45 seconds.  
• Add to alkaline-dye mixture and incubate at 18º C ~ 26º C for 15 minutes in dark. 
• Wash the excess dye with distilled water and observe under microscope.  
2. Immunocytochemistry protocol:  
• Fix the cells in 4 % PFA (paraformaldehyde) for 20~30 minutes at 37º C.  
• Permeabilization of cells using 0.1 % triton X  
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• Incubate the cells in 10 % goat serum for 1 hour at room temperature.  
• Incubate the cells with the primary antibody at 4° C overnight.  
• Rinse the cells in 1 % goat serum for 10 minutes.  
• Incubate the cells with secondary antibody.  
• Mount coverslips and visualize under microscope.  
3. FACS (Fluorescence-activated cell sorting) analysis protocol:  
• Harvest the cells using 0.25 % trypsin and resuspend the cells in PBS (Phosphate buffer 

saline).  
• Fix the cells in 0.5 ~ 1 ml of cold 70 % ethanol and incubate for 20~30 minutes at 4° C.  
• Add 0.5 ~ 1 ml of cold PI (propidium iodide) solution to the cell pellet.  
• Suspend the cells immediately and acquire using flow cytometry.  
4. EB (Embryonic body) formation protocol:  
• Harvest the cells using 0.25 % tryPLE.  
• Decant the supernatant and resuspend the cells in ES medium.  
• Gently mix the cells to form a single cell suspension.  
• Spin down the cells and remove the supernatant and resuspend the cells in ES medium.  
• Count the cells and add ES medium without LIF (Leukemia inhibitory factor).  
• Incubate the cells for 24 hours at 37 º C incubator.  
5. Spontaneous differentiation protocol:  
• EB (Embryonic body) formation by the 8 day induction method (4-/4+).  
• EB’s were plated onto 0.1 % gelatin-coated plates.  
• Cultured for 15 days on N2 medium with 20 ng/ml bFGF (basic fibroblast growth factor).  
6. Teratoma formation protocol:  
• Embryonic stem cells are harvested.  
• Centrifuge the cells for 5 minutes at 1, 200 rpm.  
• Inject cells into the leg muscle of 4-week-old SCID-beige mice (male).  
• After 10 weeks, examine for the teratoma formation.  
7. Methylation analysis protocol:  
• Isolation of genomic DNA and restriction enzyme digestion.  
• Alkaline lysis and denaturation of DNA at 37° C for 15 minutes.  
• Add 2 x volumes of 2 % low melting agarose to the DNA solution and mix thoroughly. 
• Prepare the agarose beads by pipetting 10 µl aliquots of DNA/agarose mixture in cold 

mineral oil.  
• Transfer beads in the tube containing 1 ml of modifying solution.  
• Incubate the tubes for 4 hours at 50°C in dark.  
• Wash the beads 6 times for 15 minutes with tris EDTA (ethylene diamine tetraacetic acid).  
• Incubate for 15 minutes in 0.2N NaOH (sodium hydroxide) and wash the beads for 15 

minutes with double distilled water.  
• Methylation levels are checked by PCR (Polymerase chain reaction). 
8.  Chimera & germline transmission:  
• Construct the homologous recombinant gene and transfect in cultured mouse 

embryonic stem cells by electroporation.  
• Positive cells are selected by antibiotic mediated resistance marker provided in 

insertion cassette.  
• Targeted gene is inserted into diploid mouse blastocyst.  
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• The injected blastocysts were implanted into pregnant female surrogate mouse, which 
directs the embryos to full term development and give birth to a mouse whose germline 
is derived from the donor mouse’s ES cells. 

So, the magnet-based nanofection is considered as extremely easy, less time- consuming, 
non cytotoxic and did not affect properties of ES cells like proliferation or differentiation. 
Magnet-based nanofection system may be the tool of choice for gene delivery and 
expression in ES cells. 

5.3 Induced pluripotent stem (iPS) cells and magnet-based nanofection  
5.3.1 Introduction of iPS cells 
Most of the research on ES cells was on pluripotent stem cells, which are derived from the 
inner cell mass (ICM) of embryos in the blastocyst stage of development (Martin, 1981). Self-
renewal and pluripotency are the two most essential characteristics of ES cells (Martin, 1981, 
Brimble et al., 2007) These cells owe the potential to differentiate into any cell type and 
provides a promising application in regenerative medicine (Mimeault et al.,2007, Keller, 
2005). ES cells are the acknowledgment as a cell culture model for researching developmental 
mechanisms and their therapeutic modulations. The proliferative and developmental 
capacity of ES cells promises an essentially unlimited supply of specific cell type for basic 
research and transplantation therapies. However, one of the major concerns in ES cell 
research has been the ethical implications in using stem cells which are derived from embryo 
and also the therapeutic applications of stem cells depends on the availability that are limited 
by technical, ethical, or immunological considerations (Lowry et al., 2008, Wernig et al., 2007). 
Somatic cells reprogramming can be achieved by viral-mediated transduction using defined 
transcription factors (Feng et al.,2009). The iPS cells showed ES cell-like properties, such as 
morphology, gene expression profiles, differentiation into three germ layer lineages, 
formation of teratomas, and epigenetic status of several pluripotency markers (Lee et al., 
2008). Their therapeutic potential is thought to be similar to that of ES cells in several disease 
models (Martin, 1980). Various reports from many labs gave contributed to a growing list of 
reprogramming factors used for iPS cells generation, such as Oct4, Sox2, Klf4, c-Myc, Lin28, 
Tcl1, Esrrb, Sall4, miRNA, SV40LT antigen, and telomerase reverse transcriptase (hTERT). 
Several small molecules also have been reported that enhances ES cell-like colony formimg 
efficiency such as supplementation with AZA (Azacytidine), VPA (Valproic acid), TSA 
(Tricholoro acetic acid), SAHA (suberoylanilide hydroxamic acid), BIX (Histone methyl 
transferase inhibitor), BayK (Calcium channel agonist), RG108 (DNA methyl transferase 
inhibitor), hypoxia condition, protein extract treatment, and knockdown of p53, p21, mdm2, 
and p16 (Plank, Anton et al., 2003, Plank, Schillinger et al., 2003). 

5.3.2 Current trend of iPS cells research 
Many researchers have discussed different methods for generating iPS cells. In this section, 
we will discuss the current techniques that are employed to introduce the reprogramming 
factors required for iPS cells generation (Zhao et al., 2009). Retroviral vectors were used for 
the initial derivation of iPS cells by Takahashi et al. But retroviral vectors may lead to many 
obstacles like oncogenesis and teratoma development in therapeutic applications. To avoid 
or reduce the potential oncogenic effect of genomic integration of viral vectors, non viral 
gene delivery methods was introduced (Wiles and Johansson, 1999, Lakshmipathy et al., 
2004, Zeng et al., 2003, Plank, Schillinger et al., 2003). These non-viral gene delivery systems 
appear to have numerous advantages, including ease to manipulate, increased stability, low 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

318 

• Incubate the cells in 10 % goat serum for 1 hour at room temperature.  
• Incubate the cells with the primary antibody at 4° C overnight.  
• Rinse the cells in 1 % goat serum for 10 minutes.  
• Incubate the cells with secondary antibody.  
• Mount coverslips and visualize under microscope.  
3. FACS (Fluorescence-activated cell sorting) analysis protocol:  
• Harvest the cells using 0.25 % trypsin and resuspend the cells in PBS (Phosphate buffer 

saline).  
• Fix the cells in 0.5 ~ 1 ml of cold 70 % ethanol and incubate for 20~30 minutes at 4° C.  
• Add 0.5 ~ 1 ml of cold PI (propidium iodide) solution to the cell pellet.  
• Suspend the cells immediately and acquire using flow cytometry.  
4. EB (Embryonic body) formation protocol:  
• Harvest the cells using 0.25 % tryPLE.  
• Decant the supernatant and resuspend the cells in ES medium.  
• Gently mix the cells to form a single cell suspension.  
• Spin down the cells and remove the supernatant and resuspend the cells in ES medium.  
• Count the cells and add ES medium without LIF (Leukemia inhibitory factor).  
• Incubate the cells for 24 hours at 37 º C incubator.  
5. Spontaneous differentiation protocol:  
• EB (Embryonic body) formation by the 8 day induction method (4-/4+).  
• EB’s were plated onto 0.1 % gelatin-coated plates.  
• Cultured for 15 days on N2 medium with 20 ng/ml bFGF (basic fibroblast growth factor).  
6. Teratoma formation protocol:  
• Embryonic stem cells are harvested.  
• Centrifuge the cells for 5 minutes at 1, 200 rpm.  
• Inject cells into the leg muscle of 4-week-old SCID-beige mice (male).  
• After 10 weeks, examine for the teratoma formation.  
7. Methylation analysis protocol:  
• Isolation of genomic DNA and restriction enzyme digestion.  
• Alkaline lysis and denaturation of DNA at 37° C for 15 minutes.  
• Add 2 x volumes of 2 % low melting agarose to the DNA solution and mix thoroughly. 
• Prepare the agarose beads by pipetting 10 µl aliquots of DNA/agarose mixture in cold 

mineral oil.  
• Transfer beads in the tube containing 1 ml of modifying solution.  
• Incubate the tubes for 4 hours at 50°C in dark.  
• Wash the beads 6 times for 15 minutes with tris EDTA (ethylene diamine tetraacetic acid).  
• Incubate for 15 minutes in 0.2N NaOH (sodium hydroxide) and wash the beads for 15 

minutes with double distilled water.  
• Methylation levels are checked by PCR (Polymerase chain reaction). 
8.  Chimera & germline transmission:  
• Construct the homologous recombinant gene and transfect in cultured mouse 

embryonic stem cells by electroporation.  
• Positive cells are selected by antibiotic mediated resistance marker provided in 

insertion cassette.  
• Targeted gene is inserted into diploid mouse blastocyst.  

Application of Magnet-based Nanofection in Embryonic Stem Cell Research 

 

319 

• The injected blastocysts were implanted into pregnant female surrogate mouse, which 
directs the embryos to full term development and give birth to a mouse whose germline 
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non cytotoxic and did not affect properties of ES cells like proliferation or differentiation. 
Magnet-based nanofection system may be the tool of choice for gene delivery and 
expression in ES cells. 
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5.3.1 Introduction of iPS cells 
Most of the research on ES cells was on pluripotent stem cells, which are derived from the 
inner cell mass (ICM) of embryos in the blastocyst stage of development (Martin, 1981). Self-
renewal and pluripotency are the two most essential characteristics of ES cells (Martin, 1981, 
Brimble et al., 2007) These cells owe the potential to differentiate into any cell type and 
provides a promising application in regenerative medicine (Mimeault et al.,2007, Keller, 
2005). ES cells are the acknowledgment as a cell culture model for researching developmental 
mechanisms and their therapeutic modulations. The proliferative and developmental 
capacity of ES cells promises an essentially unlimited supply of specific cell type for basic 
research and transplantation therapies. However, one of the major concerns in ES cell 
research has been the ethical implications in using stem cells which are derived from embryo 
and also the therapeutic applications of stem cells depends on the availability that are limited 
by technical, ethical, or immunological considerations (Lowry et al., 2008, Wernig et al., 2007). 
Somatic cells reprogramming can be achieved by viral-mediated transduction using defined 
transcription factors (Feng et al.,2009). The iPS cells showed ES cell-like properties, such as 
morphology, gene expression profiles, differentiation into three germ layer lineages, 
formation of teratomas, and epigenetic status of several pluripotency markers (Lee et al., 
2008). Their therapeutic potential is thought to be similar to that of ES cells in several disease 
models (Martin, 1980). Various reports from many labs gave contributed to a growing list of 
reprogramming factors used for iPS cells generation, such as Oct4, Sox2, Klf4, c-Myc, Lin28, 
Tcl1, Esrrb, Sall4, miRNA, SV40LT antigen, and telomerase reverse transcriptase (hTERT). 
Several small molecules also have been reported that enhances ES cell-like colony formimg 
efficiency such as supplementation with AZA (Azacytidine), VPA (Valproic acid), TSA 
(Tricholoro acetic acid), SAHA (suberoylanilide hydroxamic acid), BIX (Histone methyl 
transferase inhibitor), BayK (Calcium channel agonist), RG108 (DNA methyl transferase 
inhibitor), hypoxia condition, protein extract treatment, and knockdown of p53, p21, mdm2, 
and p16 (Plank, Anton et al., 2003, Plank, Schillinger et al., 2003). 

5.3.2 Current trend of iPS cells research 
Many researchers have discussed different methods for generating iPS cells. In this section, 
we will discuss the current techniques that are employed to introduce the reprogramming 
factors required for iPS cells generation (Zhao et al., 2009). Retroviral vectors were used for 
the initial derivation of iPS cells by Takahashi et al. But retroviral vectors may lead to many 
obstacles like oncogenesis and teratoma development in therapeutic applications. To avoid 
or reduce the potential oncogenic effect of genomic integration of viral vectors, non viral 
gene delivery methods was introduced (Wiles and Johansson, 1999, Lakshmipathy et al., 
2004, Zeng et al., 2003, Plank, Schillinger et al., 2003). These non-viral gene delivery systems 
appear to have numerous advantages, including ease to manipulate, increased stability, low 
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cost, safety, and high flexibility regarding the size of transgene delivery (Kircheis, 
Wightman et al.,2001, Nimesh et al., 2006). Several researchers reported non-viral gene 
delivery methods, such as adenoviral vectors (D. Kim et al., 2009), non-integrating plasmids 
(Papapetrou et al., 2009), Cre recombinase/loxP system (Wang et al., 2007), piggyBac 
transposon-based system (Yusa et al., 2009), RNA transfection (Fusaki et al.,2009), and 
reprogramming by recombinant proteins (D. Kim et al., 2009). However, the efficiency of 
non-viral gene delivery systems was less compared to that of viral gene delivery methods. 
 

 

 Sl.no. Method of Gene 
delivery 

Factors for 
Pluripotency Cell lines Efficiency Reference 

 

 

 

 

 

1 
Virus mediated 

Transfection 
Oct4, Sox2, 
Klf4, c-Myc 

Fibroblast 0.0001 % 

Takahashi 
and 

Yamanaka, 
et al.,2006  

 

 

 

 

2 
Virus mediated 

transfection 
Oct4, Sox2, 
Nanog and 

Lin28 
fibroblast > 0.01 % 

Yu et al., 
2007. 

 

 

 

 

3 Lentiviral vectors Pax5 shRNA,
C/EBPa 

Mouse 
B cell > 0.001 % Hanna et al., 

2008 
 

 

 

 

 

 

 

 

4 Retroviral vectors 
Oct4, Sox2, 

Klf4 
Neural stem  

cells 0.1-1.0 % Kim et al., 
2008 

 

 

 

 

 

 

5 Retroviral vectors Oct4, Sox2, 
Klf4 hepatocytes 0.5-1 % Aoi et al., 

2008 
 

 

 

 

 

 

6 Retroviral vectors Oct4, Sox2, 
Klf4 

MEF 0.001-0.010 %. Nakagawa 
et al., 2008 

 

 

 

 

 

 

7 
Lentiviral vectors

using 
Cre recombinase 

/loxP system 

Oct4, Sox2, 
Klf4, c-Myc 

human 
fibroblast 0.001-0.002 % Soldner et al., 

2009 
 

 

 

 

8 Piggy BAC 
transposons 

Oct4, Sox2, 
Klf4, c-Myc fibroblast 2.5 % Yusa K et al., 

2009 
 

 

 

 

 

 

 

 

9 Episomal Vectors

OCT4, SOX2,
NANOG, 

LIN28, 
c-Myc, KLF4,
and SV40LT

Human 
foreskin 

fibroblasts
~ 0.1% Yu et al., 

2009 

 

 

 

 

 

 

 

10 Lipofection 

OCT4, SOX2,
NANOG, 

LIN28, c-Myc, 
and KLF4 

Mouse 
fibroblasts 

> 0.01 % 
Okita et al., 

2008 

 

Table 3. Different methods and sources for generating iPS cells 

Application of Magnet-based Nanofection in Embryonic Stem Cell Research 

 

321 

   Mouse ES culture media  

0 1 3 7 10 12 

Magnet– based nanofection  Colony formation Pick 

   phase AP  
 
 
 
 
 
 
 
 

ES-like colony Immunocytochemistry 
 

 
Fig. 3. Schematic representation of generation of iPS cells from MEF and characterization of 
ES-like colony with analysis of pluripotent marker expression 

5.3.3 Generation of iPS cells using magnet-based nanofection 
Since the initial derivation of iPS cells by Shinya Yamanaka‘s group, the field has advanced 
at a rapid pace. Main progress has been made in identifying new strategies to enhance the 
reprogramming efficiency and methods to improve clinical safety (Plank, Schillinger et al., 
2003). In a recent study, generation of iPS cells using magnet-based nanofection was proved 
to be a very simple, highly efficient, cost -effective, and minimal to no cytotoxicity, implying 
that this system may be beneficial for generating safe iPS cells, compared to the other 
methods described previously. 
Induced pluripotent stem cells were first generated by transfecting four factors in MEF cells 
(Takahashi and Yamanaka, 2006). For transfection, MEF cells were seeded (70~80 %) into 
each well of 96-well plates on the previous day of transfection and then four factors (Oct4, 
Sox2, Klf4, and c-Myc) was transfected into MEF by the magnet-based nanofection and ES 
cell media was changed alternative day. Some colonies of ES-like morphology were 
observed on seven days after transfection, and the iPS cell colonies generated by 
transduction of four factors were picked on day 12. The iPS cells were cultured in ES cell 
media on STO feeder cells, using standard embryonic stem cell culture protocol (Thomson et 
al., 1998, Xiao et al.,2006). 
Magnet-based nanofection-derived iPS cells showed ES cell-like characteristics, such as 
expression of high levels of akaline phosphatase, expression of undifferentiated ES cell-
specific cell surface markers (such as SSEA-1 and Oct4), and expression of endogenous 
pluripotency genes (Oct4, Nanog, Sox2, Klf4, and c-Myc). These cell lines also differentiated 
into various cell types through the embryid body (EB) formation. The three germ layer cell 
differentiation markers was observed through immunocytochemistry; endoderm (Tie2 and 
AFP), mesoderm (Brachury and Tn1) and ectoderm (Tuj1 and A2B5). Of particular interest, 
transcriptome, and proteome expression profiles of iPS cells confirmed that the iPS cells 
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cost, safety, and high flexibility regarding the size of transgene delivery (Kircheis, 
Wightman et al.,2001, Nimesh et al., 2006). Several researchers reported non-viral gene 
delivery methods, such as adenoviral vectors (D. Kim et al., 2009), non-integrating plasmids 
(Papapetrou et al., 2009), Cre recombinase/loxP system (Wang et al., 2007), piggyBac 
transposon-based system (Yusa et al., 2009), RNA transfection (Fusaki et al.,2009), and 
reprogramming by recombinant proteins (D. Kim et al., 2009). However, the efficiency of 
non-viral gene delivery systems was less compared to that of viral gene delivery methods. 
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Fig. 3. Schematic representation of generation of iPS cells from MEF and characterization of 
ES-like colony with analysis of pluripotent marker expression 

5.3.3 Generation of iPS cells using magnet-based nanofection 
Since the initial derivation of iPS cells by Shinya Yamanaka‘s group, the field has advanced 
at a rapid pace. Main progress has been made in identifying new strategies to enhance the 
reprogramming efficiency and methods to improve clinical safety (Plank, Schillinger et al., 
2003). In a recent study, generation of iPS cells using magnet-based nanofection was proved 
to be a very simple, highly efficient, cost -effective, and minimal to no cytotoxicity, implying 
that this system may be beneficial for generating safe iPS cells, compared to the other 
methods described previously. 
Induced pluripotent stem cells were first generated by transfecting four factors in MEF cells 
(Takahashi and Yamanaka, 2006). For transfection, MEF cells were seeded (70~80 %) into 
each well of 96-well plates on the previous day of transfection and then four factors (Oct4, 
Sox2, Klf4, and c-Myc) was transfected into MEF by the magnet-based nanofection and ES 
cell media was changed alternative day. Some colonies of ES-like morphology were 
observed on seven days after transfection, and the iPS cell colonies generated by 
transduction of four factors were picked on day 12. The iPS cells were cultured in ES cell 
media on STO feeder cells, using standard embryonic stem cell culture protocol (Thomson et 
al., 1998, Xiao et al.,2006). 
Magnet-based nanofection-derived iPS cells showed ES cell-like characteristics, such as 
expression of high levels of akaline phosphatase, expression of undifferentiated ES cell-
specific cell surface markers (such as SSEA-1 and Oct4), and expression of endogenous 
pluripotency genes (Oct4, Nanog, Sox2, Klf4, and c-Myc). These cell lines also differentiated 
into various cell types through the embryid body (EB) formation. The three germ layer cell 
differentiation markers was observed through immunocytochemistry; endoderm (Tie2 and 
AFP), mesoderm (Brachury and Tn1) and ectoderm (Tuj1 and A2B5). Of particular interest, 
transcriptome, and proteome expression profiles of iPS cells confirmed that the iPS cells 
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more similar to ES cells, but different from MEF. Magnet-based nanofection-derived iPS 
cells identified 2,102 differentially expressed genes (DEGs) between MEF and ES cells (J1 
and R1). Clustering analysis was performed for the expression of DEGs for MEF, ES cells, 
and magnet-based nanofection-derived iPS cells. Gene expression profiles for the magnet-
based nanofection derived iPS cells was highly similar to that of ES cells (J1 and R1) and 
clearly distinct from that of MEF. As expected, 80-90 % of proteins found in magnet-based 
nanofection derived iPS cell lines were similar to those in ES cell line (D3). When 
transcriptome was compared to proteomic analysis, it showed a more significant difference 
in protein expression patterns between iPS cells and MEF. According to gene ontology 
analysis, functional classification appeared to be similar between cell lines with stemness 
(magnet-based nanofection derived iPS cells and ES cells) and MEF in most biological 
processes, such as protein metabolism and modification, cell cycle, transport, immunity, cell 
proliferation, differentiation, and apoptosis etc. 
Recent study showed that primate ES cells can be derived by magnet-based nanofection 
from mouse embryonic fibroblast cells. In near future, this novel gene delivery system may 
open the door to the possibility of generating mouse /human cells for "patient-specific" iPS 
cells. 

4. Summary 
Mouse embryonic stem cells, which are derived from the epiblast of inner cell mass of the 
blastocyst have the ablity to self-renewate and differentiate into any cell types. The 
therapeutic use of these cells depends on the availability of pluripotent cells that are limited 
by technical, ethical, or immunological considerations.One of major technical drawback of 
gene delivery in ES cells is method of viral gene delivery systems, which may cause 
insertional mutagenesis, and also may induce cytotoxicity problems. Apart from the viral 
gene delivery systems, there are many non viral methods of gene delivery systems like 
calcium phosphate-, DEAE -dextran-, Fugene 6-, or liposome-mediated transfection and 
nucleofection. However, due to low efficiency, high toxicity, and economical problems, 
these methods are not widely accepted. 
In this review, we have described application of magnet-based nanofection in various cell 
lines including ES and iPS cells. Among all the non viral gene delivery methods, magnet-
based nanofection is an appropriate tool to overcome the strong barriers like low efficiency, 
slow vector accumulation, low vector concentration at target tissues, and toxicity problems. 
It is very simple, less time-consuming, cost-effective, and highly efficient even with low 
doses of nucleic acids. In this methodology magnetic field is applied to superparamagnetic 
iron peroxide particles which are associated with gene vectors. Gene vectors and magnetic 
nanoparticles complexes are seen inside the cells after 15-20 minutes, which is much faster 
than any other transfection method. After 24, 48, or 72 hours, most of the particles are 
localized in the cytoplasm, vacuoles, and frequently in the nucleus. Importantly, this type of 
design is universally applicable to all types of gene vectors. The concept of magnet-based 
nanofection greatly benefits from the fact that the individual modules of the system can be 
optimized independently and variants can be assembled in a combinatorial manner, thus 
facilitating optimization towards specific applications. The size and surface chemistry of 
magnetic particles can be tailored to meet specific demands on physical and biological 
characteristics, and the linkage between vector and magnetic particle can be designed 
accordingly. 
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Magnet-based nanofection is used as gene delivery tool in several cell lines and also has 
been used in ES cells. Recently, iPS cells were generated by using magnet-based nanofection 
technique and there are several perspectives to the future use of magnet-based nanofection. 
The three important features of magnet-based nanofection are: 
1. The drastically lowered vector dose.  
2. The reduced incubation time required to achieve high efficiency.  
3. The possibility of gene delivery in non dividing cells.  
In conclusion, the magnet-based nanofection will be an ideal research tool where the 
available vector dose, the required process time, and the sustainable costs of the procedure 
are limiting factors. In near future, magnet–based nanofection may become a strong choice 
for the clinical applications. Obvious target diseases are cancer, cardiovascular, or 
neurological diseases, and potentially also genetic diseases. Combined with existing 
advanced concepts of gene delivery, magnet–based nanofection may provide additional 
specificity and efficiency which are required in many gene therapy approaches. 
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1. Introduction  
Human pluripotential stem cells, including both embryonic stem cells (ES cells) and induced 
pluripotent stem cells (iPS cells), possess self-renewing potency or the ability to differentiate 
into virtually any type of somatic cell. These features make them particularly advantageous 
as sources from which to generate specific types of human tissue cells in vitro for use in drug 
development and regenerative medicine. In most cases, however, human pluripotential cell 
lines and especially human ES cells can only be used in cell-based applications because of 
ethical issues. Animal models are therefore sought as an alternative to using human cells. 
An increasingly popular non-human primate model is the common marmoset (Callithrix 
jacchus). The recent successful creation of lentivirus-mediated transgenic marmosets 
provides a new animal model for human disease offering the powerful advantage of a close 
genetic relationship with humans (Sasaki et al., 2009), though this technique is not yet 
sufficiently developed for common use, and the numbers of monkeys available for 
experiments are limited. Mouse ES cells, meanwhile, still have great value as a research tool, 
even after the development of human pluripotent cells, as they can be used to create 
chimeric mice, achieve germline transmission, and generate normal offspring. 
The available genetic engineering technologies often employ an embryonic manipulation 
approach in mice, using mouse ES cells to examine the gain-of-function or loss-of-function 
effects associated with certain chromosomal regions in vivo. Recently, we have developed 
chromosome elimination cassettes (CEC) using a Cre-inverted loxP system that was first 
used in mouse ES cells. In this system, transient cre expression can initiate immediate 
chromosomal loss over the course of a few cell cycles in the recombinant cells. This 
technology was developed to clarify chromosomal function through observing loss-of-
function at the chromosomal level. In mammalian cells, chromosome composition and gene 
dosage are kept stable because large chromosome-wide deletions are usually fatal. 
Accordingly, we first applied the Cre-inverted loxP system to tetraploid cells composed of 
mouse ES cells fused with mouse somatic cells to generate conditions conducive to large-
scale chromosomal imbalance. The CEC-tagged chromosomes could be targets of Cre-
dependent chromosome elimination. In addition, we have demonstrated that the Cre-
inverted loxP system enhances cohesion between a loxP site and an adjacent inverted loxP, 
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which induces a remarkable degree of spontaneous mitotic recombination around loxP sites. 
These characteristics may also help us to resolve the mechanisms involved in spontaneous 
mitotic recombination events leading to chromosomal deletion during tumorigenesis. This 
review discusses the development of the chromosome elimination method over the last few 
years and provides examples of the emerging practical use of mouse ES cell lines containing 
CEC-tagged chromosomes as a chromosome engineering technology. 
Recent advances in the opposite direction, that is, toward the insertion of chromosomes into 
cells as a chromosome engineering technology, are also discussed here. Human artificial 
chromosome (HAC) vectors have been used to transport intact foreign chromosomal 
segments. The Cre-loxP system is frequently employed in this form of chromosome transfer 
technology as well. HAC contains an acceptor loxP that promotes insertion of the 
chromosomal region through chromosome translocation with the donor loxP-tagged 
chromosome (Smith et al., 1995). If undesired chromosomal regions exist at the ends of the 
loxP-tagged donor chromosome, the regions can be trimmed using telomere-directed 
truncation technology; for the efficient application of this technique, chicken DT40 cells are 
often used as high homologous recombination-proficient cells. At the end of this process, the 
desired region is introduced into the final host cells (Dieken et al., 1996; Kuroiwa et al., 
1998). In any step of this process toward the production of the final transformants, an HAC 
can be sequentially transferred from one type of cell to the other by means of the microcell-
mediated chromosome transfer (MMCT) technique (Kuroiwa et al., 2000). MMCT requires a 
high level of skill, but can be used to produce 1:1 cell fusion products between micro-cells, 
which contain a recombinant chromosome, and host cells at high frequencies. Though some 
trials have been started, this remains a significant problem in chromosome transfer 
technology (Katoh et al., 2010). As a consequence, trans-chromosomal mice generated by 
germline transmission of an HAC have been created via the formation of chimeric mice with 
mouse ES cells that stably possess a defined chromosomal region on an HAC (Kuroiwa et 
al., 2002). Using this chromosome transfer technology with pluripotential cells offers 
advantages supporting the identification of the functions of given chromosome segments on 
the basis of gain-of-function and the repair of impaired genome-wide functions in the host 
cells. By observing the functional differences between wild-type cells and transformants, 
researchers can identify the responses to given stimuli and address these effects via 
chromosome transfer. These cells are not expected to over express any particular molecule 
on the transferred chromosome and are thought to exhibit more-or-less physiological 
responses to transcriptional regulation in-vivo. Accordingly, chromosome-transferred cells 
might sometimes constitute a more useful assay system than single-gene recombinant cells 
that highly express a single target molecule. Moreover, parallel inheritance of a human 
chromosome by cells from another animal species after elimination of the parallel 
chromosomal region makes it possible to create humanized animals. 
The physiological relevance of biological analyses using CEC or HAC technology is actually 
demonstrated by the epigenetic reprogramming activity that occurs in host pluripotent cells. 
Reprogramming factors operating in pluripotent cells can impose epigenetic modifications 
on foreign somatic chromosomes that have been introduced by cell fusion, making their 
cells equivalent to host pluripotent cells. Without this activity, introduced chromosome 
segments would never be able to behave like their homologues or orthologues in the given 
cells in vitro and in vivo. Our previous important findings on the epigenetic reprogramming 
potencies working in mouse ES cells are discussed first. 
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2. Epigenetic reprogramming potencies in mouse ES cells 
In keeping with the classic epigenetic landscape model, it was long believed that epigenetic 
marks were placed into the genome step by step during a developmental program and that 
the epigenetics of somatic nuclei would never revert to a pluripotential, multipotential, or 
bipotential state. The successful creation of adult normal frogs by nuclear transfer from 
highly specialized tadpole intestinal cells into ultraviolet-light-irradiated oocytes clearly 
demonstrated that developmental programs can be completely reversed (Gurdon, 1962). The 
first successfully cloned mammal was made by fusing a G0 cell with an enucleated 
unfertilized oocyte (Wilmut et al., 1997). As technology improved, it became possible to 
replace a mouse oocyte nucleus with a mouse somatic nucleus through enucleation; this led 
to the successful creation of cloned mice (Wakayama et al., 1998). This process is called 
somatic-cell nuclear transfer, and is now widely used. Complete epigenetic reprogramming 
in vivo through nuclear transfer creates another means by which the specific genotype of an 
animal can be propagated in the absence of mating.  
Animal cloning suggested that epigenetic restoration was occurring in the somatic nuclei 
during embryonic development, but the these epigenetic changes were first analytically 
visualized through cell fusion between somatic cells and undifferentiated cells. Every female 
mammalian somatic cell possesses an inactivated X chromosome as a gene dosage 
compensation mechanism between XX female cells and XY male cells. To maintain X 
chromosome inactivation, numerous molecules, including the non-coding RNA Xist, are 
accumulated on the inactive X chromosome in cis. Moreover, DNA cytosine methylation of 
the Xist gene is kept at a low level on the inactivated somatic X chromosome. The somatic X 
chromosome is converted from an inactive state to an active state through cell fusion with 
mouse embryonic carcinoma cells (EC cells), in which case the fused cells acquire 
undifferentiated-cell morphology (Takagi et al., 1983).  
As a next step, we demonstrated that de novo DNA cytosine methylation of the Xist gene 
might silence the Xist allele on the previously inactivated somatic X chromosome and 
initiate conversion of the X chromosome from an inactive state to an active state in somatic 
hybrid cells between certain kinds of EC cells and female somatic cells (Mise et al., 1996). By 
that time, however, we were asking whether the mouse EC cells had lost an important factor 
required for the maintenance of the X inactivation state through carcinogenesis or possessed 
dominant factors that converted the somatic nucleus to a host EC cell-like nucleus. To 
resolve this question, we designed a cell fusion experiment involving mouse embryonic 
germ cells (EG cells) and mouse somatic cells (Tada et al., 1997). The mouse EG cells, 
derived from primordial germ cells from embryonic-day (e)11.5 to e12.5 female embryos, 
had lost the epigenetic differences, also known as genomic imprinting, between the 
homologous chromosomes derived from the two parents. Inactivation marks on the X-
chromosome and genome-wide CpG methylation had already been eliminated from the 
mouse gonadal EG cells. These cells could contribute to mouse development, but the 
resulting chimeric embryos were abnormal because of the deletion of the previous genomic 
imprints (Tada et al., 1998). Thus, unlike mouse EC cells, mouse EG cells are not derived 
through carcinogenesis, and they maintain a set of the epigenetic properties of the original 
cells. Several important characteristics of the epigenetic reprogramming activities working 
in embryonic pluripotent cells were first analytically demonstrated at the molecular level 
through cell fusion experiments using gonadal mouse EG cells and mouse somatic cells. The 
mouse EG cells contribute pluripotency to the resulting somatic nuclei, which in turn grants 
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them several other EG cell-like characteristics, including the following: (1) reactivation of 
inactivated X chromosome derived from female somatic cells, (2) competence for embryonic 
development, (3) deletion of genome-wide DNA cytosine methylation, (4) deletion of 
methylation marks from several imprinted and non-imprinted genes, and (5) demonstrable 
reactivation of the repressed paternally imprinted allele of Peg1/Mest.  
We then showed that somatic cells can acquire a pluripotent state after being fused with 
mouse ES cells (Tada et al., 2001). Using thymocytes from female mice that contained a GFP 
reporter transgene driven by the promoter of mouse Oct4, we monitored Oct4 reactivation 
by an Oct4–gfp reporter. In contrast to germ cells, mouse ES cells do not possess 
demethylation activity for imprinted genes in fused tetraploid cells, as far as we could 
determine. Interestingly, methylation imprints on mouse ES cell chromosomes were erased 
in the hybrid cells made from mouse gonadal EG cells. This evidence shows that mouse EG 
cells possess dominant factors leading to the erasure of methylation imprints. The latter 
fusion experiments included our first use of intersubspecies hybrid cells, made from Mus 
musculus domesticus ES cells and Mus musculus molossinus thymocytes (Tada et al., 2003; 
Kimura et al., 2004; Kimura et al., 2002; Hatano et al., 2005). Frequent DNA sequence 
polymorphisms between these two subspecies allowed us to monitor the origin of the RNA 
and DNA derived from the somatic nuclei of the tetraploid hybrid cells. Using this mouse 
ES cell-somatic cell fusion system, we demonstrated (6) reactivation of some pluripotency-
associated genes derived from somatic genomes (i.e., Oct4, Nanog, and Tsix) and (7) 
conversion of histone modification of somatic cell-derived chromatin to a pluripotent state. 
The reprogrammed somatic genomes in the hybrid cells made from mouse ES cells became 
hyperacetylated at histones H4 and H3 and globally dimethylated and trimethylated, with 
respect to the lysine residue K4, at H3. Such epigenetics are known as typical modifications 
for transcriptionally active regions. Later, another group demonstrated that overexpression 
of Nanog substantially enhanced fusion-based nuclear reprogramming (Silva et al., 2006). 
Nanog is known to be an important transcriptional factor involved in maintaining 
pluripotency (Chambers et al., 2003; Mitsui et al., 2003). We have previously shown that 
Nanog expression is controlled by Oct4 and Sox2 (Kuroda et al., 2006), which regulate the 
pluripotency of mouse ES cells in a dose-dependent manner (Hatano et al., 2005). Thus, we 
expected that two copies of endogenous Nanog mRNA might not be sufficient to make the 
tetraploid cells pluripotent during the initial full cell cycles after cell fusion with somatic 
cells when extrinsic Nanog was fully reprogrammed. We addressed this question by 
attempting the complete elimination of two copies of mouse ES cell-derived Nanog-bearing 
chromosome 6s in ES cell-somatic cell hybrid cells (Matsumura et al., 2007). The results 
clearly demonstrated that Nanog expression from reprogrammed somatic genomes could 
efficiently maintain pluripotency in mouse ES cell-somatic cell hybrid cells, but that at least 
three out of four copies of chromosome 6s were required to keep tetraploid cells pluripotent. 
This will be discussed in greater detail below. 
ES cell-specific epigenetic profiles are predominantly regulated by intrinsic factors, so that 
the host cell’s epigenotypes can be exposed to foreign DNAs and histones in ES cell-somatic 
cell hybrids. Several reprogramming core factors have already been identified, including 
Oct4, Sox2, c-Myc, and Klf4 (OSCK). Overexpression of OSCK or OSK via virus- or nonvirus-
mediated gene transformation can reprogram mouse and human somatic cells into 
pluripotential cells; cells reprogrammed through this means are known as iPS cells 
(Nakagawa et al., 2008; Takahashi et al., 2007a; Takahashi et al., 2007b; Takahashi & 
Yamanaka, 2006). The use of this in-vitro somatic reprogramming technology to produce 
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human iPS cells is expected to be the long-awaited breakthrough that will allow researchers 
to produce syngenic tissue cells from personalized stem cells obtained from patients who 
require tissue-cell transplants. In the clinical setting, the propensity of iPS cells to form 
tumors is the main problem remaining to be solved, but functional somatic cells derived 
from human iPS cells could contribute to in-vitro analysis. Human iPS cells are currently 
regarded as a promising tool, satisfying the pharmacological industry‘s need for scalability 
and physiological relevance. Many researchers are planning to acquire patient-specific 
human iPS cell lines from somatic cells carrying genetic dysfunctions in order to develop 
medical compounds or gene therapies that reduce the symptoms associated with these 
genetic dysfunctions. Primary cultured somatic cells derived from patients are now 
becoming available from cell banks, helping us to produce models of gene therapy or 
chromosome-mediated therapy based on human iPS cells. Some kinds of biological analysis 
require accurate assessment of the phenotypic and physiological differences between 
normal cells and genetically affected cells in an identical genetic background. Even if normal 
cells were available from a patient with a genetic dysfunction, it might be difficult to 
compare the iPS cell line established from the affected tissue with that established from 
neighboring unaffected tissue because of the wide clonal variation among the iPS clones 
established through factor-mediated reprogramming. Thus genetically manipulated 
pluripotential cells created through knock-out, knock-in, transgene, or another molecular 
engineering technology might still provide some advantage over iPS cells because normal 
controls for the manipulated cells are always available. 

3. General chromosome manipulation tools 
3.1 Cre-loxP system 
The Cre-loxP system is particularly useful for creating new chromosomes carrying site-
specific deletions, duplications, inversions and translocations. A single loxP site contains 
two 13-bp inverted repeats (5’-ATAACTTCGTATA-3’ and 5’-TATACGAAGTTAT-3’) 
flanking an asymmetric 8-bp core sequence (5’-GCATACAT-3’). The central core sequence 
defines the orientation of the loxP site. Thus the core sequence in inverted-loxP can be 
described as 5’-ATGTATGC-3’. One Cre (causes recombination) recombinase monomer 
binds each inverted repeat. The synaptic complex is first formed through dimerization of the 
loxP-bound Cre molecules, and then Cre catalyzes DNA strand exchange between the 
homologous core regions via a Holliday intermediate. Only when two sites are placed as 
direct repeats on the same DNA strand does Cre induce restricted deletion of the DNA 
placed between the two loxP sites. Using this system, the targeting of a specific undesired 
DNA sequence can be Cre-dependently induced in a specific tissue type or cell type both in 
vivo and in vitro (Branda & Dymecki, 2004; Mills & Bradley, 2001). The Cre-loxP system also 
enables the induction of chromosome-wide recombination in cis, leading to megabase 
deletion, and can induce interchromosomal exchange between any loxP-tagged 
chromosomes, resulting in targeted chromosomal reciprocal translocation. Such in-trans 
recombination is induced to allow transfected exogenous sequences to integrate into the 
host genome through mitotic recombination at loxP sites (Figure 1A). 
In addition from the experimental machinery, a native cellular mechanism for mitotic 
recombination exists in mammalian cells. For spontaneous mitotic recombination to occur, 
two DNA strands possessing high similarity first align spontaneously in a nucleus and then 
are exchanged through the repair of spontaneous DNA double-strand breaks between them.  
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them several other EG cell-like characteristics, including the following: (1) reactivation of 
inactivated X chromosome derived from female somatic cells, (2) competence for embryonic 
development, (3) deletion of genome-wide DNA cytosine methylation, (4) deletion of 
methylation marks from several imprinted and non-imprinted genes, and (5) demonstrable 
reactivation of the repressed paternally imprinted allele of Peg1/Mest.  
We then showed that somatic cells can acquire a pluripotent state after being fused with 
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reporter transgene driven by the promoter of mouse Oct4, we monitored Oct4 reactivation 
by an Oct4–gfp reporter. In contrast to germ cells, mouse ES cells do not possess 
demethylation activity for imprinted genes in fused tetraploid cells, as far as we could 
determine. Interestingly, methylation imprints on mouse ES cell chromosomes were erased 
in the hybrid cells made from mouse gonadal EG cells. This evidence shows that mouse EG 
cells possess dominant factors leading to the erasure of methylation imprints. The latter 
fusion experiments included our first use of intersubspecies hybrid cells, made from Mus 
musculus domesticus ES cells and Mus musculus molossinus thymocytes (Tada et al., 2003; 
Kimura et al., 2004; Kimura et al., 2002; Hatano et al., 2005). Frequent DNA sequence 
polymorphisms between these two subspecies allowed us to monitor the origin of the RNA 
and DNA derived from the somatic nuclei of the tetraploid hybrid cells. Using this mouse 
ES cell-somatic cell fusion system, we demonstrated (6) reactivation of some pluripotency-
associated genes derived from somatic genomes (i.e., Oct4, Nanog, and Tsix) and (7) 
conversion of histone modification of somatic cell-derived chromatin to a pluripotent state. 
The reprogrammed somatic genomes in the hybrid cells made from mouse ES cells became 
hyperacetylated at histones H4 and H3 and globally dimethylated and trimethylated, with 
respect to the lysine residue K4, at H3. Such epigenetics are known as typical modifications 
for transcriptionally active regions. Later, another group demonstrated that overexpression 
of Nanog substantially enhanced fusion-based nuclear reprogramming (Silva et al., 2006). 
Nanog is known to be an important transcriptional factor involved in maintaining 
pluripotency (Chambers et al., 2003; Mitsui et al., 2003). We have previously shown that 
Nanog expression is controlled by Oct4 and Sox2 (Kuroda et al., 2006), which regulate the 
pluripotency of mouse ES cells in a dose-dependent manner (Hatano et al., 2005). Thus, we 
expected that two copies of endogenous Nanog mRNA might not be sufficient to make the 
tetraploid cells pluripotent during the initial full cell cycles after cell fusion with somatic 
cells when extrinsic Nanog was fully reprogrammed. We addressed this question by 
attempting the complete elimination of two copies of mouse ES cell-derived Nanog-bearing 
chromosome 6s in ES cell-somatic cell hybrid cells (Matsumura et al., 2007). The results 
clearly demonstrated that Nanog expression from reprogrammed somatic genomes could 
efficiently maintain pluripotency in mouse ES cell-somatic cell hybrid cells, but that at least 
three out of four copies of chromosome 6s were required to keep tetraploid cells pluripotent. 
This will be discussed in greater detail below. 
ES cell-specific epigenetic profiles are predominantly regulated by intrinsic factors, so that 
the host cell’s epigenotypes can be exposed to foreign DNAs and histones in ES cell-somatic 
cell hybrids. Several reprogramming core factors have already been identified, including 
Oct4, Sox2, c-Myc, and Klf4 (OSCK). Overexpression of OSCK or OSK via virus- or nonvirus-
mediated gene transformation can reprogram mouse and human somatic cells into 
pluripotential cells; cells reprogrammed through this means are known as iPS cells 
(Nakagawa et al., 2008; Takahashi et al., 2007a; Takahashi et al., 2007b; Takahashi & 
Yamanaka, 2006). The use of this in-vitro somatic reprogramming technology to produce 
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human iPS cells is expected to be the long-awaited breakthrough that will allow researchers 
to produce syngenic tissue cells from personalized stem cells obtained from patients who 
require tissue-cell transplants. In the clinical setting, the propensity of iPS cells to form 
tumors is the main problem remaining to be solved, but functional somatic cells derived 
from human iPS cells could contribute to in-vitro analysis. Human iPS cells are currently 
regarded as a promising tool, satisfying the pharmacological industry‘s need for scalability 
and physiological relevance. Many researchers are planning to acquire patient-specific 
human iPS cell lines from somatic cells carrying genetic dysfunctions in order to develop 
medical compounds or gene therapies that reduce the symptoms associated with these 
genetic dysfunctions. Primary cultured somatic cells derived from patients are now 
becoming available from cell banks, helping us to produce models of gene therapy or 
chromosome-mediated therapy based on human iPS cells. Some kinds of biological analysis 
require accurate assessment of the phenotypic and physiological differences between 
normal cells and genetically affected cells in an identical genetic background. Even if normal 
cells were available from a patient with a genetic dysfunction, it might be difficult to 
compare the iPS cell line established from the affected tissue with that established from 
neighboring unaffected tissue because of the wide clonal variation among the iPS clones 
established through factor-mediated reprogramming. Thus genetically manipulated 
pluripotential cells created through knock-out, knock-in, transgene, or another molecular 
engineering technology might still provide some advantage over iPS cells because normal 
controls for the manipulated cells are always available. 

3. General chromosome manipulation tools 
3.1 Cre-loxP system 
The Cre-loxP system is particularly useful for creating new chromosomes carrying site-
specific deletions, duplications, inversions and translocations. A single loxP site contains 
two 13-bp inverted repeats (5’-ATAACTTCGTATA-3’ and 5’-TATACGAAGTTAT-3’) 
flanking an asymmetric 8-bp core sequence (5’-GCATACAT-3’). The central core sequence 
defines the orientation of the loxP site. Thus the core sequence in inverted-loxP can be 
described as 5’-ATGTATGC-3’. One Cre (causes recombination) recombinase monomer 
binds each inverted repeat. The synaptic complex is first formed through dimerization of the 
loxP-bound Cre molecules, and then Cre catalyzes DNA strand exchange between the 
homologous core regions via a Holliday intermediate. Only when two sites are placed as 
direct repeats on the same DNA strand does Cre induce restricted deletion of the DNA 
placed between the two loxP sites. Using this system, the targeting of a specific undesired 
DNA sequence can be Cre-dependently induced in a specific tissue type or cell type both in 
vivo and in vitro (Branda & Dymecki, 2004; Mills & Bradley, 2001). The Cre-loxP system also 
enables the induction of chromosome-wide recombination in cis, leading to megabase 
deletion, and can induce interchromosomal exchange between any loxP-tagged 
chromosomes, resulting in targeted chromosomal reciprocal translocation. Such in-trans 
recombination is induced to allow transfected exogenous sequences to integrate into the 
host genome through mitotic recombination at loxP sites (Figure 1A). 
In addition from the experimental machinery, a native cellular mechanism for mitotic 
recombination exists in mammalian cells. For spontaneous mitotic recombination to occur, 
two DNA strands possessing high similarity first align spontaneously in a nucleus and then 
are exchanged through the repair of spontaneous DNA double-strand breaks between them.  
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Fig. 1. Chromosome engineering technologies by means of Cre-loxP system. (A) Targeted 
insertion of loxP sites is practically used to induce a chromosome-wide deletion or a 
reciprocal translocation. Using sequential gene targeting, two loxP sites are introduced into 
two regions on the same or different chromosomes, resulting in chromosome-wide deletion 
or chromosome translocation, respectively. A loxP are often combined with 5' portion of a 
marker gene, while the other one are combined with the remaining portion of the marker 
gene. The marker genes reconstructed by exon fusion permit cell growth of the Cre 
recombinants. The Cre-loxP system is also applied to induce chromosome translocation 
between a desired chromosomal segment and an HAC vector. (B) Cre-inverted loxP system 
is used to induce elimination of the targeted chromosomes in the living cells. This system 
often induces inversion of the DNA region that has been placed between two loxP sites. 

When two different chromosomes are targets of mitotic recombination, the daughter cell 
received a new recombinant created through balanced reciprocal translocation. In other 
cases, mitotic recombination causes the production of daughter cells carrying uniparental 
disomy. Even if recombinant cells do not contain any genetic imbalance, uniparental disomy 
sometimes causes detrimental effects because of the genomic imprinting phenomenon in 
mammals. Genomic imprinting, also known as epigenetic marking, leads to exclusive 
uniparental expression of the imprinted genes. Thus, uniparental disomy of imprinted 
regions causes either overexpression or nonexpression of the imprinted genes.  

3.2 Cre-inverted loxP system 
In the Cre-inverted loxP system, on the other hand, where the core sequence of the second 
loxP site is inverted, the DNA array placed between two loxP sites is often inverted through 
parallel synapses and recombination at the loxP sites located on the same DNA strand (Spitz 
et al., 2005). This inversion event yields intact recombined loxP sites, which will become 
targets of the second recombination. Moreover, Cre can initiate recombination between the 
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loxP sites located on a pair of sister chromatids, resulting in derivation of a dicentric 
chromosome and an acentric chromosome. The subsequent cell divisions yield an 
accumulation of cells exhibiting targeted chromosomal loss (Lewandoski & Martin, 1997) 
(Figure 1B). We have developed CEC plasmid vectors containing a pair of loxP sites in an 
inverted orientation, which reproducibly induced hemizygous or homozyous loss of CEC-
tagged chromosomes (Matsumura et al., 2007; Otsuji et al., 2008). To isolate transformants of 
CEC, a ubiquitously expressed drug-resistant gene and a green fluorescent protein (GFP) 
reporter gene were inserted in the into the Cre-inverted loxP sequence.  

4. Chromosome elimination in mouse pluripotential cells 
In mammalian cells, chromosome composition and gene dosage are kept stable, and large-
scale chromosome-wide deletions are usually fatal. To create a non-fatal large-scale 
chromosomal imbalance, we applied the Cre-inverted-loxP system to tetraploid hybrid cells 
derived from mouse ES cells and somatic cells. As a first step, we prepared multiple stable 
CEC transformants of mouse ES cells, in which CEC-tagged chromosomes become targets of 
selective elimination. In the Cre-inverted loxP system, where the core sequence of the 
second loxP site is inverted, the inverted loxP sites are able to form parallel synapses 
between sister-chromatids after DNA synthesis, which produce a dicentric chromosome and 
an acentric chromosome as Cre-induced recombination products (CRPs). The CRPs are 
visible in many metaphases one to three days after Cre treatment. As a consequence, CRPs 
are eliminated in the course of the cell divisions that follow (Figure 1B). Such targeted 
chromosomal loss has been induced in progeny carrying a Y-transgene and containing an 
accidentally inverted loxP within a multi-copy array of directly repeated loxP sites 
(Lewandoski & Martin, 1997). Thus conditional elimination of targeted chromosomes might 
be technically inducible in mice, though viable offspring cannot be expected if any one of 
the intact autosomal chromosomes is eliminated. 

4.1 Chromosome elimination cassette (CEC) 
The CEC contains a ubiquitously expressed GFP-encoding gene and a drug-resistant gene 
between a loxP site and an inverted loxP site. The reporter genes were intended to allow 
researchers to isolate CEC-transformants as GFP-positive and drug-resistant cells, while Cre 
recombinants missing CEC-tagged chromosomes can be selectively obtained as GFP-
negative cells through fluorescence activated cell sorting (FACS). Each sorted cell can be 
clonally expanded as an independent Cre-recombination product for further analysis.  

4.2 Methods 
4.2.1 CEC-tagging 
Two kinds of CECs and their transgenic ES cell lines have been created: pCEC-CAG-
gfp/IRES.puro-pA (CECpuro) and pCEC-Pgk-neo/IRES.gfp-pA (CECneo). The linealized 
DNAs of CECpuro and CECneo were electroporated into mouse ES cells to allow for the 
isolation of transformants through purimycin and G418, respectively. The transformants of 
linealized CEC vector DNA were isolated from HM1 mouse ES cells (129/Ola: Mus musculus 
domesticus) deficient in the Hprt gene. In such cases, CEC can be introduced into the desired 
part of the chromosome by homologous recombination. Thus fused cells created from 
mouse ES cells and wild-type somatic cells were isolated by means of HAT selection 
medium. All of the stable transformants were analyzed for their CEC-integration sites using 
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insertion of loxP sites is practically used to induce a chromosome-wide deletion or a 
reciprocal translocation. Using sequential gene targeting, two loxP sites are introduced into 
two regions on the same or different chromosomes, resulting in chromosome-wide deletion 
or chromosome translocation, respectively. A loxP are often combined with 5' portion of a 
marker gene, while the other one are combined with the remaining portion of the marker 
gene. The marker genes reconstructed by exon fusion permit cell growth of the Cre 
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is used to induce elimination of the targeted chromosomes in the living cells. This system 
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When two different chromosomes are targets of mitotic recombination, the daughter cell 
received a new recombinant created through balanced reciprocal translocation. In other 
cases, mitotic recombination causes the production of daughter cells carrying uniparental 
disomy. Even if recombinant cells do not contain any genetic imbalance, uniparental disomy 
sometimes causes detrimental effects because of the genomic imprinting phenomenon in 
mammals. Genomic imprinting, also known as epigenetic marking, leads to exclusive 
uniparental expression of the imprinted genes. Thus, uniparental disomy of imprinted 
regions causes either overexpression or nonexpression of the imprinted genes.  

3.2 Cre-inverted loxP system 
In the Cre-inverted loxP system, on the other hand, where the core sequence of the second 
loxP site is inverted, the DNA array placed between two loxP sites is often inverted through 
parallel synapses and recombination at the loxP sites located on the same DNA strand (Spitz 
et al., 2005). This inversion event yields intact recombined loxP sites, which will become 
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loxP sites located on a pair of sister chromatids, resulting in derivation of a dicentric 
chromosome and an acentric chromosome. The subsequent cell divisions yield an 
accumulation of cells exhibiting targeted chromosomal loss (Lewandoski & Martin, 1997) 
(Figure 1B). We have developed CEC plasmid vectors containing a pair of loxP sites in an 
inverted orientation, which reproducibly induced hemizygous or homozyous loss of CEC-
tagged chromosomes (Matsumura et al., 2007; Otsuji et al., 2008). To isolate transformants of 
CEC, a ubiquitously expressed drug-resistant gene and a green fluorescent protein (GFP) 
reporter gene were inserted in the into the Cre-inverted loxP sequence.  

4. Chromosome elimination in mouse pluripotential cells 
In mammalian cells, chromosome composition and gene dosage are kept stable, and large-
scale chromosome-wide deletions are usually fatal. To create a non-fatal large-scale 
chromosomal imbalance, we applied the Cre-inverted-loxP system to tetraploid hybrid cells 
derived from mouse ES cells and somatic cells. As a first step, we prepared multiple stable 
CEC transformants of mouse ES cells, in which CEC-tagged chromosomes become targets of 
selective elimination. In the Cre-inverted loxP system, where the core sequence of the 
second loxP site is inverted, the inverted loxP sites are able to form parallel synapses 
between sister-chromatids after DNA synthesis, which produce a dicentric chromosome and 
an acentric chromosome as Cre-induced recombination products (CRPs). The CRPs are 
visible in many metaphases one to three days after Cre treatment. As a consequence, CRPs 
are eliminated in the course of the cell divisions that follow (Figure 1B). Such targeted 
chromosomal loss has been induced in progeny carrying a Y-transgene and containing an 
accidentally inverted loxP within a multi-copy array of directly repeated loxP sites 
(Lewandoski & Martin, 1997). Thus conditional elimination of targeted chromosomes might 
be technically inducible in mice, though viable offspring cannot be expected if any one of 
the intact autosomal chromosomes is eliminated. 

4.1 Chromosome elimination cassette (CEC) 
The CEC contains a ubiquitously expressed GFP-encoding gene and a drug-resistant gene 
between a loxP site and an inverted loxP site. The reporter genes were intended to allow 
researchers to isolate CEC-transformants as GFP-positive and drug-resistant cells, while Cre 
recombinants missing CEC-tagged chromosomes can be selectively obtained as GFP-
negative cells through fluorescence activated cell sorting (FACS). Each sorted cell can be 
clonally expanded as an independent Cre-recombination product for further analysis.  

4.2 Methods 
4.2.1 CEC-tagging 
Two kinds of CECs and their transgenic ES cell lines have been created: pCEC-CAG-
gfp/IRES.puro-pA (CECpuro) and pCEC-Pgk-neo/IRES.gfp-pA (CECneo). The linealized 
DNAs of CECpuro and CECneo were electroporated into mouse ES cells to allow for the 
isolation of transformants through purimycin and G418, respectively. The transformants of 
linealized CEC vector DNA were isolated from HM1 mouse ES cells (129/Ola: Mus musculus 
domesticus) deficient in the Hprt gene. In such cases, CEC can be introduced into the desired 
part of the chromosome by homologous recombination. Thus fused cells created from 
mouse ES cells and wild-type somatic cells were isolated by means of HAT selection 
medium. All of the stable transformants were analyzed for their CEC-integration sites using 
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the fluorescence-in-situ-hybridization (FISH) method. The location of FISH signals was 
determined on the basis of the G-banded pattern of the chromosomes. By now, CEC 
integration sites have been observed on 13 chromosomes out of the 19 pairs of autosomes 
and sex chromosomes of laboratory mice. These mapping data and chromosome 
identifications have been reported previously (Tada et al., 2009). The CEC-tagged 
chromosomes could be future targets for creating monosomy or uniparental disomy in a 
Cre-dependent manner. 

4.2.2 Whole cell fusion 
ES cell-like hybrid cells derived from mouse ES cells and mouse somatic cells are obtained 
by means of electric fusion followed by HAT selection. The electric fusion protocol has been 
described previously (Tada & Tada, 2006a, b). Only Hprt-positive cells can grow in HAT 
selection medium, so its use results in selective growth of the fused cells derived from Hprt-
negative ES cells and wild-type somatic cells. Hybrid cells derived from CECneo-transgenic 
ES cells and CECpuro-transgenic ES cells can be isolated through co-treatment with G418 
and puromycine after electric cell fusion. JF1 mice possessing a Mus musculus molossinus 
genetic background were often used as somatic cell donors so that the origin of the 
chromosomes derived from somatic cells in the tetraploid cells could be determined. 

4.2.3 Cre treatment 
The Cre expression vector pCMV-cre (Gibco-BRL, Invitrogen, Carlsbad, CA, USA) was 
modified into pCAG-cre and then transfected into CEC-tagged mouse ES cell hybrid cells by 
means of Lipofectamine™ 2000 (Invitrogen) or Nucleofector® (Amaxa, Basel, Switzerland). 
The best program and DNA content for nucleofection were A13 and 5 mg of DNA to 2x106 
cells. A high transfection rate was obtained: more than 60% of surviving cells showed 
transgene expression within one day after nucleofection. Consistent with this data, efficient 
induction of CRPs of CEC chromosomes was recorded one day after nucleofection. Further, 
multi-day culture yielded an accumulation of cells missing CEC-tagged chromosomes. 

4.3 Whole chromosome elimination 
First, we attempted single chromosome elimination in CECpuro transformants of mouse ES 
cell hybrid cells with mouse somatic cells (Matsumura et al., 2007). After conventional 
lipofection of the Cre expression vector, GFP-negative cells were isolated by FACS. All 
clones proliferated from a single GFP-negative cell were used for FISH analysis. The results 
clearly showed that CEC-tagged chromosomes were selectively eliminated in a Cre-
dependent manner. Next we attempted to eliminate two chromosomes at once (Otsuji et al., 
2008). We generated four sets of fusion clones derived from CECpuro-tagged mouse ES cells 
and CECneo-tagged mouse ES cells through cell selection with G418 and puromycin. In the 
case of the fused mES cells containing both CECpuro-tagged chromosome 12 and CECneo-
tagged chromosome 17 (CEC12/17), flowcytometric analysis after conventional lipofection 
of the Cre expression vector showed only a 5% increase in GFP-negative cells in 7-day-old 
cultures. After nucleofection of the Cre expression vector, in contrast, nearly 50% of Cre-
treated cells were GFP-negative hybrid cells. FACS-mediated isolation of GFP-negative cells 
was successively achieved by recovering the 78,XXYY, -12, -17 cell clones as Cre-
recombinants with 96% purity from 80,XXYY tetraploid cells containing four chromosome 
12s and four chromosome 17s. Similarly, we detected the loss of one set of chromosomes 
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each from CEC11/17, CEC6/11 and CEC6/12 through FISH chromosome painting. In these 
hybrid cells, asynchronous chromosomal loss was also observed, even though two CEC 
regions were exposed to Cre activity in the same nucleus. This asynchrony gradually 
decreased over 5 days, however. In any case, following the DNA replication stages will 
provide Cre enzymes with access to loxP sites. As a next step, we need to precisely identify 
the kinds of autosomes to which chromosome elimination technology can be applied. 

4.4 Homozygotic chromosome elimination 
CEC6 mouse ES cells were created by means of the homologous recombination technology 
known as knock-in, through which CECneo vector was inserted into the Rosa26 locus on 
mouse chromosome 6 (Matsumura et al., 2007). We prepared mouse ES cells that were 
homozyous for a CEC-tagged region through either mitotic recombination between 
homologous chromosomes or a combination of loss of wild-type chromosome and 
duplication of CEC-tagged chromosomes. Because there are two expressed copies of neo in a 
CECneo transformant, the homozygotes created from this transformant can be grown in the 
presence of high doses of G418. Using this system, we tried to demonstrate that the 
reprogrammed chromosome 6s derived from JF1 somatic cells could maintain an 
undifferentiated state without mouse ES cell-derived chromosome 6s as mentioned above.  
Cre recombinants missing both copies of chromosome 6s derived from mouse ES cells only 
expressed Nanog mRNA from JF1-derived chromosome 6s, and maintained their 
pluripotency. This fact clearly demonstrates that reprogrammed somatic chromosomes can 
functionally replace the ES chromosomes in hybrid cells derived from mouse ES cells and 
somatic cells. For tetraploid cells to survive and maintain their self-renewing potency, 
however, three copies of chromosome 6s were likely to be required. We found that every 
Cre-transformant possessed three chromosome 6s due to spontaneous duplication of 
somatic chromosome 6. Thus epigenetic reprogramming of the somatic cell–derived Nanog 
gene is sufficient, but the group of genes encoding chromosome 6 including Nanog might be 
sensitive to gene-dosage regulation.  

4.5 Partial chromosome deletion 
Theoretically, in the Cre-inverted loxP system, partial chromosomal deletions are not 
expected. Nevertheless, more than 30% of CEC6 mouse ES cells were observed to have 
turned into GFP-negative cells in 5-day-old Cre recombinants due to partial deletion, 
whereas whole chromosomal loss occurred at low frequencies (around 5%). It is therefore 
evident that the frequencies of regional mitotic recombination between short identical 
sequences in the genomic region of chromosome 6s are enhanced via a scaffold formation 
through Cre-mediated antiparallel cohesion between loxP sites (Otsuji et al., 2008). Thus a 
small deletion is less likely to be fatal; in fact, some diploid Cre recombinants isolated from 
CEC6 mouse ES cells maintained their self-renewing potencies and expressed both Nanog 
and Oct4. The Rosa26 locus occurs close to the mouse von Hippel-Lindau tumor suppressor 
gene Vh1h, an orthologue of human VHL, which is located on human chromosome 3p25.5. 
Null mutation coupled with germline mutation and chromosomal deletion of the VHL gene 
have been reported in familial VHL syndrome, which predisposes affected persons to 
malignant or benign tumors (Maher & Kaelin, 1997; McGrath et al., 1992; Latif et al., 1993). 
Based on these cytogenetic reports, VHL syndrome is also known as 3p- syndrome (Sherr, 
2004). In mice, heterozygotic loss of Vhl1 is sufficient to predispose affected mice to vascular 
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the fluorescence-in-situ-hybridization (FISH) method. The location of FISH signals was 
determined on the basis of the G-banded pattern of the chromosomes. By now, CEC 
integration sites have been observed on 13 chromosomes out of the 19 pairs of autosomes 
and sex chromosomes of laboratory mice. These mapping data and chromosome 
identifications have been reported previously (Tada et al., 2009). The CEC-tagged 
chromosomes could be future targets for creating monosomy or uniparental disomy in a 
Cre-dependent manner. 

4.2.2 Whole cell fusion 
ES cell-like hybrid cells derived from mouse ES cells and mouse somatic cells are obtained 
by means of electric fusion followed by HAT selection. The electric fusion protocol has been 
described previously (Tada & Tada, 2006a, b). Only Hprt-positive cells can grow in HAT 
selection medium, so its use results in selective growth of the fused cells derived from Hprt-
negative ES cells and wild-type somatic cells. Hybrid cells derived from CECneo-transgenic 
ES cells and CECpuro-transgenic ES cells can be isolated through co-treatment with G418 
and puromycine after electric cell fusion. JF1 mice possessing a Mus musculus molossinus 
genetic background were often used as somatic cell donors so that the origin of the 
chromosomes derived from somatic cells in the tetraploid cells could be determined. 

4.2.3 Cre treatment 
The Cre expression vector pCMV-cre (Gibco-BRL, Invitrogen, Carlsbad, CA, USA) was 
modified into pCAG-cre and then transfected into CEC-tagged mouse ES cell hybrid cells by 
means of Lipofectamine™ 2000 (Invitrogen) or Nucleofector® (Amaxa, Basel, Switzerland). 
The best program and DNA content for nucleofection were A13 and 5 mg of DNA to 2x106 
cells. A high transfection rate was obtained: more than 60% of surviving cells showed 
transgene expression within one day after nucleofection. Consistent with this data, efficient 
induction of CRPs of CEC chromosomes was recorded one day after nucleofection. Further, 
multi-day culture yielded an accumulation of cells missing CEC-tagged chromosomes. 

4.3 Whole chromosome elimination 
First, we attempted single chromosome elimination in CECpuro transformants of mouse ES 
cell hybrid cells with mouse somatic cells (Matsumura et al., 2007). After conventional 
lipofection of the Cre expression vector, GFP-negative cells were isolated by FACS. All 
clones proliferated from a single GFP-negative cell were used for FISH analysis. The results 
clearly showed that CEC-tagged chromosomes were selectively eliminated in a Cre-
dependent manner. Next we attempted to eliminate two chromosomes at once (Otsuji et al., 
2008). We generated four sets of fusion clones derived from CECpuro-tagged mouse ES cells 
and CECneo-tagged mouse ES cells through cell selection with G418 and puromycin. In the 
case of the fused mES cells containing both CECpuro-tagged chromosome 12 and CECneo-
tagged chromosome 17 (CEC12/17), flowcytometric analysis after conventional lipofection 
of the Cre expression vector showed only a 5% increase in GFP-negative cells in 7-day-old 
cultures. After nucleofection of the Cre expression vector, in contrast, nearly 50% of Cre-
treated cells were GFP-negative hybrid cells. FACS-mediated isolation of GFP-negative cells 
was successively achieved by recovering the 78,XXYY, -12, -17 cell clones as Cre-
recombinants with 96% purity from 80,XXYY tetraploid cells containing four chromosome 
12s and four chromosome 17s. Similarly, we detected the loss of one set of chromosomes 
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each from CEC11/17, CEC6/11 and CEC6/12 through FISH chromosome painting. In these 
hybrid cells, asynchronous chromosomal loss was also observed, even though two CEC 
regions were exposed to Cre activity in the same nucleus. This asynchrony gradually 
decreased over 5 days, however. In any case, following the DNA replication stages will 
provide Cre enzymes with access to loxP sites. As a next step, we need to precisely identify 
the kinds of autosomes to which chromosome elimination technology can be applied. 

4.4 Homozygotic chromosome elimination 
CEC6 mouse ES cells were created by means of the homologous recombination technology 
known as knock-in, through which CECneo vector was inserted into the Rosa26 locus on 
mouse chromosome 6 (Matsumura et al., 2007). We prepared mouse ES cells that were 
homozyous for a CEC-tagged region through either mitotic recombination between 
homologous chromosomes or a combination of loss of wild-type chromosome and 
duplication of CEC-tagged chromosomes. Because there are two expressed copies of neo in a 
CECneo transformant, the homozygotes created from this transformant can be grown in the 
presence of high doses of G418. Using this system, we tried to demonstrate that the 
reprogrammed chromosome 6s derived from JF1 somatic cells could maintain an 
undifferentiated state without mouse ES cell-derived chromosome 6s as mentioned above.  
Cre recombinants missing both copies of chromosome 6s derived from mouse ES cells only 
expressed Nanog mRNA from JF1-derived chromosome 6s, and maintained their 
pluripotency. This fact clearly demonstrates that reprogrammed somatic chromosomes can 
functionally replace the ES chromosomes in hybrid cells derived from mouse ES cells and 
somatic cells. For tetraploid cells to survive and maintain their self-renewing potency, 
however, three copies of chromosome 6s were likely to be required. We found that every 
Cre-transformant possessed three chromosome 6s due to spontaneous duplication of 
somatic chromosome 6. Thus epigenetic reprogramming of the somatic cell–derived Nanog 
gene is sufficient, but the group of genes encoding chromosome 6 including Nanog might be 
sensitive to gene-dosage regulation.  

4.5 Partial chromosome deletion 
Theoretically, in the Cre-inverted loxP system, partial chromosomal deletions are not 
expected. Nevertheless, more than 30% of CEC6 mouse ES cells were observed to have 
turned into GFP-negative cells in 5-day-old Cre recombinants due to partial deletion, 
whereas whole chromosomal loss occurred at low frequencies (around 5%). It is therefore 
evident that the frequencies of regional mitotic recombination between short identical 
sequences in the genomic region of chromosome 6s are enhanced via a scaffold formation 
through Cre-mediated antiparallel cohesion between loxP sites (Otsuji et al., 2008). Thus a 
small deletion is less likely to be fatal; in fact, some diploid Cre recombinants isolated from 
CEC6 mouse ES cells maintained their self-renewing potencies and expressed both Nanog 
and Oct4. The Rosa26 locus occurs close to the mouse von Hippel-Lindau tumor suppressor 
gene Vh1h, an orthologue of human VHL, which is located on human chromosome 3p25.5. 
Null mutation coupled with germline mutation and chromosomal deletion of the VHL gene 
have been reported in familial VHL syndrome, which predisposes affected persons to 
malignant or benign tumors (Maher & Kaelin, 1997; McGrath et al., 1992; Latif et al., 1993). 
Based on these cytogenetic reports, VHL syndrome is also known as 3p- syndrome (Sherr, 
2004). In mice, heterozygotic loss of Vhl1 is sufficient to predispose affected mice to vascular 
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tumors, while homozygous loss causes embryonic lethality (Gnarra et al., 1997; Haase et al., 
2001). Therefore CEC-tagged mouse ES cell clones may provide materials with which to 
create a loss of heterozygosity (LOH) model in vitro or in vivo by a combination of genetic 
mutation and inducible chromosomal deletion. We have already isolated several CEC-
tagged mouse ES cell clones in which CEC-tagged regions are located near tumor 
suppressor genes, including BRACA1 or TP57 in CEC11Dpuro, BRACA2 in CEC5puro, P16 
and TP73 in CEC4neo, TP53 in CEC7neo, and VHL in CEC6neo (Tada et al., 2009). In large 
chromosomal imbalances, the regions of insertion and deletion disrupt the complex 
interactions of many genes, not only within the chromosomal domains but also in other 
regions (Stallings, 2007). Thus chromosome-wide deletion technology might provide more 
information than simple gene disruption does as a model of deletion-mediated diseases in 
humans.  

4.6 Future research 
It has previously been shown that the frequency of mitotic recombination is about 100 times 
lower in mouse ES cells than it is in adult somatic cells or in isogenic mouse embryonic 
fibroblasts (Cervantes et al., 2002). Homozygous loss also takes place due to uniparental 
disomy induced either by sequential events of mitotic recombination and X segregation or 
by loss of functional chromosomes and duplication of the affected chromosomes. In LOH 
events in somatic cells, mitotic recombination predominates over uniparental disomy 
initiated by loss-and-duplication, for which a high level of nucleotide sequence homology is 
required. Despite the importance of chromosomal recombination in the LOH diseases, little 
is known about the properties of the junctions involved in the chromosomal rearrangements 
or about the responsible enzymes, because of the difficulty of inducing chromosomal 
deletion in vitro and in vivo. In this Cre-inverted loxP system, however, Cre significantly 
enhanced local rates of recombination at CEC-tagged regions. This may help to resolve the 
correlation between intra-chromosomal deletion events and either the flexibility of 
chromatin or the accumulation of junction sequences responsible for mitotic recombination. 
The application of CEC technology to diploid cells could help to isolate recombinants as 
GFP-negative clones passing through mitotic recombination more frequently rather than 
undergoing spontaneous recombination. This might promote better understanding of the 
modulator sequences responsible for the tangle structure formation and its solution 
mechanism that induces mitotic recombination leading to chromosomal deletions. It is clear 
that Cre-mediated cohesion enhances the rate of intra-chromosomal recombination in this 
region, but Cre is probably not involved in DNA strand exchange. Identifying the cellular 
factors that catalyze these recombination events will help resolve the mechanisms 
underlying the progression of cancers through chromosomal rearrangements. 

5. Chromosome transfer into pluripotential cells 
In early gene manipulation techniques, mRNA coding regions were introduced and 
ubiquitously expressed in a given set of cells. As a next step, endogenous transcriptional 
regulatory elements were connected to the open reading frames of the genes and used for 
developmental or tissue-specific expression. Now, to mimic the physiological expression 
profile of a certain gene, 100 kilobasepairs of genomic DNA are introduced into mammalian 
cells using bacterial artificial chromosome (BAC), P1-bacteriophage artificial chromosome 
(PAC), or Yeast artificial chromosome (YAC). Recently, there has arisen a need to realize the 
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development of larger-capacity carriers for genes or gene clusters spanning a genomic 
region as large as a megabase. In one example, a chromosomal region comprises a major 
part of the gene function shared by many genes classified as a gene family. In another 
example, splicing forms are regulated tissue-specifically, so that a single form may be 
functionally divergent when expressed in different tissues. In immunoglobin genes, 
moreover, VDJ segments are recombined from a vast variety of the choices aligned in 
tandem over a wide chromosomal region. To induce VDJ recombination against a specific 
immunogen under physiological conditions, this whole chromosomal region should be 
introduced to the host cells to make them suitable for further use. Thus the development of 
a chromosome-wide gene transfer system would bring researchers a new genetic tool to 
analyze a proper function as seen in vivo. Human chromosome segments have been 
introduced not only into human host cells but also into mouse, avian, and other types of 
host cells. It is evident that human chromosome segments function in the trans-chromosome 
mice that are created via trans-chromosome mouse ES cells. There have recently been 
preliminary reports claiming the creation of transchromosomic animals producing a diverse 
repertoire of human immunoglobulin (Kuroiwa et al., 2002; Tomizuka et al., 2000; Tomizuka 
et al., 1997). Theoretically, depending on the size and region of the chromosome segment in 
question, an extra chromosome can contribute to half of the progeny through meiosis. 

5.1 Chromosome manipulation 

Centromeres, together with telomeres, are essential for segregation during cell division in 
any eukaryotic chromosome. Telomere function is also required in each of the ends to 
ensure chromosomal stability. Thus, chromosomal vectors have been created as “mini-
chromosomes“, each containing a short chromosome segment containing a loxP site, a 
human chromosome-derived centromere, and two telomere ends enclosing them. A 
telomere consists of an array of short tandem repeats, (TTAGGG)n in humans, which form a 
closed loop and protect chromosome ends. Through targeted insertion of telomere repeats, a 
new chromosome end can be created at a desired position in the chromosome. Native 
centromeres from human chromosomes that are involved in vectors are likely to behave as 
endogenous chromosomes. Vectors containing such chromosomes are called human 
artificial chromosome (HAC) vectors. 

5.2 Human artificial chromosome (HAC) vector 
A loxP site has been introduced into the HAC to allow for Cre-mediated site-specific 
insertion of circular DNAs at the beginning of the HAC (Dieken et al., 1996; Kuroiwa et al., 
2000). Transgenes can therefore be introduced into these loxP sites by Cre-mediated lateral 
recombination with a loxP site located on a plasmid-, BAC-, or PAC-vector. The acceptor 
loxP site on the HAC can later be used for various purposes, such as a platform for 
megabase-level chromosomal segments. To insert the desired chromosomal segment into 
the HAC, one end of each defined chromosomal region is truncated by telomere insertion, 
while the other end is tagged by a donor loxP site. The loxP-tagged intact or truncated 
chromosome is introduced into the HAC-containing host cells. Transient Cre expression is 
then able to combine an HAC and a donor chromosomal segment at a loxP site, leading to 
the creation of an HAC containing an extra-chromosomal segment. Recombinants can be 
selectively grown through culturing with drugs to create a complete drug-resistant gene by 
exon fusion technology. HACs can be introduced into mouse ES cells through MMCT 
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tumors, while homozygous loss causes embryonic lethality (Gnarra et al., 1997; Haase et al., 
2001). Therefore CEC-tagged mouse ES cell clones may provide materials with which to 
create a loss of heterozygosity (LOH) model in vitro or in vivo by a combination of genetic 
mutation and inducible chromosomal deletion. We have already isolated several CEC-
tagged mouse ES cell clones in which CEC-tagged regions are located near tumor 
suppressor genes, including BRACA1 or TP57 in CEC11Dpuro, BRACA2 in CEC5puro, P16 
and TP73 in CEC4neo, TP53 in CEC7neo, and VHL in CEC6neo (Tada et al., 2009). In large 
chromosomal imbalances, the regions of insertion and deletion disrupt the complex 
interactions of many genes, not only within the chromosomal domains but also in other 
regions (Stallings, 2007). Thus chromosome-wide deletion technology might provide more 
information than simple gene disruption does as a model of deletion-mediated diseases in 
humans.  

4.6 Future research 
It has previously been shown that the frequency of mitotic recombination is about 100 times 
lower in mouse ES cells than it is in adult somatic cells or in isogenic mouse embryonic 
fibroblasts (Cervantes et al., 2002). Homozygous loss also takes place due to uniparental 
disomy induced either by sequential events of mitotic recombination and X segregation or 
by loss of functional chromosomes and duplication of the affected chromosomes. In LOH 
events in somatic cells, mitotic recombination predominates over uniparental disomy 
initiated by loss-and-duplication, for which a high level of nucleotide sequence homology is 
required. Despite the importance of chromosomal recombination in the LOH diseases, little 
is known about the properties of the junctions involved in the chromosomal rearrangements 
or about the responsible enzymes, because of the difficulty of inducing chromosomal 
deletion in vitro and in vivo. In this Cre-inverted loxP system, however, Cre significantly 
enhanced local rates of recombination at CEC-tagged regions. This may help to resolve the 
correlation between intra-chromosomal deletion events and either the flexibility of 
chromatin or the accumulation of junction sequences responsible for mitotic recombination. 
The application of CEC technology to diploid cells could help to isolate recombinants as 
GFP-negative clones passing through mitotic recombination more frequently rather than 
undergoing spontaneous recombination. This might promote better understanding of the 
modulator sequences responsible for the tangle structure formation and its solution 
mechanism that induces mitotic recombination leading to chromosomal deletions. It is clear 
that Cre-mediated cohesion enhances the rate of intra-chromosomal recombination in this 
region, but Cre is probably not involved in DNA strand exchange. Identifying the cellular 
factors that catalyze these recombination events will help resolve the mechanisms 
underlying the progression of cancers through chromosomal rearrangements. 

5. Chromosome transfer into pluripotential cells 
In early gene manipulation techniques, mRNA coding regions were introduced and 
ubiquitously expressed in a given set of cells. As a next step, endogenous transcriptional 
regulatory elements were connected to the open reading frames of the genes and used for 
developmental or tissue-specific expression. Now, to mimic the physiological expression 
profile of a certain gene, 100 kilobasepairs of genomic DNA are introduced into mammalian 
cells using bacterial artificial chromosome (BAC), P1-bacteriophage artificial chromosome 
(PAC), or Yeast artificial chromosome (YAC). Recently, there has arisen a need to realize the 
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development of larger-capacity carriers for genes or gene clusters spanning a genomic 
region as large as a megabase. In one example, a chromosomal region comprises a major 
part of the gene function shared by many genes classified as a gene family. In another 
example, splicing forms are regulated tissue-specifically, so that a single form may be 
functionally divergent when expressed in different tissues. In immunoglobin genes, 
moreover, VDJ segments are recombined from a vast variety of the choices aligned in 
tandem over a wide chromosomal region. To induce VDJ recombination against a specific 
immunogen under physiological conditions, this whole chromosomal region should be 
introduced to the host cells to make them suitable for further use. Thus the development of 
a chromosome-wide gene transfer system would bring researchers a new genetic tool to 
analyze a proper function as seen in vivo. Human chromosome segments have been 
introduced not only into human host cells but also into mouse, avian, and other types of 
host cells. It is evident that human chromosome segments function in the trans-chromosome 
mice that are created via trans-chromosome mouse ES cells. There have recently been 
preliminary reports claiming the creation of transchromosomic animals producing a diverse 
repertoire of human immunoglobulin (Kuroiwa et al., 2002; Tomizuka et al., 2000; Tomizuka 
et al., 1997). Theoretically, depending on the size and region of the chromosome segment in 
question, an extra chromosome can contribute to half of the progeny through meiosis. 

5.1 Chromosome manipulation 

Centromeres, together with telomeres, are essential for segregation during cell division in 
any eukaryotic chromosome. Telomere function is also required in each of the ends to 
ensure chromosomal stability. Thus, chromosomal vectors have been created as “mini-
chromosomes“, each containing a short chromosome segment containing a loxP site, a 
human chromosome-derived centromere, and two telomere ends enclosing them. A 
telomere consists of an array of short tandem repeats, (TTAGGG)n in humans, which form a 
closed loop and protect chromosome ends. Through targeted insertion of telomere repeats, a 
new chromosome end can be created at a desired position in the chromosome. Native 
centromeres from human chromosomes that are involved in vectors are likely to behave as 
endogenous chromosomes. Vectors containing such chromosomes are called human 
artificial chromosome (HAC) vectors. 

5.2 Human artificial chromosome (HAC) vector 
A loxP site has been introduced into the HAC to allow for Cre-mediated site-specific 
insertion of circular DNAs at the beginning of the HAC (Dieken et al., 1996; Kuroiwa et al., 
2000). Transgenes can therefore be introduced into these loxP sites by Cre-mediated lateral 
recombination with a loxP site located on a plasmid-, BAC-, or PAC-vector. The acceptor 
loxP site on the HAC can later be used for various purposes, such as a platform for 
megabase-level chromosomal segments. To insert the desired chromosomal segment into 
the HAC, one end of each defined chromosomal region is truncated by telomere insertion, 
while the other end is tagged by a donor loxP site. The loxP-tagged intact or truncated 
chromosome is introduced into the HAC-containing host cells. Transient Cre expression is 
then able to combine an HAC and a donor chromosomal segment at a loxP site, leading to 
the creation of an HAC containing an extra-chromosomal segment. Recombinants can be 
selectively grown through culturing with drugs to create a complete drug-resistant gene by 
exon fusion technology. HACs can be introduced into mouse ES cells through MMCT 
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(Fournier & Ruddle, 1977; Koi et al., 1989) as a cell fusion product (Figure 1A). For further 
in-vitro use, HAC transformants could be created using human ES cells and iPS cells. 
5.3 Microcell-mediated chromosome transfer 
First, to manipulate the donor chromosomes, normal mouse or human cells are fused with 
DT40 cells, on which targeting-mediated genetic manipulation is performed. Next, the 
manipulated donor chromosome is transferred from the DT40 hybrids to the HAC-
containing CHO cells by MMCT technology (Kuroiwa et al., 2000). Usually, HAC is 
maintained in the CHO cell line, which is a more capable microcell donor. When the HAC 
uses a centromere of human chromosome 21, the HAC vector is originally constructed in the 
DT40 hybrid cells, in which intact human chromosome 21 is introduced from human 
fibroblasts through cell fusion (Katoh et al., 2004). The HAC vector recombined through Cre 
treatment is maintained in CHO cells. Again, the constructed HAC vectors containing donor 
chromosomal segments are transferred from CHO cells to other recipient cells (Kugoh et al., 
1990) such as mouse A9 cells, mouse ES cells, or the other multipotent or pluripotent cells 
through MMCT using standard procedures. 

5.4 Trisomy 21 
Trisomy 21, the most common live-born human aneuploidy, causes Down's syndrome (DS), 
which encompasses many clinical phenotypes including a reduced incidence of solid 
tumors. An extra copy of human chromosome 21 has been introduced into mouse ES cells 
through MMCT (Shinohara et al., 2001). The authors showed that the progeny of these 
chimeric mice were able to contain human chromosome 21-containing cells after small-scale 
deletion. Chimeric mice showed various degrees of mosaicism as regards the retention of 
human chromosome 21, and there was a high correlation between the retention rate of 
human chromosome 21 in the brain and impairment in learning or emotional behaviors. 
Hypoplastic thymus and cardiac defects were also reported in a considerable number of 
chimeric mouse fetuses, with a high contribution of human chromosome 21 in mouse 
somatic cells. Recently, another group has reported a trans-chromosomic mouse model of 
DS in which tumor angiogenesis is significantly repressed; in particular, in-vitro and in-vivo 
angiogenic responses to vascular endothelial growth factor (VEGF) are inhibited by 
overdose of a set of identified factors transcribed from the three-copy alleles (Reynolds et al., 
2010). The evidence shows that some human genes are able to reproduce their physiological 
functions in mouse cells. 

5.5 Functional compensation through additional chromosome segments  
As mentioned above, Oshimura and colleagues have developed a large number of HAC 
applications for biological analysis in the fields of cancer research, DNA repair, telomere 
research, genomic imprinting, and others. Moreover, they have shown that HAC vector 
could be used for gene therapy to correct insulin deficiency in mice (Suda et al., 2006) and 
Duchenne muscular dystrophy (DMD) in mice and in human immortalized mesenchymal 
stem cells (Hoshiya et al., 2009). The DMD-HAC also functionally replaced the affected 
allele in a mouse DMD model and in patient iPS cells (Kazuki et al., 2010). Therefore,  
the combination of patient-specific iPS cells and an HAC containing the responsible  
genes represents a powerful tool for gene and cell therapies. As previous cases have 
demonstrated, HAC technology may enable us to create animal models using native human 
chromosomes. 
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6. Future research 
In the recent successful applications of this technology, human chromosomal regions were 
transmitted stably to mouse progeny, resulting in the creation of humanized mice for 
desired chromosomal regions, as mentioned above. An important point to consider is that 
horizontal chromosome transfer can realize the exchange of genetic material between 
different strains and species without producing offspring. Combined with chromosome-
wide elimination by means of the Cre-inverted loxP system and chromosome transfer 
technology, the creation of consomic mice derived from different strains might be possible. 
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(Fournier & Ruddle, 1977; Koi et al., 1989) as a cell fusion product (Figure 1A). For further 
in-vitro use, HAC transformants could be created using human ES cells and iPS cells. 
5.3 Microcell-mediated chromosome transfer 
First, to manipulate the donor chromosomes, normal mouse or human cells are fused with 
DT40 cells, on which targeting-mediated genetic manipulation is performed. Next, the 
manipulated donor chromosome is transferred from the DT40 hybrids to the HAC-
containing CHO cells by MMCT technology (Kuroiwa et al., 2000). Usually, HAC is 
maintained in the CHO cell line, which is a more capable microcell donor. When the HAC 
uses a centromere of human chromosome 21, the HAC vector is originally constructed in the 
DT40 hybrid cells, in which intact human chromosome 21 is introduced from human 
fibroblasts through cell fusion (Katoh et al., 2004). The HAC vector recombined through Cre 
treatment is maintained in CHO cells. Again, the constructed HAC vectors containing donor 
chromosomal segments are transferred from CHO cells to other recipient cells (Kugoh et al., 
1990) such as mouse A9 cells, mouse ES cells, or the other multipotent or pluripotent cells 
through MMCT using standard procedures. 

5.4 Trisomy 21 
Trisomy 21, the most common live-born human aneuploidy, causes Down's syndrome (DS), 
which encompasses many clinical phenotypes including a reduced incidence of solid 
tumors. An extra copy of human chromosome 21 has been introduced into mouse ES cells 
through MMCT (Shinohara et al., 2001). The authors showed that the progeny of these 
chimeric mice were able to contain human chromosome 21-containing cells after small-scale 
deletion. Chimeric mice showed various degrees of mosaicism as regards the retention of 
human chromosome 21, and there was a high correlation between the retention rate of 
human chromosome 21 in the brain and impairment in learning or emotional behaviors. 
Hypoplastic thymus and cardiac defects were also reported in a considerable number of 
chimeric mouse fetuses, with a high contribution of human chromosome 21 in mouse 
somatic cells. Recently, another group has reported a trans-chromosomic mouse model of 
DS in which tumor angiogenesis is significantly repressed; in particular, in-vitro and in-vivo 
angiogenic responses to vascular endothelial growth factor (VEGF) are inhibited by 
overdose of a set of identified factors transcribed from the three-copy alleles (Reynolds et al., 
2010). The evidence shows that some human genes are able to reproduce their physiological 
functions in mouse cells. 

5.5 Functional compensation through additional chromosome segments  
As mentioned above, Oshimura and colleagues have developed a large number of HAC 
applications for biological analysis in the fields of cancer research, DNA repair, telomere 
research, genomic imprinting, and others. Moreover, they have shown that HAC vector 
could be used for gene therapy to correct insulin deficiency in mice (Suda et al., 2006) and 
Duchenne muscular dystrophy (DMD) in mice and in human immortalized mesenchymal 
stem cells (Hoshiya et al., 2009). The DMD-HAC also functionally replaced the affected 
allele in a mouse DMD model and in patient iPS cells (Kazuki et al., 2010). Therefore,  
the combination of patient-specific iPS cells and an HAC containing the responsible  
genes represents a powerful tool for gene and cell therapies. As previous cases have 
demonstrated, HAC technology may enable us to create animal models using native human 
chromosomes. 
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6. Future research 
In the recent successful applications of this technology, human chromosomal regions were 
transmitted stably to mouse progeny, resulting in the creation of humanized mice for 
desired chromosomal regions, as mentioned above. An important point to consider is that 
horizontal chromosome transfer can realize the exchange of genetic material between 
different strains and species without producing offspring. Combined with chromosome-
wide elimination by means of the Cre-inverted loxP system and chromosome transfer 
technology, the creation of consomic mice derived from different strains might be possible. 
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1. Introduction     
Over the last decade, a tremendous progress has been made regarding our understanding of 
the molecular program involved in early human development. The main reason behind 
these advancements can be ascribed to the successful isolation of human embryonic stem 
cell (hESC) lines in the late 1990’s. Based on their fundamental properties of pluripotency 
and unlimited proliferation, these unique cells have provided the possibility to study early 
human developmental processes in vitro. However, there are many obstacles to overcome 
before the potential of these cells can be fully realized. One important issue is to increase the 
understanding about the gene regulatory mechanisms that control the differentiation of 
hESCs. A wide variety of tools and technologies have been used to manipulate and study 
basic hESC characteristics and functions. Furthermore, the parallel analysis of functional 
derivatives of hESCs has provided important insights into the mechanisms that govern their 
differentiation into specific cell lineages. Global transcriptional changes in cells and tissues 
can be studied using molecular techniques such as DNA microarray, EST-enumeration, 
MPSS profiling, and SAGE. The results from such experiments provide a snapshot of the 
status of the cells under study. This approach has proven well suited for characterization of 
the “stemness” state of hESCs, but also for the identification of crucial pathways involved in 
their differentiation. Large scale gene expression databases have been generated using 
various hESC lines and technical platforms, and subsequently the information has been 
analyzed using different bioinformatic approaches. A discrete set of genes has been 
identified which are highly expressed in hESCs, and these genes are considered to be 
involved in preserving the pluripotency and self-renewal capacity of the undifferentiated 
cells. Furthermore, several studies have focused on characterizing the molecular signature of 
specific differentiation processes. Again, global expression analysis has proven to be a very 
suitable tool since novel important mechanisms can be revealed in the context of such 
experiments. More recently, the possibility to analyze also the global expression profile of 
microRNA (miRNA) has been realized, and microarray based platforms designed 
specifically for the detection of miRNA species are now available. The concurrent analysis of 
the global mRNA and miRNA expression profiles of hESCs and their differentiated progenies 
are anticipated to provide additional insights into the regulatory pathways which are active in 
the cells in the undifferentiated and differentiated states. In the present chapter, we will 
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1. Introduction     
Over the last decade, a tremendous progress has been made regarding our understanding of 
the molecular program involved in early human development. The main reason behind 
these advancements can be ascribed to the successful isolation of human embryonic stem 
cell (hESC) lines in the late 1990’s. Based on their fundamental properties of pluripotency 
and unlimited proliferation, these unique cells have provided the possibility to study early 
human developmental processes in vitro. However, there are many obstacles to overcome 
before the potential of these cells can be fully realized. One important issue is to increase the 
understanding about the gene regulatory mechanisms that control the differentiation of 
hESCs. A wide variety of tools and technologies have been used to manipulate and study 
basic hESC characteristics and functions. Furthermore, the parallel analysis of functional 
derivatives of hESCs has provided important insights into the mechanisms that govern their 
differentiation into specific cell lineages. Global transcriptional changes in cells and tissues 
can be studied using molecular techniques such as DNA microarray, EST-enumeration, 
MPSS profiling, and SAGE. The results from such experiments provide a snapshot of the 
status of the cells under study. This approach has proven well suited for characterization of 
the “stemness” state of hESCs, but also for the identification of crucial pathways involved in 
their differentiation. Large scale gene expression databases have been generated using 
various hESC lines and technical platforms, and subsequently the information has been 
analyzed using different bioinformatic approaches. A discrete set of genes has been 
identified which are highly expressed in hESCs, and these genes are considered to be 
involved in preserving the pluripotency and self-renewal capacity of the undifferentiated 
cells. Furthermore, several studies have focused on characterizing the molecular signature of 
specific differentiation processes. Again, global expression analysis has proven to be a very 
suitable tool since novel important mechanisms can be revealed in the context of such 
experiments. More recently, the possibility to analyze also the global expression profile of 
microRNA (miRNA) has been realized, and microarray based platforms designed 
specifically for the detection of miRNA species are now available. The concurrent analysis of 
the global mRNA and miRNA expression profiles of hESCs and their differentiated progenies 
are anticipated to provide additional insights into the regulatory pathways which are active in 
the cells in the undifferentiated and differentiated states. In the present chapter, we will 
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discuss issues regarding the platforms used and the bioinformatic tools applied to interpret the 
results and also review some important studies on transcriptional profiling of hESCs. 

2. Gene transcription and protein translation 
Gene expression is the process by which information from a gene is copied from the gene to 
an mRNA sequence, which is then used in the synthesis of a functional gene product, a 
protein. The properties of the expression products give rise to the phenotype of an 
organism. When conducting gene expression studies, it is important to understand the basic 
concepts behind these processes, for a proper interpretation of the data. The genetic code is 
mediated by the gene expression, and the process from transcription of a gene to a 
functional protein involves several steps, such as transcription of the gene in the nucleus, 
and transport of the mRNA to the cytoplasm where translation to a protein is carried out 
aided by ribosomes. What is usually measured with microarrays is the amount of mRNA in 
the cell. However, in recent years, the microarray technology has also been successfully used 
for assessment of miRNA expression and moreover, protein arrays have begun to enter the 
market. By means of gene regulation the cell has control over its structure and function, and 
this is the basis for cellular differentiation, morphogenesis, and the versatility and 
adaptability of any organism. Transcriptional regulation is also essential for evolutionary 
changes, since control of the timing, location, and amount of gene expression often have 
profound effects on the functions of the gene in a cell.  

2.1 Transcriptional regulation 
The transcription of genes involves intricate dynamic dependencies which makes it 
challenging to study. Several mechanisms have been shown to be critical for the initiation of 
transcription, the rate of transcription, and the subsequent processing of the mRNA. These 
regulatory mechanisms control when the transcription occurs and the amount of mRNA 
produced. The transcription of a gene is carried out by RNA polymerase and the process is 
regulated by several components (Alberts et al., 2004):  
- Specificity factors control the ability for the RNA polymerase to bind to a specific 

promoter or set of promoters.  
- Repressors bind to non-coding regions, close to or overlapping with the promoter for a 

gene, and impede the RNA polymerase’s progress along the DNA strand, thus 
hampering the transcription of the gene.  

- General transcription factors aid in positioning the RNA polymerase at the start of a 
protein coding sequence.  

- Activators enhance the interaction between the RNA polymerase and the specific 
promoter.  

- Enhancers are sites on the DNA helix that are bound to by activators in order to loop the 
DNA and bring a specific promoter to the initiation complex.  

As microarrays provide the opportunity to globally monitor the transcriptome and the 
expression of interacting molecules, they provide a powerful tool for studies of 
transcriptional regulation.  

2.2 Splicing of mRNAs 
Splicing is a modification of an RNA sequence post-transcription, in which introns are 
removed and exons are joined together (Fig. 1.) Hence, after transcription of a gene, the pre-
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mRNA is spliced to mRNA, which is often performed in a series of reactions. RNA splicing 
allow for packing of more information into every gene as the transcripts from one single 
gene can be spliced in various ways to produce different mRNAs, depending on the cell 
type in which the gene is being expressed or the stage of the development of the organism 
(Alberts et al., 2004). As a consequence, different proteins can be produced by the same gene 
and it is estimated that 60% of the human genes undergo such alternative splicing (Alberts 
et al., 2004). Thus, RNA splicing increases the already enormous coding potential of 
eukaryotic genomes, at the same time as it complicates the studies of gene transcription. 
This is because the complexity increases dramatically when there, as in many cases, are 
several different transcripts transcribed by one single gene.  

 
Fig. 1. Splicing of pre-mRNA where introns are removed before formation of the mRNA 
sequence. Different sets of exons can be selected to form the mRNA, which means that one 
pre-mRNA can give rise to several variants of mRNA sequences. 

2.3 Translation to protein 
After the splicing, the mRNA transcript is transported from the nucleus to the cytoplasm 
where the translation occurs by means of ribosomes. The same mRNA sequence can be 
translated many times, and therefore the period of time that a mature mRNA molecule 
persists in the cell, influences the amount of protein that is produced. The lifetime of 
mRNAs differs considerably and cannot be assessed by using single time point microarray 
analyses, as these only gives a snap-shot of the amount of mRNA at a specific time point. 
The mRNA lifetime is dependent on a multitude of factors, such as the nucleotide sequence 
of the mRNA itself, as well as the type of cell in which the mRNA is produced. The typical 
lifetime for mRNA molecules in eukaryotic cells ranges from 30 minutes up to 10 hours 
(Alberts et al., 2004). In the ribosome the nucleotide sequence is translated into an amino 
acid sequence by means of the genetic code. The sequence of nucleotides in the mRNA is read 
in groups of three, codons, and each codon specifies one amino acid. Depending on where in 
the sequence the de-coding begins, each mRNA sequence can be translated in three 
different, non-overlapping, reading frames but only one of these is the correct one (Alberts 
et al., 2004). To control that correct reading frame are used, the translation of an mRNA 
begins with a specific start codon (AUG), and is then performed in the direction 5’ cap to 3’ 
end. The end of a protein coding mRNA is indicated by the presence of one of three stop 
codons (UAA, UAG, UGA) which signal to the ribosome to stop the translation. 

3. MicroRNAs 
An additional level of cellular regulation involves a family of tiny molecules, known as 
miRNAs. These are 19–25 nucleotides non-coding RNAs that bind to the 3′ untranslated 
region of target mRNAs through imperfect matching. In mammalian genomes miRNAs are 
predicted to regulate the expression of approximately 30% of the protein-coding genes 
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codons (UAA, UAG, UGA) which signal to the ribosome to stop the translation. 

3. MicroRNAs 
An additional level of cellular regulation involves a family of tiny molecules, known as 
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(Bartel, 2004). Knowledge about the biological functions of most miRNAs identified thus far 
is still lacking, but it has been shown that they play important roles in embryo development, 
determination of cell fate, cell proliferation, and cell differentiation (Sartipy et al., 2009, 
Wang et al., 2009). MicroRNAs are derived from approximately 70 nucleotide long 
precursors, encoded by introns or intergenic regions, and are expressed in most organisms 
ranging from plants to humans. Many miRNAs appear to be expressed at different levels in 
various tissues, and the maturation and function of the tissues seem to be influenced by 
their presence. Interestingly, results from recent studies have indicated important roles for 
miRNAs in the control of diverse aspects of heart formation and cardiac function (Ivey et al., 
2008, van Rooij & Olson, 2007). It is also known that miRNAs are involved in various types 
of cancer by targeting tumor suppressing genes (Lu et al., 2005, Zhu et al., 2008). 
MicroRNAs bind to their target mRNAs and negatively regulate their expression, either by 
repression of translation or by degradation of the mRNA (Bartel, 2004). Increased expression 
levels of miRNAs can also result in up-regulation of previously suppressed target genes 
either directly, by decreasing the expression of inhibitory proteins and/or transcription 
factors, or indirectly, by inhibiting the expression levels of inhibitory miRNAs (Gregory et 
al., 2008). Depending on the state of the cell, miRNAs have also been observed to affect the 
translation of target mRNAs by regulation of their stability (Gregory et al., 2008, Vasudevan 
et al., 2007). Moreover, it has been shown that combinatorial regulation by miRNAs is 
common, which enables complex regulatory programs that are exceptionally challenging to 
dissect (Zhou et al., 2007).  

4. Global transcriptional profiling techniques 
There are several high throughput techniques for measuring gene expression at the large 
scale, such as expressed sequence tags (EST)-enumeration, Serial Analysis of Gene 
Expression (SAGE), Massively Parallel Signature Sequencing (MPSS) and different types of 
microarrays (described in more detail below). In EST-enumeration the expression levels are 
assessed by counting the number of ESTs for a particular gene, randomly selected from a 
cDNA library derived from the sample. The ESTs are clustered into groups of sequences 
originating from the same transcript, and subsequently assembled to achieve a longer 
consensus sequence, which is then aligned to the genome to find the matching gene 
sequence. Both SAGE and MPSS are sequencing based techniques that use tags to identify 
and count the mRNAs, but the biochemical manipulation and the sequencing approaches 
differ substantially between these techniques. Both methods are based on the principle that 
a short sequence tag contains sufficient information to uniquely identify a transcript, 
provided that the tag is obtained from a specific position within each transcript. In SAGE, 
short tags, usually 9-10 base pairs in length, are extracted from each mRNA, at a defined 
position. These tags are then linked together to form long serial molecules that can be cloned 
and sequenced. The quantification is performed by counting the number of times a specific 
tag is observed in the sequenced molecule. Finally, the tags are matched to the 
corresponding genes.  
In MPSS, the extracted signatures are longer, 17-20 base pairs. Every one of these signatures 
is cloned into a vector and labeled with a unique 32 base pair oligonucleotide tag. The tag is 
then attached to one of millions of microbeads, by hybridization of the tag to a 
complementary sequence on the bead. The signatures on the microbeads are then sequenced 
and matched to the corresponding genes, and subsequently quantified by counting the 
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number of beads. The longer tag sequences, used in MPSS, provide higher specificity 
compared to SAGE. Another advantage of MPSS is the larger library size. One disadvantage 
that applies to both SAGE and MPSS is the loss of certain transcripts due to lack of 
restriction enzyme recognition sites, and ambiguity in tag annotation. Compared to 
microarray techniques, sequencing techniques, which are not based on hybridizations, give 
on the other hand a more exact quantitative value. This is because the number of transcripts 
is counted directly, instead of quantifying spot intensities which is prone to background 
noise. Another advantage is that the mRNA sequences do not need to be known beforehand, 
and therefore also previously unknown transcripts can be detected. Nevertheless, 
microarray experiments are much cheaper to perform and are therefore usually used in 
large scale experiments. 

4.1 Microarray technology 
The microarray technology has been around since the early 1990s, and during the last two 
decades the precision of the technology has increased considerably and, at the same time, 
the cost has decreased. Microarrays render the possibility to monitor the expression of 
thousands of genes simultaneously, which make them exceptionally useful for 
transcriptional studies on the global scale. Investigators are using the microarray technology 
to try to understand fundamental aspects of growth and development as well as to explore 
the underlying genetic causes of many human diseases. By monitoring the cells at various 
time points during a biological process or at specific biological conditions, one can take 
snapshots of the global transcriptional profile at different stages. The principle behind the 
microarray technology is base pairing of DNA/RNA. When two complementary sequences 
come together, such as the immobilized probe on the array and the mobile target in the 
sample, they will lock together (hybridize). The microarray consists of a surface on which 
millions of probes are immobilized. The surface is divided into features (locations), and each 
feature on the microarray has a superfluous number of probes that correspond to a specific 
transcript. When labeled target transcripts are hybridized onto the microarray, these bind 
complementary to their probes. The general procedure for performing a microarray 
experiment (which varies somewhat depending on the type of system) includes a series of 
steps. Initially, the RNA is reverse transcribed, usually to cDNA, and labeled with a 
fluorophore, and then the solution is hybridized onto the array. After the hybridization, the 
arrays are thoroughly washed, rinsed, and dried to remove non-hybridized transcripts from 
the surface. They are subsequently scanned to measure the fluorescence intensity for each 
spot on the array and these intensities are then translated into expression values. The spot 
intensities are directly proportional to the number of transcripts corresponding to each gene, 
and thus to the expression level of the gene. 

4.2 Different types of microarrays 
There are many different types of microarrays and the broadest distinction is whether the 
probes are spatially arranged on a slide made of glass, silicon or plastic or, if they are coded 
on microscopic polystyrene beads. They can be fabricated using different techniques, where 
the most common ones are robotic printing of the spots on the array (spotted arrays) or 
synthesis of the probes in situ using techniques such as photolithography. Moreover, the 
arrays vary in the way the signals are detected, and they are designed for hybridization of 
either one or two samples on the same array (one- or two-channel arrays) (Fig. 2).  
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arrays vary in the way the signals are detected, and they are designed for hybridization of 
either one or two samples on the same array (one- or two-channel arrays) (Fig. 2).  
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Fig. 2. Schematic picture of one-channel hybridization (A) and two-channel hybridization 
(B). Round-shaped features contain superfluous identical probes that hybridize with labeled 
targets from the samples. The shape of the features may vary between different microarray 
platforms. The intensity of the color is proportional to the number of probes that are 
hybridized to that feature. Yellow color means equal amounts of red and green labeled 
targets. 

On one-channel arrays (also called oligonucleotide arrays) only one sample can be 
hybridized on each array, and the intensity levels are measured rather than the ratio 
between two intensities. Therefore, comparison of two conditions requires two separate 
single-dye hybridizations. On two-channel arrays two samples are labeled with two 
different fluorophores, typically Cy3 and Cy5, which have different fluorescence emission 
wavelengths. The two Cy-labeled cDNA samples are mixed and hybridized to a single 
microarray. Since the fluorophores have different excitation wavelengths it is possible to 
split the two signals during the scanning and calculate the intensities of each fluorophore, 
and use this in ratio-based analysis to identify up- and down-regulated genes. One benefit 
of one-channel arrays is that the data is more easily compared to data from different 
experiments, as long as batch effects have been accounted for. However, using the one-color 
system may require twice as many microarrays to compare samples within an experiment 
than with the two-color system. Depending on which system is used, the experimental 
design, and the generated data, the subsequent data analysis may differ. 
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4.3 Affymetrix microarrays 
The Affymetrix platform is the most widely used commercial platform, providing a whole 
range of different types of arrays and covering various species. Affymetrix arrays are in situ 
synthesized, applying the photolithography technology to synthesize thousands to millions 
of 25-mer cDNA oligonucleotides in parallel. By using light-sensitive masking agents, a 
sequence is "built" one nucleotide at a time across the entire array. Typical for Affymetrix 
arrays are the multiple (11–20) probe pairs for each transcript. A new type of Affymetrix 
arrays which recently have entered the market is the Whole Transcript arrays, including 
both Gene ST 1.0 and Exon ST 1.0 arrays (Pradervand et al., 2008). The characteristics of 
these arrays are that they have an increased number of probes targeting exons along the 
whole transcript and not only in the 3’ end. The Gene ST 1.0 array has 1-2 probes per exon 
and the more comprehensive Exon ST 1.0 has four probes per exon.  

4.4 Reliability and reproducibility of microarray data 
The microarray technology has had tremendous impact on gene expression analysis during 
the last decade. However, publications of studies with dissimilar or even contradictory 
results have raised concerns regarding the reliability of this technology (Draghici et al., 2006, 
Kuo et al., 2002, Tan et al., 2003). For example, several global gene expression studies of stem 
cells have shown poor overlap (Fortunel et al., 2003, Ivanova et al., 2002, Ramalho-Santos et 
al., 2002). To address these and other concerns, such as performance and data analysis 
issues, the MicroArray Quality Control project (Chen et al., 2007, Shi et al., 2006) was 
initiated by the US Food and Drug Administration. Using an impressive number of 
laboratories, this comprehensive study showed both intra-platform consistencies across 
laboratories and a high level of inter-platform concordance in terms of genes identified as 
differentially expressed genes. Nevertheless, there are several issues to be aware of when 
using this technology, and which can introduce substantial biases in the final results. 
Examples of such issues to consider are: 
- Cross-hybridization: There is a risk that some mRNAs may cross-hybridize probes on 

the array that are supposed to detect other mRNAs.  
- Fold change compression: Due to various technical limitations, such as limited dynamic 

range and signal saturation, a certain level of FC compression is expected for array data 
compared to e.g. RT-PCR data (Wang et al., 2006, Yuen et al., 2002).  

- Poor sensitivity for low expressed transcripts: Problems with relatively poor sensitivity 
in detecting small FCs have been reported for several microarray platforms (Wang et 
al., 2006). 

- Cross-platform inconsistency: Inconsistent probe annotations across platforms, which 
leads to difficulties to ascertain that probes on various platforms aimed at the same 
gene do in fact quantify the same mRNA transcript (Draghici et al., 2006). 

- Dye-biases: In two-channel systems the fluorescent dyes usually have different dynamic 
ranges and quantum yields, which is partially adjusted for by appropriate 
normalization, but may not be completely eliminated. 

- Non-biological variations: There is always a risk that variations may be introduced 
during the experimental procedure (e.g. different persons performing the experiment, 
minor variations in temperature or duration) (Frantz, 2005) and these sometimes add 
substantial noise to the system. However, this source of variation is not unique to 
microarray experiments but is also an issue in other reverse transcription reactions 
(Wang et al., 2006). 
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5. Bioinformatic and statistical analysis 
Large scale gene expression experiments generate enormous datasets that are 
computationally demanding to analyze. Therefore, gene expression analysis is one research 
area where bioinformatic methods have had important impact. These datasets are often 
challenging to analyze because of complex dependencies of interacting molecules and the 
data is often fragmented, incomplete, and noisy. Today, there are a lot of tools and software 
available, both commercially and open source, for solving various bioinformatic problems, 
such as identification of differentially expressed genes, clustering of data, and identification 
of interaction networks.  

5.1 Data analysis of microarray data 
The raw data from microarray experiments need to be pre-processed in several steps, before 
conducting any high level data analysis. Depending on the array type and the platform, 
these pre-processing steps vary, but basically involve subtraction of background and 
normalization for removal of non-biological variations. The data is also typically log2-
transformed to achieve roughly normally distributed data, and potential outliers are 
excluded before performing the high level analysis. Due to the large amounts of data 
generated in microarray experiments, advanced bioinformatic algorithms (described below) 
are required for efficient interpretation of the data into valuable biological information. In 
the area of gene expression analysis there are e.g. algorithms for:  
- identification of differentially expressed genes  
- clustering of gene expression data 
- pathway analysis 
- derivation of protein interaction networks 
- functional annotation of regulated genes 
Although requiring some programming skills, the freely available R software environment1 
is highly recommended for various analyses of microarray data. This software has packages 
for normalization/standardization and statistical computing, as well as graphics. R can be 
used as a powerful standalone programming language, but the most prominent advantages 
are indeed all the implemented functions that are ready to use, and which make the R 
environment both flexible and extendible.  

5.2 Identification of differentially expressed genes 
There are several approaches on how to determine which genes that are differentially 
expressed in large gene expression datasets. Traditionally, researchers have applied 
different statistical tests and used the p-values as selection criteria. However, when dealing 
with microarray data one has to consider the multiple testing problem, as these datasets 
usually contain thousands of genes and the statistical test is applied for each of these genes. 
In other words, the multiple testing problem means that thousands of hypotheses are tested 
simultaneously, which leads to an increased chance of false positives. Individual p-values of 
a specified significance threshold no longer correspond to significant findings and thus, 
there is a need to adjust for multiple testing when assessing the statistical significance of 
genes in large microarray datasets. One such example of adjustment is Bonferroni 
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Microarray Analysis of Undifferentiated and Differentiated Human Pluripotent Stem Cells   

 

351 

correction, where the significance threshold is divided by the number of tests performed. 
However, this is often too strict criteria to be useful, and therefore other methods that are 
more adopted for analysis of microarray data have been developed. Examples of such 
methods are Significance Analysis of Microarray Data (SAM) (Tusher et al., 2001) and 
Empirical Bayes Analysis of Microarrays (EBAM) (Efron & Tibshirani, 2002), both included 
in the Siggenes package2. SAM and EBAM are statistical methods that controls for the false 
discovery rate (FDR), which is the fraction of false positives in the total set of genes that are 
selected as differentially expressed. The FDR is determined by using permutations of the 
repeated measurements to estimate the percentage of genes identified by chance. Although 
statistical methods usually are preferable since they provide a significance measure, the 
simple Fold Change (FC) method which calculates the ratio between two samples, are also 
frequently used. However, since FC provides no statistics regarding the significance of the 
results, combinations of FC and statistical methods are sometimes applied.  

5.3 Clustering of gene expression data 
To reduce the dimensionality and facilitate interpretation of microarray data one can apply 
different clustering techniques, such as hierarchical clustering, K-means (Świniarski et al., 
1998), principle component analysis (PCA) (Jolliffe, 1986) or self-organizing maps (SOMs) 
(Tamayo et al., 1999), to group transcripts with similar transcriptional profiles. The purpose 
of clustering is to identify co-regulated and functionally related genes in large data sets. 
Clustering can also be used as a quality control tool to check the reproducibility of 
replicated arrays. For this purpose the agglomerative hierarchical clustering approach is 
most common. It starts with clusters containing a single item, and iteratively links and 
merges the two closest clusters together based on a distance measure. After each step, all the 
distances between the newly formed clusters are re-calculated. The output is a relationship 
tree (dendrogram) where the branches represent similarity and where the replicated arrays 
are expected to be grouped tightly together. 

5.4 Pathway analysis 
There are two main approaches for identification of pathways that are differentially 
expressed across various experimental conditions. These are Individual Gene Analysis 
(IGA) methods and Gene Set Analysis (GSA) methods (Nam & Kim, 2008). IGA is the most 
widely used approach and evaluates the significance of individual genes between two 
groups of compared samples. Methods using this approach typically yield a list of 
differentially expressed genes from a cutoff threshold, and evaluate this list for the 
enrichment of genes participating in specific pathways from a pathway database. A 
limitation with IGA approaches is that the final result is significantly affected by the selected 
threshold, which is often arbitrarily chosen. Notably, many genes with moderate, but 
biologically meaningful expression differences, are discarded by a strict cutoff threshold, 
which implies a reduction in statistical power. The GSA approach directly scores pre-
defined pathways or gene sets based on differential expression, and specifically aims to 
identify pathways with subtle but coordinated expression changes that cannot be detected 
by IGA methods (Mootha et al., 2003, Nam & Kim, 2008). It is based on the principle that 
even weak expression changes for groups of related genes can have important effects. From 

                                                 
2 http://www.bioconductor.org 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

350 

5. Bioinformatic and statistical analysis 
Large scale gene expression experiments generate enormous datasets that are 
computationally demanding to analyze. Therefore, gene expression analysis is one research 
area where bioinformatic methods have had important impact. These datasets are often 
challenging to analyze because of complex dependencies of interacting molecules and the 
data is often fragmented, incomplete, and noisy. Today, there are a lot of tools and software 
available, both commercially and open source, for solving various bioinformatic problems, 
such as identification of differentially expressed genes, clustering of data, and identification 
of interaction networks.  

5.1 Data analysis of microarray data 
The raw data from microarray experiments need to be pre-processed in several steps, before 
conducting any high level data analysis. Depending on the array type and the platform, 
these pre-processing steps vary, but basically involve subtraction of background and 
normalization for removal of non-biological variations. The data is also typically log2-
transformed to achieve roughly normally distributed data, and potential outliers are 
excluded before performing the high level analysis. Due to the large amounts of data 
generated in microarray experiments, advanced bioinformatic algorithms (described below) 
are required for efficient interpretation of the data into valuable biological information. In 
the area of gene expression analysis there are e.g. algorithms for:  
- identification of differentially expressed genes  
- clustering of gene expression data 
- pathway analysis 
- derivation of protein interaction networks 
- functional annotation of regulated genes 
Although requiring some programming skills, the freely available R software environment1 
is highly recommended for various analyses of microarray data. This software has packages 
for normalization/standardization and statistical computing, as well as graphics. R can be 
used as a powerful standalone programming language, but the most prominent advantages 
are indeed all the implemented functions that are ready to use, and which make the R 
environment both flexible and extendible.  

5.2 Identification of differentially expressed genes 
There are several approaches on how to determine which genes that are differentially 
expressed in large gene expression datasets. Traditionally, researchers have applied 
different statistical tests and used the p-values as selection criteria. However, when dealing 
with microarray data one has to consider the multiple testing problem, as these datasets 
usually contain thousands of genes and the statistical test is applied for each of these genes. 
In other words, the multiple testing problem means that thousands of hypotheses are tested 
simultaneously, which leads to an increased chance of false positives. Individual p-values of 
a specified significance threshold no longer correspond to significant findings and thus, 
there is a need to adjust for multiple testing when assessing the statistical significance of 
genes in large microarray datasets. One such example of adjustment is Bonferroni 

                                                 
1 http://www.r-project.org 

Microarray Analysis of Undifferentiated and Differentiated Human Pluripotent Stem Cells   

 

351 

correction, where the significance threshold is divided by the number of tests performed. 
However, this is often too strict criteria to be useful, and therefore other methods that are 
more adopted for analysis of microarray data have been developed. Examples of such 
methods are Significance Analysis of Microarray Data (SAM) (Tusher et al., 2001) and 
Empirical Bayes Analysis of Microarrays (EBAM) (Efron & Tibshirani, 2002), both included 
in the Siggenes package2. SAM and EBAM are statistical methods that controls for the false 
discovery rate (FDR), which is the fraction of false positives in the total set of genes that are 
selected as differentially expressed. The FDR is determined by using permutations of the 
repeated measurements to estimate the percentage of genes identified by chance. Although 
statistical methods usually are preferable since they provide a significance measure, the 
simple Fold Change (FC) method which calculates the ratio between two samples, are also 
frequently used. However, since FC provides no statistics regarding the significance of the 
results, combinations of FC and statistical methods are sometimes applied.  

5.3 Clustering of gene expression data 
To reduce the dimensionality and facilitate interpretation of microarray data one can apply 
different clustering techniques, such as hierarchical clustering, K-means (Świniarski et al., 
1998), principle component analysis (PCA) (Jolliffe, 1986) or self-organizing maps (SOMs) 
(Tamayo et al., 1999), to group transcripts with similar transcriptional profiles. The purpose 
of clustering is to identify co-regulated and functionally related genes in large data sets. 
Clustering can also be used as a quality control tool to check the reproducibility of 
replicated arrays. For this purpose the agglomerative hierarchical clustering approach is 
most common. It starts with clusters containing a single item, and iteratively links and 
merges the two closest clusters together based on a distance measure. After each step, all the 
distances between the newly formed clusters are re-calculated. The output is a relationship 
tree (dendrogram) where the branches represent similarity and where the replicated arrays 
are expected to be grouped tightly together. 

5.4 Pathway analysis 
There are two main approaches for identification of pathways that are differentially 
expressed across various experimental conditions. These are Individual Gene Analysis 
(IGA) methods and Gene Set Analysis (GSA) methods (Nam & Kim, 2008). IGA is the most 
widely used approach and evaluates the significance of individual genes between two 
groups of compared samples. Methods using this approach typically yield a list of 
differentially expressed genes from a cutoff threshold, and evaluate this list for the 
enrichment of genes participating in specific pathways from a pathway database. A 
limitation with IGA approaches is that the final result is significantly affected by the selected 
threshold, which is often arbitrarily chosen. Notably, many genes with moderate, but 
biologically meaningful expression differences, are discarded by a strict cutoff threshold, 
which implies a reduction in statistical power. The GSA approach directly scores pre-
defined pathways or gene sets based on differential expression, and specifically aims to 
identify pathways with subtle but coordinated expression changes that cannot be detected 
by IGA methods (Mootha et al., 2003, Nam & Kim, 2008). It is based on the principle that 
even weak expression changes for groups of related genes can have important effects. From 

                                                 
2 http://www.bioconductor.org 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

352 

a biological perspective, GSA methods are promising because functionally related genes 
often display coordinated expression (Nam & Kim, 2008). Various bioinformatic resources 
are available for carrying out pathway analysis such as WebGestalt3 and DAVID4 for the 
IGA approach, and GSEA5 for the GSA approach. 

5.5 Protein interaction networks 
Protein–protein interactions are of central importance for virtually every biological process 
in a living cell. Typically, signal transduction, where mechanical/chemical stimuli to a cell 
are converted into specific cellular responses, plays a fundamental role in many biological 
processes and in many diseases. To investigate the putative interactions among proteins 
from the significantly up- or down-regulated genes identified from a biological experiment, 
protein interaction networks can be computationally generated by combining the 
experimental data with information from interaction databases. Several tools to aid 
derivation of protein interaction networks are available and currently one of the most 
comprehensive is STRING6, which is a freely available database and web resource for 
experimentally determined and predicted protein-protein interactions (Jensen et al., 2009, 
von Mering et al., 2007). STRING includes both physical and functional interactions, and it 
weights and integrates information from numerous sources, including experimental 
repositories, computational prediction methods and public text collections. Thus, STRING is 
acting as a meta-database that maps all interaction evidence into a common set, which is 
then graphically visualized in a protein interaction network (Fig. 3). 
 

 
Fig. 3. Example of a protein interaction network generated by STRING, using pluripotency 
marker genes as input. 

5.6 Functional annotation of differentially expressed genes 
To increase our understanding of the biological properties of differentially expressed genes 
and further explore their functional properties, one can also use annotation information 
from Gene Ontology (Ashburner et al., 2000) which has annotation terms describing the 
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genes or gene products. Gene Ontology consists of three categories of annotation terms, 
Biological Processes, Molecular Functions and Cellular Components. By comparing with a 
reference list, overrepresentation of annotations among sets of genes can be calculated by 
dividing the observed number of genes holding a specific annotation with the expected 
number of genes with that annotation. A common tool for Gene Ontology enrichment 
analysis is AmiGO7, but also e.g. WebGestalt8 and DAVID9 provide similar functions. 

6. Problems to address with transcriptional profiling 
Presently, one of the main bottlenecks in stem cell research is insufficient yield and purity of 
the final cell preparations and immature phenotypes of the differentiated cells. There are 
substantial gaps in our understanding of the molecular programs that govern early cellular 
differentiation and maturation, which limits the possibilities to improve the culturing 
protocols. In order to fully realize the potential of hESCs, a better understanding of the 
regulatory mechanisms that control their differentiation towards specific lineages is needed. 
An extensive characterization of hESCs and their derivates is also urgently required. To 
address these challenges, information is needed about which genes that are differentially 
expressed at specific stages during differentiation. Some of these are likely candidate genes 
in regulatory mechanisms, important for transitions of cells between different 
developmental stages. We also need precise characterization methods to determine the 
identity of cells during the differentiation process, and therefore more reliable marker genes 
for specific developmental stages are required. In next chapter we describe how microarray 
technology can been applied to analyze global gene expression patterns in hESCs and their 
differentiated progenies. Below are some examples studies, with focus on cardiac- and 
hepatic lineages, described in more detail. 

7. Examples of transcriptional profiling of hESCs and their derivatives 
Several global gene expression studies have been conducted on hESCs and differentiated 
progenies thereof. Depending on the research questions addressed, these studies have had 
different experimental designs and they have used different analysis approaches.  

7.1 Transcriptional profiling of hESC-derived cardiomyocytes 
The first example is a study where hESC-derived cardiomyocyte clusters (CMCs) were 
characterized at the gene expression level and their global transcriptional pattern was 
investigated (Synnergren et al., 2008). This required only a rather simple design with not 
more than two groups to compare, undifferentiated (UD) hESCs and hESC-derived CMCs. 
The material consisted of one pooled sample of UD hESCs and two different biological 
replicates of pooled hESC-derived CMCs, harvested at a number of time points up to 22 
days after initiation of differentiation (Fig. 4). 
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Fig. 4. Experimental design where two different groups (UD and CMC) were included and 
the experiment was repeated twice using one- and two-cycle amplification respectively. 

The hESC line SA002 (Cellartis AB, Göteborg) was used in this experiment. Due to technical 
issues, two separate sets of microarray experiments were conducted. In the first, one-cycle 
amplified RNA was used, while in the second set of experiments two-cycle amplified RNA 
was used due to the limited amount of available RNA. Even though no obvious differences 
between the two data sets could be observed, all subsequent calculations between samples 
were conducted within each experiment separately. The quality of the RNA and cRNA, 
labeled by in vitro transcription, was tested and the fragmented cRNA was then hybridized 
to the microarrays. Each sample was hybridized to duplicate arrays from the Affymetrix 
microarray platform (GeneChip 133 Plus 2.0) (Affymetrix, Santa Clara, CA). Extraction of 
expression values and scaling of data was performed using the MAS5 algorithm and 
transcripts flagged as ‘Absent’ on all arrays were filtered before the data analysis. The SAM 
statistical algorithm was used to identify significantly up- and down-regulated genes 
between the CMCs compared to UD cells. In total 530 genes were identified as up-regulated 
and 40 genes were down-regulated in the CMCs (Synnergren et al., 2008). These sets of 
regulated genes were further analyzed using various bioinformatic tools. To further explore 
the biology of the significantly up-regulated genes in hESC-derived CMCs, Gene Ontology 
annotations were used to group the genes according to biological process, molecular 
function, and cellular component. To investigate possible interactions among proteins from 
the significantly up-regulated genes in hESC-derived CMCs, the search tool STRING was 
applied to derive protein interaction networks. These networks were used to identify hub-
proteins, with many interactions to other genes. Moreover, differentially expressed 
pathways were assessed in the CMCs using the WebGestalt tool. 

7.2 Investigation of putative correlation between mRNA and miRNA expression 
This second example describes how transcriptional profiling can be applied to further our 
understanding of the regulatory mechanisms of transcription and translation, by 
investigation of putative correlation between mRNA and miRNA expression. Thus, mRNA 
and miRNA microarray experiments were designed where matched samples from hESCs 
and hESC-derived CMCs were collected for global mRNA and miRNA profiling. Using cell 
line SA002 (Cellartis AB, Göteborg) total RNA was extracted with a method which preserves 
small molecules. The RNA was split into two aliquots, and microarray experiments were 
conducted in parallel to measure both miRNA and mRNA expression of paired samples.  
As illustrated in Fig. 5, the material consisted of samples of UD cells and hESC-derived 
CMCs, cultured for 3 (CMC3w) and 7 weeks (CMC7w) after onset of differentiation. In 
addition, samples from fetal heart (FH) and adult heart (AH) were included as reference 
material. Significantly up- or down-regulated miRNAs and mRNAs were identified using 
the SAM statistical algorithm. The differentially expressed miRNAs were grouped  
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Fig. 5. Experimental design of a parallel miRNA and mRNA study. Three time points (UD, 
CMC 3 weeks, and CMC 7 weeks) were analyzed and fetal heart (FH) and adult heart (AH) 
were included as reference samples. 

according to their expression profiles using hierarchical clustering. Putative target genes of 
up- and down-regulated miRNAs were predicted using the tool microT10, and to investigate 
if the predicted target genes are present in the set of differentially expressed mRNAs, the 
overlap between predicted target genes and differentially expressed mRNAs were 
calculated. To further explore the molecular biology of the regulated target genes these were 
also analyzed for enrichment of Gene Ontology annotations related to cardiac development. 

7.3 Transcriptional comparison between two endoderm differentiation protocols 
The final example describes a transcriptional comparison between hESCs differentiated 
through the endoderm, either definitive endoderm (DE) or primitive endoderm (PrE), as 
well as a global transcriptional characterization of endoderm, hepatocyte progenitors, and 
hepatocyte-like cells (Synnergren et al., 2010a). A comprehensive experimental design was 
applied in this work including three cell lines (SA002, SA167, and SA461) and four time 
points, as well as the two separate differentiation protocols (Fig. 6). 
The hepatocellular carcinoma cell line (HepG2) was included as a reference sample in the 
experiment. Each sample was cultured and harvested in biological duplicates. The RNA was 
extracted and assessed for quality before generation of cRNA, and subsequently hybridized 
to the arrays. The raw data was extracted and normalized using MAS5 and filtered and log2 
transformed before subsequent data analysis. In this experiment, the FC method was 
applied to identify differentially expressed genes at various stages. At the early time points 
these cells showed relatively large variations in the magnitude of up- or down-regulation of 
genes across the cell lines. However, the trend of the regulation was consistent in all three 
cell lines and therefore an interesting observation. In such situation, the statistical methods 
have problems to select genes of real biological interest, and consequently FC may be a 
preferable alternative. The DE differentiation pathway to generate hepatocytes mimics the 
development of hepatocytes in the embryo and the expression profiles in these samples  
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Fig. 5. Experimental design of a parallel miRNA and mRNA study. Three time points (UD, 
CMC 3 weeks, and CMC 7 weeks) were analyzed and fetal heart (FH) and adult heart (AH) 
were included as reference samples. 
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well as a global transcriptional characterization of endoderm, hepatocyte progenitors, and 
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applied in this work including three cell lines (SA002, SA167, and SA461) and four time 
points, as well as the two separate differentiation protocols (Fig. 6). 
The hepatocellular carcinoma cell line (HepG2) was included as a reference sample in the 
experiment. Each sample was cultured and harvested in biological duplicates. The RNA was 
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transformed before subsequent data analysis. In this experiment, the FC method was 
applied to identify differentially expressed genes at various stages. At the early time points 
these cells showed relatively large variations in the magnitude of up- or down-regulation of 
genes across the cell lines. However, the trend of the regulation was consistent in all three 
cell lines and therefore an interesting observation. In such situation, the statistical methods 
have problems to select genes of real biological interest, and consequently FC may be a 
preferable alternative. The DE differentiation pathway to generate hepatocytes mimics the 
development of hepatocytes in the embryo and the expression profiles in these samples  
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Fig. 6. Experimental design of the protocol comparison experiment. Four time points (UD, 4 
days, 10 days, and 20 days) and two differentiation protocols (PrE and DE) were included in 
the experiment which was run in duplicates and repeated using three different cell lines. 
HepG2 was included as a reference sample in the study.  

were therefore characterized in more detail. The genes that showed up-regulation in DE20 
samples compared to UD samples were further analyzed for enrichment of Gene Ontology 
annotations and differentially expressed pathways were also identified using the DAVID 
bioinformatic resource. Moreover, protein interaction networks were derived using the 
STRING tool and based in these, hub proteins were identified among the up-regulated 
genes in DE20 samples.  

8. Results and discussion 
Extensive characterization of hESC-derived functional cell types, such as cardiomyocytes 
and hepatocytes has been performed by several investigators, with the purpose to explore 
the transcriptional programs that are activated during differentiation along these specific 
lineages. Results from these studies have identified large sets of genes that showed 
differential expression at specific developmental stages. The sets of regulated genes have 
been further explored by various bioinformatic analyses, to learn more about the molecular 
functions of the differentially expressed genes and understand their biology. Here we 
discuss results from studies on cardiomyocyte and hepatocyte differentiation, performed by 
us and others, and report on genes and pathways that showed up- or down-regulation 
particularly during these processes.  

8.1 Molecular signature of hESC-derived cardiomyocyte clusters  
Despite the substantial progress made by different investigators during recent years, the 
understanding of the molecular signature of hESC-derived cardiomyocytes (CMs) and the 
factors that induce cardiogenesis during embryonic development still remains limited. 
However, important knowledge about the transcriptional program that is activated during 
CM differentiation has been gained through transcriptional profiling of these cells 
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(experimental set-up described in section 7.1). Selected colonies of hESC-derived contracting 
clusters of CMs were manually dissected, and pooled for subsequent microarray analysis. 
These samples were compared with samples from UD hESCs. In total 530 up-regulated and 
40 down-regulated genes were identified in the CMCs (Synnergren et al., 2008). Among the 
up-regulated genes, there were several that have been used before to characterize hESC-
derived CMs e.g., MYH6, MYH7, PLN, TNNT2, NPPA, GATA4, and MEF2C (Kehat et al., 
2001, McDevitt et al., 2005). The functional properties of the up-regulated genes in the hESC-
derived CMCs were further investigated, using available Gene Ontology annotations. 
Among the enriched annotations were ‘muscle contraction’, ‘development of mesoderm and 
muscle’, ‘cellular differentiation’, ‘calcium ion binding’, and ‘tropomyosin binding’. 
Moreover, several induced cellular pathways where identified, that may be important for 
cardiogenic induction of hESCs but also for sustaining the CM phenotype. Results reported 
by other investigators show high overlap with our data, despite the fact that direct 
comparisons of results between different microarray studies are sometimes difficult to 
make. Different experiments often have major discrepancies in differentiation models, 
microarray platforms, cell lines used, and experimental set-ups, which partly may explain 
observed problems with poor overlap between published results from different stem cell 
studies (Fortunel et al., 2003, Ivanova et al., 2002, Ramalho-Santos et al., 2002).  
To overcome some of these problems one should preferably re-analyze the data from the 
raw data files from each experiment, using a consistent data mining approach for all the 
data sets, when comparing results from multiple microarray studies. However, as an 
alternative, we have compared published lists of significantly enriched genes from similar 
studies, to explore the overlap of differentially expressed genes during CM differentiation. 
Importantly, in addition to the above mentioned challenges when comparing microarray 
data from different experiments, the final cell populations that have been analyzed in these 
studies differ in their composition (Cao et al., 2008, Xu et al., 2009). Nevertheless, and in 
contrast to previous findings (Fortunel et al., 2003, Ivanova et al., 2002, Ramalho-Santos et 
al., 2002), notable similarities were identified across results from the four global expression 
studies that so far have been published on hESC-derived CM-like cells (Beqqali et al., 2006, 
Cao et al., 2008, Synnergren et al., 2008, Xu et al., 2009). Importantly, this strengthens the 
reliability of the microarray technology and verifies that hESC-derived CMs express a 
uniform transcriptional profile, despite different cell lines and major differences in how 
these cells are derived.  
Comparing results from our data (Synnergren et al., 2008) with the study performed by 
Beqqali et al. (Beqqali et al., 2006), where hESC-derived CMs were generated by co-culture 
with END-2 cells (Passier et al., 2005), 15 genes were reported as enriched in their hESC-
derived CMs and in fetal heart tissue. Notably, eight (53%) of these genes are also up-
regulated in our hESC-derived CMs (e.g. TNNT2, PLN, and MYL7). Another study 
published on hESC-derived CMs (Cao et al., 2008) report on analyses made on material from 
hESCs, hESC-derived beating embryoid bodies (EBs), hESC-derived CMs which were percol 
purified to 40-45% CMs, and purified CMs from fetal heart (FH) tissue samples. Notably, 
their study focused on transitions from one stage to the next one, and consequently they 
compared hESCs-EBs, EBs-CMs, and CMs-FH. In our work we compared hESCs with hESC-
derived CM clusters and the corresponding direct comparison of CMs and hESCs was not 
done by Cao et al. (Cao et al., 2008) which hampers the comparison of our results with 
theirs. Nevertheless, we found that 33% of our up-regulated genes in the CMCs were in 
their study identified as enriched already at the EB stage. Five of our up-regulated genes in 
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Fig. 6. Experimental design of the protocol comparison experiment. Four time points (UD, 4 
days, 10 days, and 20 days) and two differentiation protocols (PrE and DE) were included in 
the experiment which was run in duplicates and repeated using three different cell lines. 
HepG2 was included as a reference sample in the study.  

were therefore characterized in more detail. The genes that showed up-regulation in DE20 
samples compared to UD samples were further analyzed for enrichment of Gene Ontology 
annotations and differentially expressed pathways were also identified using the DAVID 
bioinformatic resource. Moreover, protein interaction networks were derived using the 
STRING tool and based in these, hub proteins were identified among the up-regulated 
genes in DE20 samples.  

8. Results and discussion 
Extensive characterization of hESC-derived functional cell types, such as cardiomyocytes 
and hepatocytes has been performed by several investigators, with the purpose to explore 
the transcriptional programs that are activated during differentiation along these specific 
lineages. Results from these studies have identified large sets of genes that showed 
differential expression at specific developmental stages. The sets of regulated genes have 
been further explored by various bioinformatic analyses, to learn more about the molecular 
functions of the differentially expressed genes and understand their biology. Here we 
discuss results from studies on cardiomyocyte and hepatocyte differentiation, performed by 
us and others, and report on genes and pathways that showed up- or down-regulation 
particularly during these processes.  

8.1 Molecular signature of hESC-derived cardiomyocyte clusters  
Despite the substantial progress made by different investigators during recent years, the 
understanding of the molecular signature of hESC-derived cardiomyocytes (CMs) and the 
factors that induce cardiogenesis during embryonic development still remains limited. 
However, important knowledge about the transcriptional program that is activated during 
CM differentiation has been gained through transcriptional profiling of these cells 
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(experimental set-up described in section 7.1). Selected colonies of hESC-derived contracting 
clusters of CMs were manually dissected, and pooled for subsequent microarray analysis. 
These samples were compared with samples from UD hESCs. In total 530 up-regulated and 
40 down-regulated genes were identified in the CMCs (Synnergren et al., 2008). Among the 
up-regulated genes, there were several that have been used before to characterize hESC-
derived CMs e.g., MYH6, MYH7, PLN, TNNT2, NPPA, GATA4, and MEF2C (Kehat et al., 
2001, McDevitt et al., 2005). The functional properties of the up-regulated genes in the hESC-
derived CMCs were further investigated, using available Gene Ontology annotations. 
Among the enriched annotations were ‘muscle contraction’, ‘development of mesoderm and 
muscle’, ‘cellular differentiation’, ‘calcium ion binding’, and ‘tropomyosin binding’. 
Moreover, several induced cellular pathways where identified, that may be important for 
cardiogenic induction of hESCs but also for sustaining the CM phenotype. Results reported 
by other investigators show high overlap with our data, despite the fact that direct 
comparisons of results between different microarray studies are sometimes difficult to 
make. Different experiments often have major discrepancies in differentiation models, 
microarray platforms, cell lines used, and experimental set-ups, which partly may explain 
observed problems with poor overlap between published results from different stem cell 
studies (Fortunel et al., 2003, Ivanova et al., 2002, Ramalho-Santos et al., 2002).  
To overcome some of these problems one should preferably re-analyze the data from the 
raw data files from each experiment, using a consistent data mining approach for all the 
data sets, when comparing results from multiple microarray studies. However, as an 
alternative, we have compared published lists of significantly enriched genes from similar 
studies, to explore the overlap of differentially expressed genes during CM differentiation. 
Importantly, in addition to the above mentioned challenges when comparing microarray 
data from different experiments, the final cell populations that have been analyzed in these 
studies differ in their composition (Cao et al., 2008, Xu et al., 2009). Nevertheless, and in 
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al., 2002), notable similarities were identified across results from the four global expression 
studies that so far have been published on hESC-derived CM-like cells (Beqqali et al., 2006, 
Cao et al., 2008, Synnergren et al., 2008, Xu et al., 2009). Importantly, this strengthens the 
reliability of the microarray technology and verifies that hESC-derived CMs express a 
uniform transcriptional profile, despite different cell lines and major differences in how 
these cells are derived.  
Comparing results from our data (Synnergren et al., 2008) with the study performed by 
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derived CMs and in fetal heart tissue. Notably, eight (53%) of these genes are also up-
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published on hESC-derived CMs (Cao et al., 2008) report on analyses made on material from 
hESCs, hESC-derived beating embryoid bodies (EBs), hESC-derived CMs which were percol 
purified to 40-45% CMs, and purified CMs from fetal heart (FH) tissue samples. Notably, 
their study focused on transitions from one stage to the next one, and consequently they 
compared hESCs-EBs, EBs-CMs, and CMs-FH. In our work we compared hESCs with hESC-
derived CM clusters and the corresponding direct comparison of CMs and hESCs was not 
done by Cao et al. (Cao et al., 2008) which hampers the comparison of our results with 
theirs. Nevertheless, we found that 33% of our up-regulated genes in the CMCs were in 
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the CMCs (EPAS1, ITGB3, PLD1, MSRB3, EMP1) were significantly enriched in FH 
compared to the CM-sample, and six of our genes that were enriched in the CMCs (CLIC5, 
RUNX1, COL8A1, LONRF2, MSRB3, CAV2) were up-regulated in CMs compared to EBs. A 
similar comparison was made regarding the repressed genes across these two studies and 17 
(43%) of the 40 significantly down-regulated genes in our data were already repressed at the 
EB stage in Cao et al., and one gene was among the significantly down-regulated genes 
between FH and CMs. Again, no comparison was made between CMs and hESCs (Cao et 
al., 2008) regarding down-regulated genes, but such a comparison is anticipated to generate 
a higher overlap with our list of genes that were down-regulated in CMCs.  
The most recent work on global gene expression of hESC-derived CMs used a transgenic cell 
line with a construct comprising the CM-restricted α-myosin heavy chain (α-MHC) 
promoter (Xu et al., 2009). They applied antibiotic selection to purify their population of 
hESC-derived CMs and achieved a 99% pure population. Fetal and adult heart tissue were 
used as reference samples but notably, these samples were not purified, but contained a 
mixture of the cell types present in heart tissue. Despite substantial differences, such as 
different cell lines, differentiation protocols, purity of CMs, sampling day etc, a prominent 
overlap was observed between our data and the data from Xu and colleagues (Xu et al., 
2009). In total 147 (27%) of the 540 genes that were up-regulated in our data were also 
identified as significantly up-regulated in their population of CMs, when compared to UD 
and EB samples. Remarkably, 115 (78%) of these 147 genes also show up-regulation in the 
FH and AH samples in data from Xu et al. Strikingly, a subset of 57 genes that show up-
regulation in our hESC-derived CM clusters is also overlapping with the up-regulated genes 
both in Cao et al. (Cao et al., 2008) and in Xu et al (Xu et al., 2009). All of these 57 genes also 
show significantly up-regulation in FH and AH. Furthermore, three (RBM24, TCEA3, and 
FHOD3) of the four novel candidate cardiac markers, which by Xu and co-workers were 
validated by in situ hybridization during early mouse development, were indeed 
significantly up-regulated in our study of hESC-derived CMCs (Synnergren et al., 2008). The 
fourth one (C15orf52) was not present on the arrays we used. Interestingly, TCEA3 is also 
among the 57 genes that overlapped across all three studies (Cao et al., 2008, Synnergren et 
al., 2008, Xu et al., 2009). Taken together, this suggests that there are substantial similarities 
between the CM cell populations obtained from hESCs, independent of differentiation 
protocols and cell lines used. The results summarized here provide valuable information 
about the molecular program that is active in hESC-derived CMs. 
However, to further analyze the regulatory mechanisms that may control CM 
differentiation, an additional level of gene regulation have also been explored (experimental 
set-up described in section 7.2) and hESC-derived CMCs have been characterized with 
respect to their miRNA expression. Global microarrays were employed to measure the 
expression of both miRNA and mRNA in parallel in samples of CMC, harvested at two 
different time points, 3 weeks and 7 weeks after onset of differentiation, as well as in UD 
cells and in fetal and adult heart tissue samples. Differentially expressed miRNAs and 
mRNAs were identified in these datasets, by using UD cells as control sample. Notably 
there were more than twice as many up-regulated than down-regulated miRNAs in the 
samples of CMCs, indicating the importance of increased expression of specific miRNAs 
during cardiac development (Synnergren et al., 2010b). Furthermore, we also identified 
more differentially expressed miRNAs (both up- and down-regulated) in the CMC samples 
than in the fetal and adult heart tissue samples. To define a set of miRNAs of putative 
importance in cardiac-like cells, differentially expressed miRNAs in samples from CMC and 
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in samples from fetal and adult heart were compared, and an overlap of regulated miRNAs 
in all four samples was identified. In total 61 up-regulated and 24 down-regulated miRNAs 
were identified when investigating all four samples (Synnergren et al., 2010b). Moreover, 
possible correlations between differentially expressed miRNAs and mRNAs were 
investigated, by first conducting computational predictions for the differentially expressed 
miRNAs, and then determining putative concordance in miRNA expression and mRNA 
levels of the predicted target genes. Interestingly, a correlation between the global miRNA 
expression and corresponding target mRNA expression was observed. To further explore 
the biology of the predicted target genes of the differentially expressed miRNAs, enrichment 
of Gene Ontology annotations was determined and strikingly, several of the over-
represented annotations relate to cardiac function and cardiac development. A number of 
induced cellular pathways were also identified among the predicted target genes, and 
several of these have been demonstrated to be important in cardiac development or 
functions e.g. ‘NFAT and Hypertrophy of the heart’, ‘Wnt signaling pathway’ and ‘Calcium 
signaling pathway’. Results from this analysis provide an excellent starting point for further 
studies regarding the functional properties of the differentially expressed miRNAs in the 
context of cardiogenesis and regeneration of cardiac tissue.  
Several other studies have also identified a number of miRNAs that are likely to play key 
roles during heart development and in cardiac function (Cordes & Srivastava, 2009, 
Divakaran & Mann, 2008, Sartipy et al., 2009, Thum et al., 2008, van Rooij & Olson, 2007, 
Zhang, 2008). It was recently demonstrated that miR-1 reinforces the expression of one of 
the earliest cardiac markers, NKX2.5, in both murine and human ESC lines and that it 
increases the fraction of contracting CMs compared to control samples (Ivey et al., 2008). 
Another group of miRNAs that are expressed during the stem cell state and progressively 
declines during differentiation are the nearly identical miRNAs miR-302a-d, collectively 
referred to as miR-302 (Rosa et al., 2009). By controlling the germ layer specification and 
promote mesendodermal fate specification while inhibiting neuroectoderm formation, it is 
suggested that miR-302 has a crucial role in embryogenesis (Rosa et al., 2009). In line with 
these reports, our data confirms that several variants of miR-302 are highly expressed in UD 
cells, and a substantial down-regulation is also observed in differentiated progenies as well 
as in fetal and adult heart tissue. Moreover, we identified miR-208a/b and miR-499 as 
significantly induced in all cardiac-like samples. Interestingly, these miRNAs are also 
reported as enriched in cardiac tissue by others (Adachi et al., 2010, Ji et al., 2009, Sluijter et 
al., 2010). Both miRNA-499 and miRNA-1 are suggested to regulate the proliferation of 
human CM progenitors and their further differentiation into CMs (Sluijter et al., 2010). In 
addition, miR-499 is also proposed as a marker for acute myocardial infarction in humans 
(Adachi et al., 2010). Moreover, miR-208 is suggested as a marker for myocardial injury in 
rat (Ji et al., 2009), and as a regulator of cardiac hypertrophy in mice (Callis et al., 2009). 
Together with our results, these reports emphasize the importance of miRNAs for cardiac 
development as well as potentially useful markers in clinical applications. In the future, 
some of these miRNAs may also serve as prospective drug targets in various cardiac 
injuries. There is accumulating evidence supporting the importance of miRNAs for hESC 
self-renewal, pluripotency, and differentiation. Determining miRNAs that are associated 
with re-programming will yield significant insight into the specific miRNA expression 
patterns that are required for pluripotency. To further investigate which miRNAs that are 
associated with re-programming, investigators have now started to characterize the miRNA 
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the CMCs (EPAS1, ITGB3, PLD1, MSRB3, EMP1) were significantly enriched in FH 
compared to the CM-sample, and six of our genes that were enriched in the CMCs (CLIC5, 
RUNX1, COL8A1, LONRF2, MSRB3, CAV2) were up-regulated in CMs compared to EBs. A 
similar comparison was made regarding the repressed genes across these two studies and 17 
(43%) of the 40 significantly down-regulated genes in our data were already repressed at the 
EB stage in Cao et al., and one gene was among the significantly down-regulated genes 
between FH and CMs. Again, no comparison was made between CMs and hESCs (Cao et 
al., 2008) regarding down-regulated genes, but such a comparison is anticipated to generate 
a higher overlap with our list of genes that were down-regulated in CMCs.  
The most recent work on global gene expression of hESC-derived CMs used a transgenic cell 
line with a construct comprising the CM-restricted α-myosin heavy chain (α-MHC) 
promoter (Xu et al., 2009). They applied antibiotic selection to purify their population of 
hESC-derived CMs and achieved a 99% pure population. Fetal and adult heart tissue were 
used as reference samples but notably, these samples were not purified, but contained a 
mixture of the cell types present in heart tissue. Despite substantial differences, such as 
different cell lines, differentiation protocols, purity of CMs, sampling day etc, a prominent 
overlap was observed between our data and the data from Xu and colleagues (Xu et al., 
2009). In total 147 (27%) of the 540 genes that were up-regulated in our data were also 
identified as significantly up-regulated in their population of CMs, when compared to UD 
and EB samples. Remarkably, 115 (78%) of these 147 genes also show up-regulation in the 
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show significantly up-regulation in FH and AH. Furthermore, three (RBM24, TCEA3, and 
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mRNAs were identified in these datasets, by using UD cells as control sample. Notably 
there were more than twice as many up-regulated than down-regulated miRNAs in the 
samples of CMCs, indicating the importance of increased expression of specific miRNAs 
during cardiac development (Synnergren et al., 2010b). Furthermore, we also identified 
more differentially expressed miRNAs (both up- and down-regulated) in the CMC samples 
than in the fetal and adult heart tissue samples. To define a set of miRNAs of putative 
importance in cardiac-like cells, differentially expressed miRNAs in samples from CMC and 
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in samples from fetal and adult heart were compared, and an overlap of regulated miRNAs 
in all four samples was identified. In total 61 up-regulated and 24 down-regulated miRNAs 
were identified when investigating all four samples (Synnergren et al., 2010b). Moreover, 
possible correlations between differentially expressed miRNAs and mRNAs were 
investigated, by first conducting computational predictions for the differentially expressed 
miRNAs, and then determining putative concordance in miRNA expression and mRNA 
levels of the predicted target genes. Interestingly, a correlation between the global miRNA 
expression and corresponding target mRNA expression was observed. To further explore 
the biology of the predicted target genes of the differentially expressed miRNAs, enrichment 
of Gene Ontology annotations was determined and strikingly, several of the over-
represented annotations relate to cardiac function and cardiac development. A number of 
induced cellular pathways were also identified among the predicted target genes, and 
several of these have been demonstrated to be important in cardiac development or 
functions e.g. ‘NFAT and Hypertrophy of the heart’, ‘Wnt signaling pathway’ and ‘Calcium 
signaling pathway’. Results from this analysis provide an excellent starting point for further 
studies regarding the functional properties of the differentially expressed miRNAs in the 
context of cardiogenesis and regeneration of cardiac tissue.  
Several other studies have also identified a number of miRNAs that are likely to play key 
roles during heart development and in cardiac function (Cordes & Srivastava, 2009, 
Divakaran & Mann, 2008, Sartipy et al., 2009, Thum et al., 2008, van Rooij & Olson, 2007, 
Zhang, 2008). It was recently demonstrated that miR-1 reinforces the expression of one of 
the earliest cardiac markers, NKX2.5, in both murine and human ESC lines and that it 
increases the fraction of contracting CMs compared to control samples (Ivey et al., 2008). 
Another group of miRNAs that are expressed during the stem cell state and progressively 
declines during differentiation are the nearly identical miRNAs miR-302a-d, collectively 
referred to as miR-302 (Rosa et al., 2009). By controlling the germ layer specification and 
promote mesendodermal fate specification while inhibiting neuroectoderm formation, it is 
suggested that miR-302 has a crucial role in embryogenesis (Rosa et al., 2009). In line with 
these reports, our data confirms that several variants of miR-302 are highly expressed in UD 
cells, and a substantial down-regulation is also observed in differentiated progenies as well 
as in fetal and adult heart tissue. Moreover, we identified miR-208a/b and miR-499 as 
significantly induced in all cardiac-like samples. Interestingly, these miRNAs are also 
reported as enriched in cardiac tissue by others (Adachi et al., 2010, Ji et al., 2009, Sluijter et 
al., 2010). Both miRNA-499 and miRNA-1 are suggested to regulate the proliferation of 
human CM progenitors and their further differentiation into CMs (Sluijter et al., 2010). In 
addition, miR-499 is also proposed as a marker for acute myocardial infarction in humans 
(Adachi et al., 2010). Moreover, miR-208 is suggested as a marker for myocardial injury in 
rat (Ji et al., 2009), and as a regulator of cardiac hypertrophy in mice (Callis et al., 2009). 
Together with our results, these reports emphasize the importance of miRNAs for cardiac 
development as well as potentially useful markers in clinical applications. In the future, 
some of these miRNAs may also serve as prospective drug targets in various cardiac 
injuries. There is accumulating evidence supporting the importance of miRNAs for hESC 
self-renewal, pluripotency, and differentiation. Determining miRNAs that are associated 
with re-programming will yield significant insight into the specific miRNA expression 
patterns that are required for pluripotency. To further investigate which miRNAs that are 
associated with re-programming, investigators have now started to characterize the miRNA 
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expression during the re-programming of iPS cells (Wilson et al., 2009). Interestingly, result 
shows that miR-302 is up-regulated in both hESCs and in iPS cells.  

8.2 Transcriptional profiling of hESCs differentiating to definitive and primitive 
endoderm and further towards the hepatic lineage 
The endoderm lineage can be subdivided into the DE which further develops into liver, 
pancreas and lung, and the PrE which develops into the yolksack, where it forms the 
placenta. To explore transcriptional differences between these two subtypes, global gene 
expression data from DE and PrE differentiation was analysed and the transcriptional 
patterns in these two cell lineages were compared with UD cells, as well as with control 
samples from HepG2 (experimental set-up described in section 7.3). Interesting differences 
and similarities were identified between these two endodermal subtypes. We also 
thoroughly characterized the DE-derivatives, by identifying up- and down-regulated genes 
in each of the three differentiation time points 4 days (DE), 10 days (DE-Prog) and 20 days 
(DE-Hep). In total, we identified 167, 439, and 921 transcripts which were significantly up-
regulated in DE, DE-Prog, and DE-Hep, respectively, when compared to UD samples. None 
of these transcripts were significantly enriched in the PrE derivatives. Well-known markers 
for DE, such as SOX17, CXCR4, CER1 and GSC, showed a distinct peak of expression in the 
DE time point in all the three investigated cell lines. At the final time point, when using the 
DE differentiation protocol, several genes known to be expressed in mature hepatocytes, e.g. 
ALB, DPP4, SERPINA7, TF, TM4SF1 and UBD (Chiao et al., 2008, Hay et al., 2008, Kon et al., 
2006), showed increased mRNA levels. Notably, also CD44, known to be expressed in 
hepatocyte progenitors (Kon et al., 2006), showed high expression at 20 days, which 
indicates that the DE-Hep have an immature phenotype or also contain a fraction of 
hepatocyte progenitors. Interestingly, ALB, which is a well-known marker for mature 
hepatocytes (Duncan, 2003), showed 3-11 times higher expression in DE-Hep than in the 
corresponding PrE-derivatives, and the expression of ALB was about 1,000-fold higher in 
the DE-Hep than in the UD samples. Of special note from our results are the less reported 
genes TM4SF1 and UBD, which demonstrate highly interesting expression patterns. Their 
expression patterns were consistent across all three cell lines, indicating a putative 
importance of controlled expression during hepatocyte differentiation. Both these genes 
demonstrate increasing expression levels during the differentiation towards hepatocytes, 
with the peak expression in the most mature samples. Interestingly, and consistent with our 
observations, these genes have also previously been reported as reliable hepatocyte markers 
(D´Amour et al., 2007). Another observation from our results is that the global 
transcriptional activity increases dramatically as the cells differentiate, with a larger number 
of differentially expressed genes in the more mature samples.  
To the best of our knowledge, besides our work (Synnergren et al., 2010a), global 
transcriptional profiling of hESC-derived hepatocytes has only been reported once (Chiao et 
al., 2008), in which AFP+ cells were selected for gene expression analysis. However, the data 
analysis approach used in that study differs from ours and instead of generating lists of up- 
vs. down-regulated genes during hepatocyte differentiation, they applied Gene Set 
Enrichment Analysis (Mootha et al., 2003) to identify affected sets of genes during hepatic 
specification, e.g. molecular pathways etc. An overlap comparison of lists of enriched genes 
in different stages is therefore not possible. However, when investigating the expression of 
30 marker genes, which specifically were reported as enriched in their AFP+ population, we 
observed important similarities between the data sets. Examples of genes that are enriched 
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in the early DE stage in both studies are typical DE-markers such as SOX17, FOXA2 and 
MIXL1. Moreover, AFP, which is expressed during hepatocyte specification but also at very 
early stages of PrE, is up-regulated accordingly in our data. Additionally, CDH17 and KRT7, 
which are reported as expressed during hepatocyte specification (Chiao et al., 2008) are 
induced in our hepatocyte-like cells, which might indicate that this population also contains 
more immature cells. Also other genes such as ALB, NTN4, MET, and CEBPA, which are 
known to be expressed in mature hepatocytes, show induced expression patterns in both 
studies.  

9. Conclusion and future perspectives 
Human ESCs have a tremendous potential in many different applications such as drug 
development, regenerative medicine, and as a model system in basic research. However, to 
fully utilize the potential of these cells we need to better understand the regulatory 
mechanisms that control the differentiation of hESC into various functional cell types. 
Transcriptional profiling is a powerful approach to learn more about the global 
transcriptional pattern in differentiating hESC. In this chapter we have reviewed studies on 
global transcriptional profiling in hESCs and differentiated progenies of the cardiac- and 
hepatic lineages. The comprehensive datasets generated from these studies are especially 
useful for characterization purposes, identification of differentially expressed genes, and 
investigation of gene regulation. We, and others, have performed transcriptional profiling of 
hESC-derived CMs and hepatocytes, and sets of significantly up- and down-regulated genes 
in different stages during the differentiation processes have been identified. Interesting 
transcriptional patterns have been revealed, which confirms the expression of known 
marker genes as well as identifies large sets of novel genes that are differentially expressed 
at particular stages during the differentiation. The expected expression patterns of known 
marker genes is important information to confirm the efficiency of the differentiation, but 
most interesting are the novel sets of genes that not previously have been associated with 
differentiation or developmental processes. It is hypothesized that many of these genes have 
the potential to serve as novel markers and provide important information for optimization 
of the differentiation protocols, and further validation and investigation of their functional 
properties is therefore suggested.  
Less studied than mRNA expression is the miRNA expression, which has shown to be 
important in stem cell specification. These tiny molecules provide an additional level of 
gene regulation by fine-tuning of the mRNA expression. An interesting approach to identify 
putative correlations between these interacting molecules is to explore the miRNA and 
mRNA expression in parallel, which has revealed interesting result when applied on data 
from hESC-derived CMs. MicroRNA expression may also provide a novel characterization 
of hESC-derivatives and results from studies on CMs show that specific miRNAs may serve 
as important complementary markers for this specific cell type. However, additional studies 
on the miRNA expression in other derivatives are needed to be able to compare the 
expression in different cell types, and ideally identify lineage specific miRNA patterns.  
During the last decade the microarray technology has improved considerably and the recent 
development of whole transcript arrays has rendered the possibility to also explore different 
splicing variant genes. This is an important step forward since it is anticipated that more 
than half of all genes undergo alternative splicing. However, the data analysis of exon data 
sets are demanding and tools for proper interpretation of such data is still rare and 
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expression during the re-programming of iPS cells (Wilson et al., 2009). Interestingly, result 
shows that miR-302 is up-regulated in both hESCs and in iPS cells.  
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endoderm and further towards the hepatic lineage 
The endoderm lineage can be subdivided into the DE which further develops into liver, 
pancreas and lung, and the PrE which develops into the yolksack, where it forms the 
placenta. To explore transcriptional differences between these two subtypes, global gene 
expression data from DE and PrE differentiation was analysed and the transcriptional 
patterns in these two cell lineages were compared with UD cells, as well as with control 
samples from HepG2 (experimental set-up described in section 7.3). Interesting differences 
and similarities were identified between these two endodermal subtypes. We also 
thoroughly characterized the DE-derivatives, by identifying up- and down-regulated genes 
in each of the three differentiation time points 4 days (DE), 10 days (DE-Prog) and 20 days 
(DE-Hep). In total, we identified 167, 439, and 921 transcripts which were significantly up-
regulated in DE, DE-Prog, and DE-Hep, respectively, when compared to UD samples. None 
of these transcripts were significantly enriched in the PrE derivatives. Well-known markers 
for DE, such as SOX17, CXCR4, CER1 and GSC, showed a distinct peak of expression in the 
DE time point in all the three investigated cell lines. At the final time point, when using the 
DE differentiation protocol, several genes known to be expressed in mature hepatocytes, e.g. 
ALB, DPP4, SERPINA7, TF, TM4SF1 and UBD (Chiao et al., 2008, Hay et al., 2008, Kon et al., 
2006), showed increased mRNA levels. Notably, also CD44, known to be expressed in 
hepatocyte progenitors (Kon et al., 2006), showed high expression at 20 days, which 
indicates that the DE-Hep have an immature phenotype or also contain a fraction of 
hepatocyte progenitors. Interestingly, ALB, which is a well-known marker for mature 
hepatocytes (Duncan, 2003), showed 3-11 times higher expression in DE-Hep than in the 
corresponding PrE-derivatives, and the expression of ALB was about 1,000-fold higher in 
the DE-Hep than in the UD samples. Of special note from our results are the less reported 
genes TM4SF1 and UBD, which demonstrate highly interesting expression patterns. Their 
expression patterns were consistent across all three cell lines, indicating a putative 
importance of controlled expression during hepatocyte differentiation. Both these genes 
demonstrate increasing expression levels during the differentiation towards hepatocytes, 
with the peak expression in the most mature samples. Interestingly, and consistent with our 
observations, these genes have also previously been reported as reliable hepatocyte markers 
(D´Amour et al., 2007). Another observation from our results is that the global 
transcriptional activity increases dramatically as the cells differentiate, with a larger number 
of differentially expressed genes in the more mature samples.  
To the best of our knowledge, besides our work (Synnergren et al., 2010a), global 
transcriptional profiling of hESC-derived hepatocytes has only been reported once (Chiao et 
al., 2008), in which AFP+ cells were selected for gene expression analysis. However, the data 
analysis approach used in that study differs from ours and instead of generating lists of up- 
vs. down-regulated genes during hepatocyte differentiation, they applied Gene Set 
Enrichment Analysis (Mootha et al., 2003) to identify affected sets of genes during hepatic 
specification, e.g. molecular pathways etc. An overlap comparison of lists of enriched genes 
in different stages is therefore not possible. However, when investigating the expression of 
30 marker genes, which specifically were reported as enriched in their AFP+ population, we 
observed important similarities between the data sets. Examples of genes that are enriched 
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in the early DE stage in both studies are typical DE-markers such as SOX17, FOXA2 and 
MIXL1. Moreover, AFP, which is expressed during hepatocyte specification but also at very 
early stages of PrE, is up-regulated accordingly in our data. Additionally, CDH17 and KRT7, 
which are reported as expressed during hepatocyte specification (Chiao et al., 2008) are 
induced in our hepatocyte-like cells, which might indicate that this population also contains 
more immature cells. Also other genes such as ALB, NTN4, MET, and CEBPA, which are 
known to be expressed in mature hepatocytes, show induced expression patterns in both 
studies.  

9. Conclusion and future perspectives 
Human ESCs have a tremendous potential in many different applications such as drug 
development, regenerative medicine, and as a model system in basic research. However, to 
fully utilize the potential of these cells we need to better understand the regulatory 
mechanisms that control the differentiation of hESC into various functional cell types. 
Transcriptional profiling is a powerful approach to learn more about the global 
transcriptional pattern in differentiating hESC. In this chapter we have reviewed studies on 
global transcriptional profiling in hESCs and differentiated progenies of the cardiac- and 
hepatic lineages. The comprehensive datasets generated from these studies are especially 
useful for characterization purposes, identification of differentially expressed genes, and 
investigation of gene regulation. We, and others, have performed transcriptional profiling of 
hESC-derived CMs and hepatocytes, and sets of significantly up- and down-regulated genes 
in different stages during the differentiation processes have been identified. Interesting 
transcriptional patterns have been revealed, which confirms the expression of known 
marker genes as well as identifies large sets of novel genes that are differentially expressed 
at particular stages during the differentiation. The expected expression patterns of known 
marker genes is important information to confirm the efficiency of the differentiation, but 
most interesting are the novel sets of genes that not previously have been associated with 
differentiation or developmental processes. It is hypothesized that many of these genes have 
the potential to serve as novel markers and provide important information for optimization 
of the differentiation protocols, and further validation and investigation of their functional 
properties is therefore suggested.  
Less studied than mRNA expression is the miRNA expression, which has shown to be 
important in stem cell specification. These tiny molecules provide an additional level of 
gene regulation by fine-tuning of the mRNA expression. An interesting approach to identify 
putative correlations between these interacting molecules is to explore the miRNA and 
mRNA expression in parallel, which has revealed interesting result when applied on data 
from hESC-derived CMs. MicroRNA expression may also provide a novel characterization 
of hESC-derivatives and results from studies on CMs show that specific miRNAs may serve 
as important complementary markers for this specific cell type. However, additional studies 
on the miRNA expression in other derivatives are needed to be able to compare the 
expression in different cell types, and ideally identify lineage specific miRNA patterns.  
During the last decade the microarray technology has improved considerably and the recent 
development of whole transcript arrays has rendered the possibility to also explore different 
splicing variant genes. This is an important step forward since it is anticipated that more 
than half of all genes undergo alternative splicing. However, the data analysis of exon data 
sets are demanding and tools for proper interpretation of such data is still rare and 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

362 

insufficient. Nevertheless, splicing variations are believed to be important in many disease 
and their function in stem cell differentiation remains to be investigated. The most recent 
progress in the field of human pluripotent stem cells is successful re-programming of 
differentiated somatic cells into induced pluripotent stem (iPS) cells (Takahashi et al., 2007). 
Human iPS-cells are generated from somatic cells by over-expression of specific factors and 
these cells share many characteristics of hESCs, including multi-lineage differentiation 
potential and infinitive proliferation capabilities in vitro. However, extensive 
characterization of the iPS cells and their differentiated progenies at the transcriptional level 
is still lacking, but it is nevertheless required to be able to assess their similarity to hESCs.  
Taken together, transcriptional profiling of hESC and their derivatives offers great 
possibilities to explore global expression patterns that are activated during hESC 
differentiation, and provide a foundation for further dissection of the molecular 
mechanisms that control the stem cell specification. 
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1. Introduction  
The Human Genome Project (HUGO) opened a new era for biomedical research. However, a 
decade after the completion of HUGO, we are still standing at the very beginning regarding 
the understanding of cellular dynamics under development, disease and aging. To bridge 
between genotype and phenotype, it is imperative to track the underlying genetic interaction 
network, and perhaps more importantly, the protein-protein interaction (PPI) network, which 
forms the basal layer of the majority of fundamental cellular processes [Antal et al., 2009]. 
Current approaches for protein-protein interaction network structure detection include gene 
fusion experiments such as yeast two-hybrids, co-occurrence evidences via immuno-
coprecipitation, as well as literature or orthology-based knowledge extrapolation [Stelzl and 
Wanker, 2006]. Albeit powerful and foreseeing incremental technical improvements, these 
methods either rely heavily on experimental detection thresholds, or could be biased as they 
mirror the focus of individual fields of research. Hence, it is vital to path-find the underlying 
cellular PPI network with hypothesis-free (de novo) methods [Janes and Yaffe, 2006]. 
A biological organism can be perceived as a complex system with a set of interacting 
elements. Basically, when a meta-stable system consisting of steady number of interacting 
elements is disturbed systematically, one is able to use the system outcome to puzzle back 
the underlying network structure. This is commonly known as “reverse engineering” in 
system sciences [Bansal et al., 2007]. 
Previously, the use of such reverse engineering approaches on the exploration of cellular PPI 
network has been hampered by limited amount of high confident expression profiling data. 
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1. Introduction  
The Human Genome Project (HUGO) opened a new era for biomedical research. However, a 
decade after the completion of HUGO, we are still standing at the very beginning regarding 
the understanding of cellular dynamics under development, disease and aging. To bridge 
between genotype and phenotype, it is imperative to track the underlying genetic interaction 
network, and perhaps more importantly, the protein-protein interaction (PPI) network, which 
forms the basal layer of the majority of fundamental cellular processes [Antal et al., 2009]. 
Current approaches for protein-protein interaction network structure detection include gene 
fusion experiments such as yeast two-hybrids, co-occurrence evidences via immuno-
coprecipitation, as well as literature or orthology-based knowledge extrapolation [Stelzl and 
Wanker, 2006]. Albeit powerful and foreseeing incremental technical improvements, these 
methods either rely heavily on experimental detection thresholds, or could be biased as they 
mirror the focus of individual fields of research. Hence, it is vital to path-find the underlying 
cellular PPI network with hypothesis-free (de novo) methods [Janes and Yaffe, 2006]. 
A biological organism can be perceived as a complex system with a set of interacting 
elements. Basically, when a meta-stable system consisting of steady number of interacting 
elements is disturbed systematically, one is able to use the system outcome to puzzle back 
the underlying network structure. This is commonly known as “reverse engineering” in 
system sciences [Bansal et al., 2007]. 
Previously, the use of such reverse engineering approaches on the exploration of cellular PPI 
network has been hampered by limited amount of high confident expression profiling data. 
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Nowadays, however, techniques for the probing of gene expression profile have been 
witnessing swirling advances. mRNA microarray, mRNA-Seq, protein antibody chips, as 
well as high resolution protein electrophoresis combined with mass spectrometry have been 
catching-up rapidly to become high throughput and high confident methodologies. These 
solid technical platforms promote the use of experimental data in sophisticated de novo 
inferring of cellular interaction networks. Recently, such approach has been applied on 
diverse complex systems [Shmulevich et al., 2002]. In a pioneering study of di Bernardo et. 
al., the reverse engineering approach was successfully applied on yeast to prioritize the gene 
products and cellular pathways involved in drug responses [di Bernardo et al., 2005]. 
It should be noted that all current reverse engineering approaches have practical limitations. 
For example, Bayesian methods need a sufficiently large number of experiments comparable 
to the number of genes. Undersampled datasets will not be adequate to generate confident 
outcome.  Multiple regression methods work well only when the identity of the perturbed 
genes is known, or can be reliably inferred from the data [Lauria et al., 2009]. Fortunately, 
this methodological constraint of gene-by-gene perturbation can be partially relaxed if 
entropy maximization principle is invited into play. The entropy maximization principle 
was based on the information theory of Shannon [Shannon, 1948]. By this mean, the most 
parsimonious PPI interaction network structure that is able to give rise to experimental 
expression profiles can be probed out despite non-complete system perturbation. This 
principle of entropy maximization has been proved useful in inferring the genetic and 
signaling networks of peripheral nerve development and yeast chemostat [Dhadialla et al., 
2009; Lezon et al., 2006]. 
Nevertheless, in multicellular organism and especially in higher eukaryotes, each 
differentiated cellular system can exhibit alternative PPI networks. This has been prohibiting 
the probing of mammalian interaction network in a large extent. Embryonic stem (ES) cells can 
be considered as the starting point of multicellular life. Apart from the high relevance to 
biomedical research, the ES cells are homogeneous self-maintaining systems. Upon a genetic 
mutation, either an ES cell will balance the effect of genetic insult and remain in their 
pluripotent state, or else undergo cell death or differentiation should the impact of the genetic 
mutation surpasses a certain threshold [Amit et al., 2000; Mao et al., 2007]. Such “all or none” 
cell faith decision constitutes a solid genomic and proteomic stability, hence put forward the 
ES cells as a brilliant model system for de novo exploration of the PPI network structure.  
In this study, we applied a hybrid approach of multiple genetic perturbations and entropy 
maximization principle on the mouse embryonic stem cells to probe the underlying cellular 
protein-protein interaction network structure. Our results suggest the essential role of 
antioxidative response, transcriptional regulation and protein degradation pathways in the 
rebalancing of the proteomic network. Moreover, our predicted protein interaction data 
indicates that overexpression of Ripk4, a protein kinase originally located on human 
chromosome 21, could severely perturb the cellular cholesterol syntheses pathways via an 
adenosyl-homocystein mediated mechanism. Our study demonstrates the value of mouse 
ES cells in protein network research in the context of system biology. 

2. Methods 
Mouse embryonic stem (ES) cells were genetically perturbed with a pallet of 14 single genes 
overexpressed individually in different subclones. We studied the impacts of these genetic 
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system stimuli on the PPI network at both transcriptomic and proteomic levels. The 
workflow of the current study is summarized in figure 1.  
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Fig. 1. Workflow of the current study. Mouse embryonic stem cells were genetically 
perturbed with a pallet of 14 single gene overexpressions. The impact of the system stimuli 
on the ES cell PPI network were readout with proteomic and mRNA microarray analyses. 
Gene expression profiling data undergo entropy maximization approach to reverse engineer 
the underlying PPI network structure (picture of microarray from Wikipedia) 

2.1 Systematic genetic perturbations on mouse ES cells 
This is a meta-study on a pellet of 14 transgenic mouse ES cell lines constructed in the frame 
of our European Research Grant “AnEUploidy”. Please refer to our previous publications 
for detailed methodology for the generation of transgenic cell lines and expression profiling 
[De Cegli et al., 2010; Mao et al., 2007]. Except for Snca-overexpression cell line, each 
transgenic ES cell line overexpresses one of the human chromosome 21 genes (Table 1). 
The impacts of these genetic system perturbations on the ES cells were examined at the 
proteomic and transcriptomic levels: All cell lines were measured by large-gel two-
dimensional protein electrophoresis [Klose, 1999], whereas 8 of the cell lines were measured by 
mRNA microarray (Affymetrix GeneChip Mouse Genome 430_2 array) [De Cegli et al., 2010].  

2.2 Theoretical framework of entropy maximum principle  
We applied the principle of entropy maximization to identify the protein interaction 
network structure with the highest probability of giving rise to our experimentally observed 
proteomic and transcriptomic data [Lezon et al., 2006]. This relies on the Boltzmann’s 
concept of entropy maximization. In effect, as the number of ways of realizing a given 
macroscopic state can very widely, the most likely state of the system is the one that 
corresponds to the largest number of microscopic states, or biggest entropy. This idea of 
entropy maximization provides a natural mechanism for revealing dominant protein-
protein interaction structure inside of a quasi-stable system. 
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transgenic ES cell line overexpresses one of the human chromosome 21 genes (Table 1). 
The impacts of these genetic system perturbations on the ES cells were examined at the 
proteomic and transcriptomic levels: All cell lines were measured by large-gel two-
dimensional protein electrophoresis [Klose, 1999], whereas 8 of the cell lines were measured by 
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2.2 Theoretical framework of entropy maximum principle  
We applied the principle of entropy maximization to identify the protein interaction 
network structure with the highest probability of giving rise to our experimentally observed 
proteomic and transcriptomic data [Lezon et al., 2006]. This relies on the Boltzmann’s 
concept of entropy maximization. In effect, as the number of ways of realizing a given 
macroscopic state can very widely, the most likely state of the system is the one that 
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protein interaction structure inside of a quasi-stable system. 
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Gene 
Symbol Protein name Category Original gene 

location 
Aire Autoimmune regulator  21q22.3 

Erg Avian erythroblastosis virus E-26 (v-ets) 
oncogene related 21q22.3 

Nrip1 Nuclear receptor interacting protein 1 21q11.2 

Olig2 Oligodendrocyte transcription factor 2 21q22.11 

Runx1 Runt related transcription factor 1 21q22.3 

Sim2 Single-minded homolog 2 

Transcription 
factor 

21q22.13 

Pdxk Pyridoxal (pyridoxine, vitamin B6) kinase 21q22.3 

Ripk4 Receptor-interacting serine-threonine 
kinase 4 21q22.3 

Dyrk1A Dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase 1A 21q22.13 

Hunk Hormonally up-regulated Neu-associated 
kinase 

Protein kinase

21q22.1 

Dopey2 Dopey family member 2  21q22.2 

App Amyloid beta (A4) precursor protein  21q21.3 

Snca Synuclein, alpha  4q21 
MirLet7Cdel
99a        --- 21q21.1 

Mir99adelLet
7C --- 21q21.1 

Mir802 --- 

Micro RNA 

21q22.12 

Table 1. Characteristics of the transgenes used to genetically perturb the mouse ES cell system 

2.3 Data-driven de novo PPI network exploration 
We consider each genetic modification as a distinct stimulus on the ES cell protein 
interaction network. In this sense, the protein expression profile of each transgenic cell line 
is a sampling on the perturbed system. Given a collection of n genes, their expression 
profiles in a pellet of k perturbation experiments can be represented by a k × n expression 
matrix. Here, each row vector of this expression matrix is the expression alteration (ratio of 
transgenic to control) of a give gene under different perturbations. We generated the 
expression matrixes from the proteomic and microarray data, respectively. 
In the second step, we determined the n × n expression covariance matrix M, whose entry 
Mij is the expression covariance of gene Xi and Xj according to the following equation: 
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where m stands for index of genetic perturbation experiments (in our context: measurement 
of each transgenic cell line, and k denotes the total number of perturbations (k=14 for 
proteomic data, k=8 for transcriptomic data). 
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Fig. 2. Programming algorithms for the de novo inferring of protein-protein interaction 
information from protein expression data of multiple genetic perturbation experiments on 
mouse ES cells 

According to the maximum entropy hypothesis, the corresponding pseudo-inverse matrix 
of the expression covariance matrix represents the best fit of the underlying protein-protein 
interaction network, while maximizing the entropy of the system. The strength of 
interactions is expressed by the value of Mij-1. Positive interaction values indicate the cis-
action of the two genes. For instance, an up-regulation of gene A will lead to up-regulation 
of gene B, and vice versa. In contrast, negative values indicate the gene-gene trans-action. 
Subsequently, the pair-wise protein interaction information was extracted from the pseudo-
inverse matrix of the covariance matrix. By thresholding this PPI information, we obtained 
the dominant PPI network information from the experimental data solely, without any prior 
information of the genes. 
The algorithm described above was implemented in a Java application. This Java program 
takes the input data of the expression matrix, and process it with three consecutive modules: 
In module one, the expression matrix was reduced in terms of redundant gene symbols. 
Gene expression profiles bearing the same gene symbol, but of different probeset identity, 
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where m stands for index of genetic perturbation experiments (in our context: measurement 
of each transgenic cell line, and k denotes the total number of perturbations (k=14 for 
proteomic data, k=8 for transcriptomic data). 
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were averaged. In order to increase fidelity, only genes with multiple probesets were 
retained for further data evaluation. In module two, the covariance matrix was calculated 
according to equation 1. Subsequently, the pseudoinverse matrix of the covariance matrix 
was calculated using the BlueBit (http://www.bluebit.gr/matrix-calculator/) or ARARCNE 
software (for microarray data) [Margolin et al., 2006]. Finally, the last module extracts the 
PPI information in form of a list of pair-wise interaction: Gene A – Gene B, together with 
their corresponding edge weight obtained from the covariance values. We set the threshold 
for interaction to consider only those protein interactions with weight over 0.5 as significant. 
The overview of the programming structure is given in figure 2. 

2.4 Investigation on the obtained PPI network 
The protein interaction outcome from our entropy maximization approach was compared to 
the publicly available PPI databases via three online meta-databases:  
• String (http://string-db.org),  
• UniHI (http://theoderich.fb3.mdc-berlin.de:8080/unihi) and  
• ConsensusPathDB (http://cpdb.molgen.mpg.de). 
Together, they encompass a total of 29 individual PPI interaction databases. Network 
visualization was realized using the Cytospace software (www.cytoscape.org). The online  
graph analysis tool CFinder (cfinder.org) was used to grab the community structures (closely 
interlinked sub-graphs) in our predicted PPI network. This method first locates all cliques  of 
the network and then identifies the communities by carrying out component analysis of the 
clique-clique overlap matrix [Adamcsek et al., 2006]. Gene Ontology functional enrichment 
analysis was performed using Webgestallt (bioinfo. vanderbilt.edu/webgesta). 

2.5 Label-free mass spectrometric relative protein quantification 
The global protein expression profile of the Ripk4-overexpressing ES cells was additionally 
monitored by label-free mass spectrometry quantification [Ishihama et al., 2005]. For this 
purpose, 200 μg of total protein extract from Ripk4-overexpressing and control ES cells (as 
control we consider the same mouse ES clone in which the expression of the protein Ripk4 is 
as basal expression level) were first separated by SDS-PAGE in a gel format of 13 x 25 cm. 
Subsequently, the gel strip was cut into 16 homogeneous gel slides. These gel slides were 
subjected to in-gel trypsin digestion as previously described [Mao et al., 2010]. LC/ESI-
MS/MS was performed on a LCQ Deca XP ion trap instrument (Thermo Finnigan, 
Waltham, MA, USA). The eluting gradient is formed by 0.1 % (v/v) formic acid (FA) in 
water as solvent A and 0.1 % (v/v) FA in acetonitrile (ACN) as solvent B and run at a flow 
rate of 200 nL per minute. The gradient is linear starting with 5 % B increasing to 70 % B in 
180 minutes and additional 10 min to 95 % B. ESI-MS data acquisition is performed 
throughout the LC run. The raw data were extracted by TurboSEQUEST algorithm, trypsin 
autolytic fragments and known keratin peptides were filtered out. These files were searched 
using our in-house licensed Mascot Version 2.1 (Matrix Sciences, London, UK). The MS/MS 
ion searches are performed with the following set of parameters: database = Swiss-Prot, 
taxonomy = Mus musculus, Proteolytic enzyme = trypsin, the maximum of accepted missed 
cleavages =1, mass value = monoisotopic, peptide mass tolerance = ±0.8 Da, fragment mass 
tolerance = ±0.8 Da and as variable modifications oxidation of methionine and acrylamide 
adducts (propionamide) on cysteine are expected. Only protein identifications with over 4 
spectral counts were retained for further analysis. 
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The “Experimentally Modified Protein Abundance Index”, or “emPAI”, is a indexing value 
on the relative quantification of the proteins in a protein mixture [Ishihama et al., 2005]. The 
of emPAI ratios of the identified proteins from Ripk4-overexpression to that of control were 
used as a relative indication of protein expression alteration in ES cells bearing Ripk4 
overexpression. We used the threshold of emPAI ratio >2 or emPAI ratio < 0.5 as an 
arbitrary cut-off for up-regulation or down-regulation of proteins, respectively.  

3. Results 
3.1 De novo protein interaction network attained from experimental data  
We performed the entropy maximization based PPI exploration approach on our 
experimental data. For this purpose, we combined the proteomic and transcriptomic 
expression data of the transgenic mouse ES cell lines, whose protein expression profile have 
been investigated previously in our laboratories. This built up a 14 × 690 expression matrix 
at the proteomic data level (8 × 8383 for transcriptomic data), where each row vector of the 
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Fig. 3. Global network of protein interactions predicted from our experimental data using 
the entropy maximization approach. Three major community structures could be detected, 
which correspond to transctipitonal regulation, proteasome, and antioxidative response 
processes. Nodes represent proteins, edges represent predicted functional interaction. 
Illustrated using Cytospace 
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The “Experimentally Modified Protein Abundance Index”, or “emPAI”, is a indexing value 
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Fig. 3. Global network of protein interactions predicted from our experimental data using 
the entropy maximization approach. Three major community structures could be detected, 
which correspond to transctipitonal regulation, proteasome, and antioxidative response 
processes. Nodes represent proteins, edges represent predicted functional interaction. 
Illustrated using Cytospace 
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expression matrix represents the expression ratio (transgne vs. parental control lines) of a 
distinct protein under divergent single gene overexpressions.  
In order to obtain the protein co-regulation data, we calculated the covariance matrix of 
these genes using the self-implemented Java program. Following equation 1, the program 
returns a 690x690 (8383 x 8383 for transcriptomic data) symmetrical matrix, with each 
element representing the covariance of gene Xi and Xj. This matrix contains information of 
the co-action of genes under genetic system perturbation. Here, the covariance values were 
normalized to dimensionless values. 
Through the pseudo-inverse matrix calculation, we generated a PPI network encompassing 
distinct proteins according to gene symbol. By taking the threshold of ± 0.5, we obtained a 
matrix where 22,206 elements were non-zero. This reduces the number of genes showing 
significant interaction to 490. Specifically, five genes (Cdv3, Fbl, Got2, Hspb1 and Set) 
showed self inhibitory effect. The obtained PPI network is illustrated in figure 3.  
Figure 4 shows the sub-graph build by the 50 most significant pair-wise protein interactions. 
Among them, 21 gene-pairs showed strong positive interaction, whereas 29 gene-pairs 
showed mutual inhibitory effect. However, the exact nature of inhibition is not to be 
deduced from our data. 
 

 
Fig. 4. Sub-graph showing the strongest pair-wise protein interactions in ES cells predicted 
by multiple genetic perturbations. Our result suggests that Ahcy represents one of the Ripk4 
targets 

3.2 Community structure analysis revealed key pathways involved in system rebalancing 
In the next step, we investigated the community structures (sub-networks) inside our predict 
protein-protein interaction network. Community structures (CS) can be loosely defined as 
subsets of nodes that are more densely interconnected among each other than with the rest of 
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the network [Newman and Girvan, 2004]. As shown in figure 3, three dominant community 
structures could be discovered in our predicted PPI network of ES cell. Respecting their 
molecular function, protein nodes of these community structures are representative for 
transcriptomic regulation, proteasome, stress-response pathways, respectively.  

3.3 Predicted High degree nodes are reminiscent to “balancer” proteins 
As can be seen in figure 3, our predicted PPI network demonstrates the small-worldness 
property and scale-free degree distribution. Specifically, the network nodes of our predicted 
PPI network vary substantially in their connectivity, with a small number of proteins 
exhibiting strong pair-wise interactions with many other genes. Table 2 lists the 20 protein 
nodes with more than three direct interaction partners. 
 

Node Degree Overlap to 
Balancer proteins 

Taldo1 3 Yes 
Nudt16l1 3 Yes 
Cndp2 3  
RGD1308600 3  
NSFL1C 4  
Cdv3 4  
Prdx6 4  
Psmb5 4  
Fbl 5  
Bai1 5  
Got2 5 Yes 

Tpm1 7 Yes 

Cfl1 8  
Mbd3 9  
Npm1 10 Yes 

Alb 13 Yes 

Mis12 13  
Hnrpa2b1 13 Yes 

Eno1 15 Yes 

Sod1 19  

Table 2. High degree nodes in the predicted PPI network show significant overlap to our 
previously documented “balancer” proteins 

In our previous communication, we reported our hypothesis that upon genetic 
perturbations on mouse ES cells, there are so-turned “balancer” proteins, defined as proteins 
that buffer or cushion the system, that act against the system stimuli [Mao et al., 2007]. These 
central network elements could mediate network remodeling upon perturbation [Bode et al., 
2007]. Consequently, we presume that part of these proteins with hub-like behavior could 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

374 

expression matrix represents the expression ratio (transgne vs. parental control lines) of a 
distinct protein under divergent single gene overexpressions.  
In order to obtain the protein co-regulation data, we calculated the covariance matrix of 
these genes using the self-implemented Java program. Following equation 1, the program 
returns a 690x690 (8383 x 8383 for transcriptomic data) symmetrical matrix, with each 
element representing the covariance of gene Xi and Xj. This matrix contains information of 
the co-action of genes under genetic system perturbation. Here, the covariance values were 
normalized to dimensionless values. 
Through the pseudo-inverse matrix calculation, we generated a PPI network encompassing 
distinct proteins according to gene symbol. By taking the threshold of ± 0.5, we obtained a 
matrix where 22,206 elements were non-zero. This reduces the number of genes showing 
significant interaction to 490. Specifically, five genes (Cdv3, Fbl, Got2, Hspb1 and Set) 
showed self inhibitory effect. The obtained PPI network is illustrated in figure 3.  
Figure 4 shows the sub-graph build by the 50 most significant pair-wise protein interactions. 
Among them, 21 gene-pairs showed strong positive interaction, whereas 29 gene-pairs 
showed mutual inhibitory effect. However, the exact nature of inhibition is not to be 
deduced from our data. 
 

 
Fig. 4. Sub-graph showing the strongest pair-wise protein interactions in ES cells predicted 
by multiple genetic perturbations. Our result suggests that Ahcy represents one of the Ripk4 
targets 

3.2 Community structure analysis revealed key pathways involved in system rebalancing 
In the next step, we investigated the community structures (sub-networks) inside our predict 
protein-protein interaction network. Community structures (CS) can be loosely defined as 
subsets of nodes that are more densely interconnected among each other than with the rest of 

Tracking the Structure of Protein Interaction Network via Multiple Genetic Perturbations  
on Mouse Embryonic Stem Cells — Implementation of the Entropy Maximization Principle 

 

375 

the network [Newman and Girvan, 2004]. As shown in figure 3, three dominant community 
structures could be discovered in our predicted PPI network of ES cell. Respecting their 
molecular function, protein nodes of these community structures are representative for 
transcriptomic regulation, proteasome, stress-response pathways, respectively.  

3.3 Predicted High degree nodes are reminiscent to “balancer” proteins 
As can be seen in figure 3, our predicted PPI network demonstrates the small-worldness 
property and scale-free degree distribution. Specifically, the network nodes of our predicted 
PPI network vary substantially in their connectivity, with a small number of proteins 
exhibiting strong pair-wise interactions with many other genes. Table 2 lists the 20 protein 
nodes with more than three direct interaction partners. 
 

Node Degree Overlap to 
Balancer proteins 

Taldo1 3 Yes 
Nudt16l1 3 Yes 
Cndp2 3  
RGD1308600 3  
NSFL1C 4  
Cdv3 4  
Prdx6 4  
Psmb5 4  
Fbl 5  
Bai1 5  
Got2 5 Yes 

Tpm1 7 Yes 

Cfl1 8  
Mbd3 9  
Npm1 10 Yes 

Alb 13 Yes 

Mis12 13  
Hnrpa2b1 13 Yes 

Eno1 15 Yes 

Sod1 19  

Table 2. High degree nodes in the predicted PPI network show significant overlap to our 
previously documented “balancer” proteins 

In our previous communication, we reported our hypothesis that upon genetic 
perturbations on mouse ES cells, there are so-turned “balancer” proteins, defined as proteins 
that buffer or cushion the system, that act against the system stimuli [Mao et al., 2007]. These 
central network elements could mediate network remodeling upon perturbation [Bode et al., 
2007]. Consequently, we presume that part of these proteins with hub-like behavior could 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

376 

have system functionalities to prevent from severe proteomic shift. Indeed, among the 20 
high degree nodes in our predicted PPI network (degree ≥ 3), eight of the proteins belong to 
our previously detected “balancer” proteins. A Gene Ontology functional enrichment 
analysis revealed their close involvement in RNA-binding, oxidative response and cellular 
transport processes (Figure 5). 
 

 
Fig. 5. Gene Ontology analysis revealed molecular function terms enriched in high degree 
protein nodes in our predicted PPI network 

3.4 Comparison of our result to public PPI data reveals overlaps and novel 
predictions 
In light of a comparison between our predicted PPI networks to publically available PPI 
databases, twelve direct pair-wise interactions predicted by our data-driven entropy 
maximization approach could be validated by public PPI databases (Table 3). For instance, 
one important protein interaction partner of the transcription factor single-minded homolog 
2 (Sim2), the Ttc3 (tetratricopeptide repeat domain 3), was also predicted by our approach. 
However, another commonly known PPI partner of Sim2, aryl hydrocarbon receptor nuclear 
translocator (Arnt), did not appear in our list of predicted PPI partners of Sim2, although 
Arnt is present in the probset list of the microarray analysis. 
In addition, 18 predicted links are similar to that documented in public databases (Table 4). 
For example, UniHI predicted the protein interaction of Fbl to many proteasome subunits 
including Psma4, Psma6, Psma7, Psma8, Psmb6 and Psmd8bp1. Here, we attempted to 
enrich this collection with an additional proteosome subunit, Psmb5, as a potential PPI 
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partner for Fbl. Moreover, the pair-wise interactions Ahcy—Npm1 was predicted by our 
data. This is coherent to the UniHI protein interaction database, which has documented an 
indirect PPI relation of “Ahcy—Fbl —Nmp1”. 
 

Direct pair-wise protein 
interaction Source database 

Acad8 — Hadh String 
Cfl1 —  Tmp1 String 
Prdx1 — Sod2 String 
Sod1 — Sod2 String 
Ahcy — Sod2 ORTHO 
Eno1— Eno1 ORTHO 
HnrpA2B1— Snrpa1 Reactome 
HnrpA2B1— Snrpb Reactome 
Hspb1 — Hspb1 IntAct 
Mis12 — Mis12 HPRD-Binary 
Ahcy — Mtap String 
Sim2 — Ttc3 String 

Table 3. Consensus direct pair-wise interactions between our predicted PPI and public 
available PPI databases 
 

Our prediction Previous documentation Source Database 
Alb — Slc8A3 Alb — Slc1A5, Slc25A13, Slc9A8 IntAct 
Cfl1 — Got2 Cfl1 — Got1 OPHID, ORTHO 
Cfl1 — Hspb1 Cfl — Hsph1 HPRD-Binary, CCSB-LIT 
Cfl1 — Psmb5 Cfl1 — Psme4 ORTHO 
Eno1— Psmb5 Eno1— Psmd2 ORTHO 

Fbl — Psmb5 Fbl — Psma4, Psma6, Psma7, Psma8, 
Psmb6 and Psmd8bp1  

ORTHO, OPHID, BioGrid, 
HPRD-Binary 

Fbl — Rpl23A Fbl — Rpl30, Rpl4, Rpl6, Rpl8, Rplp0, 
Rplp2 

HPRD-Complex, OPHID, 
ORTHO 

Fbl — Snrpb2 Fbl — Snrpn BioGrid, HPRD-Binary 
Got2 — Psmb5 Got2 — Psmd10 ORTHO 
HnrpA2B1—Rbm14 HnrpA2B1— Rbm5, Rbm8A Reactome 
HnrpA2B1—Txn1 HnrpA2B1—Txndc10, TxnL4A ORTHO, Reactome 
Ahcy — Got2  Ahcy — Got1 ORTHO, OPHID 
Ahcy — Prdx6  Ahcy — Prdx1, Prdx2, Prdx4 ORTHO 
Got2 — Prdx6 Got2 — Prdx5 ORTHO 
Pdxk  — Kcna7 Pdxk  — Kcnma1 String 
Pdxk  — Prkg2 Pdxk  — Prkab String 
Pdxk  — Zfp469 Pdxk  — Zfp295 String 
Ahcy — Npm1 Ahcy — Fbl — Npm1 OPHID, ORTHO 

Table 4. Similar protein pair-wise interactions between our predicted PPI and public 
available databases 
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Similarly, our approach predicted three PPI partners for Pdxk: Kcna7 (potassium voltage-
gated channel, member 7), Prkg2 (Protein kinase cGMP dependent Type II), and Zfp469 
(Zinger finger protein 469), whereas analogous protein PPI partners have been documented 
in public PPI databases: Kcnma1 (potassium large conductance calcium-activated channel, 
subfamily M, alpha member 1), Prkab (protein kinase, AMP-activated) and Zfp295 (Zinger 
finger protein 295), respectively. Such overlaps increase the confidence of our predicted 
interaction list, and thus support the entropy-maximization approach as a useful method for 
the de novo PPI prediction. 

4. Discussion 
We predicted a PPI network that contains a list of possible pair-wise protein interactions in 
mouse ES cells. Notice that this PPI network resulted solely from the gene co-regulation 
experiments under multiple genetic perturbations. This demonstrates the usefulness of ES 
cells as a uniform, standardized cell system for system perturbation experiments. 
Intrinsically, our predicted PPI information is by default weighted, which infers the strength 
and nature of protein-protein interaction. This could be more superior to some other 
experimental approaches. 
In contrast to random network, the presence of community structures in our predicted PPI 
network is a signature of the hierarchical nature of intrinsic cellular PPI network. Being able 
to identify such community structures could help us explore the interplay inside the 
networks upon genetic perturbation. It should be noted that such perturbation approach 
reveals predominantly those part of the network structure that is affected by the system 
stimuli. Thus, the detected community structures in our predicted PPI network reflect the 
most significantly involved cellular pathways under genetic mutations.  
In addition, our data predicted significant protein-protein trans-interaction between Ripk4,  a 
protein kinase originally located on human chromosome 21, and Ahcy (S-adenosylhomocystein 
hydrolase). This could represent novel knowledge. Unfortunately, Ahcy was not revealed by 
the proteomic analysis, whereas the expression profile of Ahcy in microarray analysis was 
heterogeneous among different probesets. In order to in-depth analyse this issue, we performed 
an additional proteomic analysis. Indeed, using the label-free mass spectrometry protein 
quantification, we observed a 53 % concentration decrease in the Ripk4-overexpression ES cells. 
This supports our predicted PPI relation between Ahcy and Ripk4.  
It has been reported previously that in rats fed by the Ahcy enzyme inhibitor, the total 
plasma cholesterol level decreases significantly [Yamada et al., 2007]. Moreover, drug-
induced Ahcy inhibition can also lead to anemia due to low erythrocyte membrane fluidity 
[Altintas and Sezgin, 2004]. However, the direct link between Ripk4 and Ahcy has not been 
documented explicitly so far. Deduced from our de novo inferred PPI network topology, the 
overexpressing of Ripk4 could inevitably lead to the inhibition of Ahcy enzyme activity, 
which in turn leads to steroid metabolism disturbance. 
In line with this, it has been previously shown that drug induced blocking of sterol 
conversion to cholesterol in C. elegans causes serious defect in germ cell development and 
motor function [Choi et al., 2003]. This suggests the significance of cholesterol synthesis in 
neuronal function. 
Indeed, an additional post hoc functional analysis on the expression profile of Ripk4 transgenic 
ES cells showed significant down-regulation in proteins involved in lipid metabolism. This 
includes several key nuclear receptors such as retinoic acid receptor, retinoid X receptor, 
peroxisome proliferators-activated receptor and steroid hormone receptor ERR2.  
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Taken together, we may hypothesize that the overexpression of Ripk4 severely inhibits 
Ahcy’s activity. Moreover, this interaction may be important for the cholesterol synthesis 
pathways. How the interaction of Rikp4 with Ahcy could be correlated to Down syndrome 
pathology and neuronal dysfunction need to be further investigated. 

5. Conclusion 
In conclusion, this study demonstrated the feasibility of de novo tracking the structure of 
protein interaction network using a combined experimental and entropy-maximization 
approach using mouse ES cells as a model system. Albeit useful, this approach also has 
some limitations: Firstly, biological organisms are rather complex systems with vast number 
of system components. This engenders high experimental and calculation workloads. 
Secondly, the entropy maximization approach applied in this study considers only pair-wise 
protein-protein interaction. More compound interactions, such as triple node interactions or 
loop effects, which could also be relevant for the cellular PPI network, are not considered.  
Finally, it needs to be noted that like all other data-dependent modeling approaches, the 
performance of this method is highly dependent on data quality. In particular, too much of 
system reaction such as oscillation leads to high system noise, and can deleteriously 
influence the modeling outcome. In this sense, mouse ES cells could represent a warrant 
mammalian cell model of such system biological approaches due to their homogeneous and 
stable system behavior. 
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influence the modeling outcome. In this sense, mouse ES cells could represent a warrant 
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1. Introduction 
Authentic embryonic stem (ES) cells are derived from the inner cell mass (ICM) of 
preimplantation blastocysts in rodents. ES cells have been routinely derived since 1981 (Evans & 
Kaufman, 1981; Martin, 1981). They are capable of generating germline chimeras following 
injection into blastocysts. A very large number of knockin/knockout mice have been produced 
so far, leading to significant progress in both basic research and clinical investigation. However, 
recent reports indicate that the phenotypes of knockout mice sometimes do not correspond to 
human diseases (Rogers et al., 2008). Thus, the ES cells of other species, especially rats, have 
been desired for the generation of new animal models for human diseases. 
In 2008, we successfully established rat ES cells with a chimeric contribution (Ueda et al., 
2008). Soon after our report, authentic rat ES cells that could complete a germline 
transmission were established (Buehr et al., 2008; Li et al., 2008). These reports suggest that a 
removal of serum from a culture medium is necessary for maintaining the pluripotency of 
rat ES cells (Kawamata & Ochiya, 2010a). However, despite the assertion in these reports, 
we recently established high-quality rat ES cells by using a combination of 20% serum and 
signaling inhibitors. Furthermore, this culture condition enabled the ES cells to receive gene 
manipulation, leading to obtaining genetically modified rats via germline transmission. We 
also discovered an indispensable technique during a blastocyst injection process for the 
generation of germline chimeras (Kawamata & Ochiya, 2010b). 
This new technology should provide valuable animal models for the study of human 
diseases by the induction of gene-targeting manipulations in the rat ES cells. In this chapter, 
we discuss the techniques for the establishment of rat ES cells compared to mouse ES cells 
and the creation of genetically modified rats. 

2. Mouse ES cells 
ES cells are derived from the inner cell mass (ICM) of blastocysts and are capable of 
unlimited, undifferentiated proliferation in vitro. Mouse ES cell lines were first established 
by culturing ICM (Evans & Kaufman, 1981; Martin, 1981) in the presence of serum and a 
feeder cell layer made of mouse embryonic fibroblast (MEF). Later, it was shown that the 
leukemia inhibitory factor (LIF) is the key cytokine secreted by feeders to support mouse ES 
cell self-renewal and that LIF was able to replace the requirement for feeders in propagation 
(Smith et al., 1988; Williams et al., 1988). These cells have a stable developmental potential to 



21 

Establishment of Embryonic Stem Cells and 
Generation of Genetically Modified Rats 

Masaki Kawamata and Takahiro Ochiya 
National Cancer Center Research Institute, Tokyo 

 Japan 

1. Introduction 
Authentic embryonic stem (ES) cells are derived from the inner cell mass (ICM) of 
preimplantation blastocysts in rodents. ES cells have been routinely derived since 1981 (Evans & 
Kaufman, 1981; Martin, 1981). They are capable of generating germline chimeras following 
injection into blastocysts. A very large number of knockin/knockout mice have been produced 
so far, leading to significant progress in both basic research and clinical investigation. However, 
recent reports indicate that the phenotypes of knockout mice sometimes do not correspond to 
human diseases (Rogers et al., 2008). Thus, the ES cells of other species, especially rats, have 
been desired for the generation of new animal models for human diseases. 
In 2008, we successfully established rat ES cells with a chimeric contribution (Ueda et al., 
2008). Soon after our report, authentic rat ES cells that could complete a germline 
transmission were established (Buehr et al., 2008; Li et al., 2008). These reports suggest that a 
removal of serum from a culture medium is necessary for maintaining the pluripotency of 
rat ES cells (Kawamata & Ochiya, 2010a). However, despite the assertion in these reports, 
we recently established high-quality rat ES cells by using a combination of 20% serum and 
signaling inhibitors. Furthermore, this culture condition enabled the ES cells to receive gene 
manipulation, leading to obtaining genetically modified rats via germline transmission. We 
also discovered an indispensable technique during a blastocyst injection process for the 
generation of germline chimeras (Kawamata & Ochiya, 2010b). 
This new technology should provide valuable animal models for the study of human 
diseases by the induction of gene-targeting manipulations in the rat ES cells. In this chapter, 
we discuss the techniques for the establishment of rat ES cells compared to mouse ES cells 
and the creation of genetically modified rats. 

2. Mouse ES cells 
ES cells are derived from the inner cell mass (ICM) of blastocysts and are capable of 
unlimited, undifferentiated proliferation in vitro. Mouse ES cell lines were first established 
by culturing ICM (Evans & Kaufman, 1981; Martin, 1981) in the presence of serum and a 
feeder cell layer made of mouse embryonic fibroblast (MEF). Later, it was shown that the 
leukemia inhibitory factor (LIF) is the key cytokine secreted by feeders to support mouse ES 
cell self-renewal and that LIF was able to replace the requirement for feeders in propagation 
(Smith et al., 1988; Williams et al., 1988). These cells have a stable developmental potential to 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

384 

form derivatives of all three embryonic germ layers even after prolonged culture (Thomson 
& Marshall, 1998) and have been used to study the mechanism of cell differentiation. 
Moreover, they are capable of generating germ-line chimeras following injection into the 
blastocyst (Bradley et al., 1984). Thus, the creation of targeted mutation in the mouse has 
been a valuable source of animal models of human disease. 
In 2003, Ying et al. demonstrated that bone morphogenetic proteins (BMPs) could replace 
serum and act together with LIF to maintain mouse ES cell self-renewal (Ying et al., 2003). 
Furthermore, in 2008, they found that a combination of mitogen-activated protein kinase 
kinase (MEK) inhibitor PD0325901 and glycogen synthase kinase-3 (GSK3) inhibitor 
CHIR99021, termed 2i, could replace serum, MEF, and LIF in mouse ES cells (Ying et al., 
2008). Under this condition, PD0325901 shields inductive differentiation stimuli including 
autocrine fibroblast growth factor-4 (FGF4). CHIR99021 enhances ES cell propagation, which 
might be due to its exerting a global modulation of the ES cell metabolic and biosynthetic 
capacity rather than having a direct anti-apoptotic action (Ying et al., 2008) (Fig. 1). 
 

 
Fig. 1. Mechanism of maintenance of self-renewal and pluripotency 

3. Rat 
The laboratory rat was the first mammalian species domesticated for scientific research, and 
it has been used as an animal model in physiology, toxicology, nutrition, behavior, 
immunology, and neoplasia for over 150 years (Jacob, 1999). The physiology is easier to 
monitor in the rat, and, over time, a volume of data has developed that will take years to be 
replicated in the mouse. Moreover, in many cases, the physiology is more similar to the 
corresponding human condition. The size of the animal enhances its use as a disease model, 
not just because of the ability to perform surgical procedures but also because of the 
proportional size of important structures in organs that affects both the degree to which the 
organ is involved in an experimental lesion and the effects of the distance from the drug 
administration to specific anatomical areas (Iannaccone & Jacob, 2009). 

3.1 Background of rat ES cells 
After the first mouse ES cell lines were derived 29 years ago (Evans & Kaufman, 1981; 
Martin, 1981), many efforts were made to establish rat ES cells. Although a culture medium 
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of the mouse ES cells, composed of either serum and LIF or BMP and LIF, has been thought 
to be available in all species, several groups have failed to establish rat ES cells under similar 
conditions (Brenin et al., 1997; Buehr et al., 2003; Demers et al., 2007; Fandrich et al., 2002; 
Vassilieva et al., 2000). We have succeeded in cloning complete rat LIF cDNA and 
demonstrated that rat LIF has an effect on rat ES cells for the maintenance of a stem-cell 
phenotype (Takahama et al., 1998). However, their self-renewal potential was temporal in 
early passages, which may be due to the fact that a similar culture medium to that of mouse 
ES cells was used. 
In 2008, we established new lines of rat ES cells with chimeric contribution by using a 
devised culture medium and passaging method (Ueda et al., 2008). However, our ES cells 
could not achieve germline transmission. While a general culture medium for mouse ES 
cells contains 15 or 20% FBS, our culture medium contains only 3% FBS. Details of the 
method for establishing rat ES cells are described below. 
Methods; The rat ES-cell culture medium consisted of DMEM/F12 supplemented with 3% 
(vol/vol) FBS, 0.1 mM 2-mercaptoethanol, 1% nonessential amino acid, 2 mM L-glutamine, 1 
mM sodium pyruvate, antibiotic antimycotic and a nucleoside solution. Frozen embryos 
obtained at 4.5 days post-coitum of Wistar rats were used for the establishment of ES cells. 
After removal of the zona pellucida by treating with tyrode’s solution, seven to ten embryos 
were placed on a plate pre-seeded with mitotically inactivated MEFs by a treatment with 
mytomycin C. After 2 or 3 days, ICM-derived cells were dissociated into clumps 
mechanically or by exposure to 0.05% collagenase type IV before transfer onto new MEFs. 
The propagated cells were routinely passaged every 3-4 days up to 5 passages in the culture 
medium in the presence of rat LIF at 1000 U/ml and were then cultured in a medium 
supplemented with 0, 250, 500, or 1000 U/ml rat LIF.  
These rat ES cells showed marker gene expression of ES cells, such as Oct4, Nanog, and SSEA1, 
and formed embryoid bodies (EBs) after the ES-cell colonies were dissociated by treatment with 
collagenase IV. Teratomas were formed by subcutaneous, intratesticular or intraperitoneal 
injection of rat ES cells into SCID mice. Finally, chimeric rats were generated from embryos in 
which the rat ES cells, cultured in the presence of rat LIF, were injected (Ueda et al., 2008; 
Kawamata & Ochiya, 2010a). However, germline transmission was not achieved in the chimeras. 
Soon after this report, other groups succeeded in establishing authentic ES cells completing 
germline transmission (Buehr et al., 2008; Li et al., 2008; Hirabayashi et al., 2010). The common 
technique for maintaining the pluripotency of rat ES cells was to remove the content of fetal 
bovine serum (FBS) in the culture medium. The two groups suggested that failure in the 
establishment of authentic rat ES cells over the two past decades was due to the presence of 
serum (Buehr et al., 2008; Li et al., 2008). Indeed, serum may contain various kinds of nutrient 
factors as well as differentiation ones for rat ES cells (Kawamata & Ochiya, 2010a).  
The two groups used the 2i, MEK and GSK inhibitors and LIF to overcome the difficulty in 
the generation of germline-competent rat ES cells (Buehr et al., 2008; Li et al., 2008; 
Hirabayashi et al., 2010). These studies suggest that cell-signaling inhibitors play a critical 
role in the maintenance of rat ES cells as well as rat iPS cells. 

3.2 Maintenance of pluripotency and self-renewal by signal inhibitors 
Recent reports suggest that small molecules, which inhibit GSK3, FGF4 through the MAPK 
pathway, TGFβ, or ROCK signaling, have effects on ES cells for the maintenance of 
pluripotency and self-renewal. GSK3 is a central node for the negative modulation of a 
range of anabolic processes and generally acts to suppress the cellular biosynthetic capacity 
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(Frame & Cohen, 2001). GSK3 is inhibited by phosphorylation downstream of growth 
factors that activate phosphatidyl inositol 3 kinase and Akt. GSK3 is also a key component 
of the β-catenin destruction complex, and pharmacological inhibition of GSK3 increases 
cytoplasmic and nuclear β-catenin, mimicking canonical Wnt signaling (Ding et al., 2000). 
The Wnt pathway was assumed to maintain self-renewal of ES cells because the main 
components of the canonical Wnt pathway were detected in undifferentiated human ES cells 
(Sato et al., 2003). Indeed, Wnt pathway activation by 6-bromoindirubin-3’-oxime (BIO), a 
specific pharmacological inhibitor of GSK3 (Meijer et al., 2003), maintained an 
undifferentiated phenotype in mouse and human ES cells and sustained expression of the 
pluripotent state-specific transcription factors Oct4, Rex1 and Nanog even in the absence of 
LIF and MEF (Sato et al., 2004). However, BIO is not highly selective and cross-reacts with 
cyclin-dependent kinases and other kinases, while CHIR99021 was defined as a more 
selective inhibitor of GSK3 (Bain et al., 2007; Murray et al., 2004; Zhen et al., 2007). Ying et al. 
found that the activity of mouse ES cells was reduced by BIO but not by CHIR99021 (Ying et 
al., 2008). In a report relating to the Wnt pathway, a high-throughput cell-based assay 
showed that a small molecule IQ-1 allowed for long-term expansion of mouse ES cells and 
inhibited spontaneous differentiation to prevent β–catenin from switching coactivator usage 
from CBP to p300 (Miyabayashi et al., 2007). These reports suggest that the addition of the 
GSK3 inhibitor or Wnt recombinants in the ES culture medium might be a useful method to 
continuously propagate undifferentiated ES cells. 
FGF signaling is a conserved initiator of vertebrate neural development (Bertrand et al., 
2003; Delaune et al., 2005; Launay et al., 1996; Streit et al., 2000; Wilson et al., 2000). 
Activation of FGF receptors (FGFRs) can initiate transduction via three major intracellular 
pathways: classical MAPk, phosphatidylinositol 3’-OH kinase (PI3K), and phospholipase C 
gamma (PLCγ), the last two of which can activate protein kinase C proteins (PKCs), which 
can in turn stimulate ERK1/2 signaling (Schonwasser et al., 1998). A high-throughput 
chemical screen with a library of 50,000 compounds revealed that the compound SC-1 
dually inhibited RasGAP and ERK1, which propagate mouse ES cells in an undifferentiated, 
pluripotent state even in the absence of MEF, serum and LIF (Chen et al., 2006). Treatment 
of ES cells with the specific inhibitor for MEK, PD098059 (Burdon et al., 1999), ERK, 
PD184352 or FGFR, PD173074 and SU5402 also suppressed differentiation of ES cells 
(Kunath et al., 2007; Stavridis et al., 2007). Furthermore, the majority of Fgf null (Fgf-/-) ES 
cells (Wilder et al., 1997) or Erk2-/- ES cells were able to retain expression of Oct4 under a 
differentiation condition without LIF (Kunath et al., 2007). Since Fgf4 mRNA is expressed 
specifically in ES cells of various animals, FGF4 has been considered as a marker gene of ES 
cells. On the other hand, these reports suggest that an autoinductive stimulation of the 
MAPk by FGF4 enhances differentiation of ES cells, especially into neural cells. Thus, the 
MAPk inhibition might be a key method for suppressing differentiation of ES cells. 
An addition of type 1 TGFβ receptor Alk5 (A-83-01) to the 2i plus LIF medium enabled the 
generation of rat-induced pluripotent stem (iPS) cells with chimeric contribution, although 
germline transmission was not accomplished (Li et al., 2009). Furthermore, a combination of 
MEK and the ALK5 inhibitors dramatically improved the efficiency of iPS cell generation 
from human fibroblasts (Lin et al., 2009). These reports indicate that the inhibition of TGFβ 
signaling also plays a key role in pluripotency. 
Recently, Watanabe et al. found that a ROCK inhibitor, Y-27632, caused human ES cells to 
block apoptosis after dissociation into single cells by enzymatic treatment. Characteristically, 
human ES cells need to be subcultured by the bulk-passage method since single ES cells form 
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scant colonies. The propagated ES cells cultured by Y-27632 were positive for alkaline 
phosphatase (ALP), marker genes, such as E-cadherin, Oct4, and SSEA4, and the number of 
chromosomes was normally kept during a long-term culture (Watanabe et al., 2007). Although 
the mechanism that allows Y-27632 to form a human ES-cell colony with an undifferentiated 
state is unknown, the compound was recently used for a single-cell-passaging method.  

3.3 Problems with current rat ES cells 
Although the 2i plus LIF medium enables the establishment of authentic rat ES cells, the 
event of germline transmission is rarely achieved. A main reason for the failure is 
chromosomal instability in rat ES cells during long-term culture. It is known that a 
chromosomal abnormality is one of the major causes for the loss of germline competence of 
mouse ES cells (Liu et al., 1997). The germline competence seems to depend on a rat strain 
for donor ES cell-derivation and host blastocysts. Thus, trials to produce more potent cell 
lines and to find the optimal combination of rat strains for donor ES cells and host 
blastocysts remain to be addressed (Buehr et al., 2008; Li et al., 2008). 
The rat ES cells cultured in the serum free-2i plus LIF medium are sensitive to the stimuli of 
genetic manipulation by electroporation and drug-selection, which lead to cell death. To 
overcome this problem, the temporal use of serum is necessary to protect rat ES cells from 
the death by such stimuli (Buehr et al., 2008; Li et al., 2008). 

3.4 Importance to establish high-quality rat ES cells 
To produce genetically modified rats, especially in knockout/knockin rats, it is necessary to 
establish high-quality rat ES cells that retain normal karyotype and pluripotency during 
long-term culture and should be strongly resistant to stimuli during the process of genetic 
manipulation. The use of serum is one way to overcome this problem because it generally 
enables culturing cells to be vigorous. 

4. Establishment of rat ES cells 
The use of serum is a way to overcome the problem of weakness in rat ES cells because it 
generally enables culturing cells to be vigorous. We addressed suitable combinations of 
signaling inhibitors based on a culture medium that included 20% (vol/vol) FBS, DMEM 
(including 110 mg/L sodium pyruvate and 200 mM GlutaMAX), 0.1 mM 2-
mercaptoethanol, 1% nonessential amino acid stock, and 1 x antibiotic antimycotic. 
Mitomycin C-treated MEFs resistant to neomycin (Millipore) were used as feeders and 
maintained in DMEM / 10% FBS medium with 1 x antibiotic antimycotic. 

4.1 An effect of Rho kinase inhibitor 
We cultured Wistar rat blastocysts in a basic medium containing 20% FBS, which is 
generally used for mouse ES cell culture. Although the inner cell mass (ICM) outgrew and 
showed mouse ES cell-like morphology, an ES cell colony did not appear after dissociation 
and replating. An addition of the Rho kinase inhibitor Y27632 (10 μM) remarkably improved 
their outgrowth, leading to continuous expansion by performing a clump-passaging 
method. The clump included 5 to 20 cells. Once the colonies were dissociated into single 
cells, most of them immediately differentiated. The ES cell-like cells formed domed colonies 
and were positive for alkaline phosphatase activity and pluripotency markers such as Oct4, 
Nanog and Sox2 mRNAs (Fig. 2). 
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Fig. 2. Colonies cultured in a Y27632-containing medium. At passage 6, the colonies were 
stained blue, which means that they were positive for alkaline phosphatase activity (right). 
(scale bar, 100 μm) 

Generating chimeric animals achieving germline transmission is the gold standard for 
documenting authentic ES cells. Thus, we tried to produce germline chimeras via 
microinjection with the rat ES cells into blastocysts. However, the cells did not contribute 
any tissues or organs. Thus, the cells established by an addition of Y-27632 alone were not 
authentic ES cells. Details of the blastocyst injection method are described below. 
 

 
Fig. 3. Device for blastocyst injection with ES cells 

Methods; The blastocysts from E4.5 timed-pregnant rats were placed into 500 l of an 
injection medium, a basal ES cell medium without antibiotic antimycotic, and then were 
incubated for 2-3 hr. The well-expanded blastocysts were used for microinjection. For ES cell 
preparation, 10 to 20 domed or floated colonies were picked up by hand-made capillary and 
treated with Accutase droplet for 5 min at 37 °C, followed by splitting into single cells in a 
droplet of the injection medium. The cells were transferred in 500 μl of the injection medium 
and incubated for 30-60 min at room temperature. After centrifugation, ES cells were 
transferred into a droplet of the injection medium in mineral oil (SIGMA). Ten to 15 ES cells 
were injected into each blastocyst (Fig. 3) and incubated at 37 °C for 3-5 hr in the injection 
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medium to allow the embryos to recover. Ten to 20 embryos were then transferred into the 
uterine horn of each E3.5 pseudopregnant female rat.  

4.2 Four signaling inhibitors are necessary to establish rat ES cells 
We tried various combinations of signaling inhibitors to establish authentic ES cells. Finally, 
we found that the use of a combination of 4 inhibitors, 10 μM Y-27632, 1 μM PD0325901, 0.5 
μM A-83-01, and 3 μM CHIR99021 (termed YPAC) allowed the establishment of authentic 
rat ES cells. PD0325901, A-83-01, and CHIR99021 are the signaling inhibitors for MEK, Tgfβ, 
and GSK, respectively.  
Cell proliferation of ICM outgrowth was quite rapid under the YPAC condition. The ICMs 
were picked up using a hand-made needle, followed by extraction of mRNA for the analysis 
of gene expression. The expression levels of ES cell-marker genes, Oct4, Nanog, Sox2, and 
Rex1, in ICM cells with YPAC were over 100-fold higher than those without YPAC. Under 
the YPAC condition, blastocyst outgrowths were observed in 51 samples for all the tested 
embryos regardless of the strains. The blastocyst strains were derived from Wistar (albino), 
Long-Evans Agouti (LEA, agouti), or a hybrid of Wistar and LEA (agouti).  
A total of Six ES cell lines were established from the blastocysts derived from the three 
strains. Details of the method are described below.  
Methods: After approximately 7 days, the blastocyst outgrowths were cut into pieces and 
replated under the same YPAC conditions. Emerging ES cell colonies were then dissociated 
using Accutase and expanded. Established ES cell lines were routinely maintained under 
MEF-YPAC conditions and passaged every 3-4 days. Floated colonies were also passaged. 
Domed colonies were formed from dissociated single cells and could be expanded infinitely. 
The morphology of their domed colony (Fig. 4) was similar to that of the mouse ES cell colony 
but slightly different from that of the rat ES cell under the condition of a Y medium (Fig. 2). 
 

 
Fig. 4. Colonies cultured in a YPAC-containing medium (passage 3). (scale bar, 100 μm) 

4.3 Characteristics of rat ES cells 
The YPAC condition was indispensable for maintenance of the rat ES cells. Y was necessary 
for adherence on MEF, while PAC was necessary for maintaining their pluripotency. If Y 
was removed from the YPAC medium, few colonies appeared with proliferating. Thus, Y is 
the most important cell-signaling inhibitor in the YPAC medium. 
The rat ES cell colonies tend to detach from MEF, differently from mouse ones. The domed 
colonies are easily detached by pipetting, followed by dissociation and passaging steps. 
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Recent reports have indicated that the domed colony possesses a normal karyotype, while 
the tightly adherent monolayer colony shows chromosomal instability (Kawamata & 
Ochiya, 2010; Tong et al., 2010). In fact, our rat ES cells possessed a normal karyotype during 
long-term culturing due to the passaging of floated colonies. 
An alkaline phosphatase activity was positive in the rat ES cells. A microarray analysis 
showed the rat ES cells kept high levels of marker gene expression such as Oct4, Nanog, 
Sox2, Rex1, Dppa3, Cdh1, and Tbx1. Immunocytochemistry also showed that Oct4, Nanog, 
and Sox2 proteins were expressed in undifferentiated cells.  
The classical method to induce ES cell differentiation is to allow the cells to grow in 
suspension and to form three-dimensional aggregates known as embryoid bodies (EBs) 
(Keller 1995). Dissociated ES cells were plated into Low-Cell-Binding-Dishes in the basal 
(without YPAC) medium. EBs were formed from the ES cells at a much lower efficiency 
compared with their formation from mouse ES cells. The expression of marker genes 
decreased during the process of EB differentiation. In the presence of PAC, cells aggregated 
with high efficiency and formed a clear three-dimensional structure. The EBs with PAC at 
day 7 still sustained high expression levels of the marker genes. 
The rat ES cells formed teratomas 34 days after transplantation under the skin of an 
immunodeficient SCID mouse. A histological examination showed that the teratomas 
contained all three germ layers, namely, the intestinal epithelium (endoderm), cartilage 
(mesoderm), and neuronal rosette (ectoderm). 
 

  
Fig. 5. Germline transmission from chimeric rats. The ES cell line derived from the LEA rat 
strain was injected into Wistar rat blastocysts, leading to the production of a female chimeric 
rat with an agouti coat color (arrow). The chimera was mated with a male Wistar rat, and ES 
cells were transmitted to the next generation with agouti coat color as a Wistar and LEA 
hybrid strain (arrowheads) 
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4.4 Production of germline chimeras 
We first used a basic ES cell medium without YPAC. However, a coat-color chimera was 
hardly produced despite the fact that the ES cell line at early passages (6 to 8) was used. 
Only one male chimera out of 44 pups was obtained, but the chimerism was very sparse.  
Next, we added YPAC to the medium during the process of microinjection and blastocyst 
incubation.  This idea was came from the results showing that PAC maintains the 
pluripotency of cultured cells or EBs. Indeed, PAC addition significantly improved the 
efficacy to produce chimeric rats. Eight of 23 coat-color chimeras were obtained from the 
same ES cell line, as reported above, at passage 11 or 12. The generation of coat-color 
chimeras was successful in all 6 cell lines. Moreover, after mating with male rats, germline 
transmission was accomplished in adult female chimeras derived from all the 6 cell lines 
independently of the rat strain (Fig. 5). This efficiency is considerably higher than that seen 
in previous reports (Buehr et al., 2008; Li et al., 2008), which might be due to the 
maintenance of a normal karyotype in the ES cells during long-term culture. 

4.5 Generation of genetically modified rats 
To monitor the ability of stem cells by observing fluorescence, we introduced a transgene in 
which a Venus protein was expressed by an Oct4 promoter/enhancer. Venus is a mutant 
protein of yellow fluorescent protein (YFP) (Nagai et al., 2002). The 3.9 kb Oct4 promoter 
was obtained from Wistar rat genomic DNA. This region is known to include both the 
proximal and the distal enhancer, which gives Oct4 expression in the morula, inner cell mass 
(ICM), epiblast, primordial germ cells (PGCs), and ES cells (Chew et al., 2005). Oct4 mRNA 
is slightly expressed in somatic stem cells in adult mice (Lengner et al., 2007). Details of the 
gene introduction are described below.  
Methods; For gene introduction, a nucleofector was used. After dissociating ES cells with 
Accutase, they were washed with PBS (-). Ten μg pOct4-Venus transgene linearized by SalI 
was transfected into 3x 106 LEA rat ES cells with the Mouse ES Cell Nucleofector Kit (Amaxa 
Inc.). The cells were plated on MEFs in the YPAC medium with 2% matrigel (BD 
Biosciences). Here, the use of 2% matrigel is important to maintain the attachment of 
colonies on MEF. A single colony of a Venus-positive transfectant was picked up using a 
hand-made capillary and expanded without drug selection.  
In this expansion process of each clone, we found that dominant clones showed a Venus 
expression pattern with heterogeneity, indicating a complex with a strong positive, a weak 
positive, and a negative. In addition, a small number of clones possessed a Venus expression 
pattern with homogeneity. A homogeneous expression pattern was also demonstrated by 
immunocytochemistry for the Oct4 protein. Thus, we injected this clone into Wistar rat 
blastocysts, leading to the production of chimeric rats. After mating with LEA male rats, 
Oct4-Venus transgenic rats were delivered from the female chimera via germline 
transmission.  Genotyping for the Oct4-Venus transgene was performed by PCR analysis to 
amplify the Venus DNA fragment. The transgenic rats were healthy and could produce a 
new generation. Venus fluorescence was detected in PGCs in fetal gonad at 17.0 days post-
coitum (Fig. 6). 
We further investigated the Oct4-Venus expression during the outgrowth of ICM and 
expansion of ES cells.  The Venus-positive blastocyst was plated on MEFs in the YPAC 
medium. ICM cells rapidly expanded, and Venus fluorescence was observed in some of the 
cells. After replating the ICM by dissociation with Accutase, domed colonies possessing 
homogeneous expression of Oct4-Venus appeared. The domed colonies could be infinitely 
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strain was injected into Wistar rat blastocysts, leading to the production of a female chimeric 
rat with an agouti coat color (arrow). The chimera was mated with a male Wistar rat, and ES 
cells were transmitted to the next generation with agouti coat color as a Wistar and LEA 
hybrid strain (arrowheads) 
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4.4 Production of germline chimeras 
We first used a basic ES cell medium without YPAC. However, a coat-color chimera was 
hardly produced despite the fact that the ES cell line at early passages (6 to 8) was used. 
Only one male chimera out of 44 pups was obtained, but the chimerism was very sparse.  
Next, we added YPAC to the medium during the process of microinjection and blastocyst 
incubation.  This idea was came from the results showing that PAC maintains the 
pluripotency of cultured cells or EBs. Indeed, PAC addition significantly improved the 
efficacy to produce chimeric rats. Eight of 23 coat-color chimeras were obtained from the 
same ES cell line, as reported above, at passage 11 or 12. The generation of coat-color 
chimeras was successful in all 6 cell lines. Moreover, after mating with male rats, germline 
transmission was accomplished in adult female chimeras derived from all the 6 cell lines 
independently of the rat strain (Fig. 5). This efficiency is considerably higher than that seen 
in previous reports (Buehr et al., 2008; Li et al., 2008), which might be due to the 
maintenance of a normal karyotype in the ES cells during long-term culture. 

4.5 Generation of genetically modified rats 
To monitor the ability of stem cells by observing fluorescence, we introduced a transgene in 
which a Venus protein was expressed by an Oct4 promoter/enhancer. Venus is a mutant 
protein of yellow fluorescent protein (YFP) (Nagai et al., 2002). The 3.9 kb Oct4 promoter 
was obtained from Wistar rat genomic DNA. This region is known to include both the 
proximal and the distal enhancer, which gives Oct4 expression in the morula, inner cell mass 
(ICM), epiblast, primordial germ cells (PGCs), and ES cells (Chew et al., 2005). Oct4 mRNA 
is slightly expressed in somatic stem cells in adult mice (Lengner et al., 2007). Details of the 
gene introduction are described below.  
Methods; For gene introduction, a nucleofector was used. After dissociating ES cells with 
Accutase, they were washed with PBS (-). Ten μg pOct4-Venus transgene linearized by SalI 
was transfected into 3x 106 LEA rat ES cells with the Mouse ES Cell Nucleofector Kit (Amaxa 
Inc.). The cells were plated on MEFs in the YPAC medium with 2% matrigel (BD 
Biosciences). Here, the use of 2% matrigel is important to maintain the attachment of 
colonies on MEF. A single colony of a Venus-positive transfectant was picked up using a 
hand-made capillary and expanded without drug selection.  
In this expansion process of each clone, we found that dominant clones showed a Venus 
expression pattern with heterogeneity, indicating a complex with a strong positive, a weak 
positive, and a negative. In addition, a small number of clones possessed a Venus expression 
pattern with homogeneity. A homogeneous expression pattern was also demonstrated by 
immunocytochemistry for the Oct4 protein. Thus, we injected this clone into Wistar rat 
blastocysts, leading to the production of chimeric rats. After mating with LEA male rats, 
Oct4-Venus transgenic rats were delivered from the female chimera via germline 
transmission.  Genotyping for the Oct4-Venus transgene was performed by PCR analysis to 
amplify the Venus DNA fragment. The transgenic rats were healthy and could produce a 
new generation. Venus fluorescence was detected in PGCs in fetal gonad at 17.0 days post-
coitum (Fig. 6). 
We further investigated the Oct4-Venus expression during the outgrowth of ICM and 
expansion of ES cells.  The Venus-positive blastocyst was plated on MEFs in the YPAC 
medium. ICM cells rapidly expanded, and Venus fluorescence was observed in some of the 
cells. After replating the ICM by dissociation with Accutase, domed colonies possessing 
homogeneous expression of Oct4-Venus appeared. The domed colonies could be infinitely 
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continued to passage (Fig. 7). This result suggests that we had generated Oct4-Venus 
transgenic rats, which enabled us to monitor authentic rat ES cells with Venus fluorescence. 

 

 
Fig. 6. Oct4-Venus expression in PGCs in fetal gonad. Fetal gonad of Oct4-Venus transgenic 
female embryo at 16.0 days of gestation was dissected, and Venus fluorescence was 
observed. (scale bar, 100 μm) 

 

 
Fig. 7. Oct4-Venus expression during outgrowth of ICM and expansion of ES cells. 
Blastocyst derived from Oct4-Venus transgenic rats was outgrown on MEFs in the YPAC 
medium for 7 days. Venus fluorescence was detected in the ICM cells, while it was not 
detected in differentiated cells. Homogenous Venus fluorescence was observed in ES cells at 
passage 18. (scale bar, 100 μm) 

5. Conclusion 
Our results demonstrated that the use of a combination of serum and cell-signaling 
inhibitors during outgrowth, cell culture, and blastocyst injection leads to the generation of 
germline chimeras with extremely high efficiency. Furthermore, we generated genetically 
modified rats from ES cells. The complete generation of Tg rats might be based on the use of 
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a culture medium containing 20% serum and YPAC, which might strongly protect from cell 
damage during gene introduction with electric stimuli and maintain pluripotency with a 
stable karyotype during the cloning and expansion process. Previous works suggested that 
failure in the establishment of authentic rat ES cells over the two past decades was due to 
the presence of serum (Buehr et al, 2008; Li et al., 2008). Indeed, serum may contain various 
kinds of nutrient factors as well as differentiation ones for rat ES cells. Our reason for the 
present success in the establishment of such significant pluripotent cell lines might be not 
only the signaling inhibitors shielding ES cells from differentiation but also the utilization of 
the nutrients in the serum.  
Although two groups have reported the establishment of authentic rat ES cells, only one out 
of several cell lines accomplished germline transmission in each group (Buehr et al., 2008; Li 
et al., 2008). Thus, trials to produce more potent cell lines and to find the optimal 
combination of rat strains for donor ES cells, host blastocysts, and recipient foster females 
remain to be addressed (Buehr et al., 2008; Li et al., 2008). In this study, our YPAC-culture 
and -injection method overcame the difficulty of completing germline transmission in all the 
six ES cell lines independently of the rat strain. The YPAC condition will enable the selection 
of preferable rat strains for the generation of genetically modified rats from ES cells, 
bringing great advantages to research for strain-specific disease models. We believe that the 
availability of our rat ES cells and the YPAC-injection technique will also open up a valuable 
platform for routinely generating knockout/knockin rats, holding out the promise for the 
generation of new disease models. 
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1. Introduction 
Rats (Rattus norvegicus) have been used more extensively than mice in the research fields of 
neuroscience, pharmacology and toxicology. There are more than 100 rat strains with 
various genetic backgrounds, including some useful models for human diseases. For 
example, the SHR (spontaneously hypertensive rat) strain and the BB (rats spontaneously 
developing insulin-dependent diabetes mellitus) strain are well-established models for 
studying cardiovascular diseases and endocrinopathy (Okamoto, 1969; Like et al., 1982). 
Because of the well-understood mapping of brain functions, rats are often used for 
physiological studies on memory and emotion (Wood et al., 1999; van Erp et al., 2000). 
Furthermore, experimental studies on mammary tumors require the use of rats in which 
symptoms of the disease are distinct from those caused by mouse mammary tumor viruses; 
mouse mammary tumor viruses cause tumors in the mammary glands of mice but not those in 
humans or rats (Carr et al., 1981; Gould, 1986). In addition, transgenic rats have been used as 
model animals for human diseases (e.g., Alzheimer’s disease, autoimmunity and high-density 
lipoprotein [HDL] metabolism) and organ transplantation, and as animal bioreactors for 
protein production (Heideman, 1991; Charreau et al., 1996; Ganten, 1998). One advantage of 
using rats rather than mice in transgenic studies is the ease of continuous or repeated sample 
collection (e.g., of blood or urine) and surgery, due to their larger size, while litter size, 
gestation length, maturation rate, estrous cycle length, and life span of rats are all very similar 
to those of mice. Thus, the rat has the advantage of being a reasonably well-characterized and 
intermediate-sized rodent that can be maintained much more cheaply than larger animals and 
can often be manipulated much more easily than smaller rodents. 
On the other hand, the reverse genetic approach using the rats (precise and conditional gene 
replacements [knock-in] or loss of gene function [knock-out] at the specific locus) was 
considered impossible because any protocols to establish embryonic stem (ES) cell lines 
conventionally used in mice were not applicable to the rats. However in 2008, functional 
germline-competent ES cell lines have been reported (Buehr et al., 2008; Li et al., 2008). Very 
recently, successful production of p53 gene knock-out rats by homologous recombination in 
the ES cells has been achieved at last (Tong et al., 2010). The present chapter deals with an 
overview of attempts at producing gene-modified rats (with or without using ES cells), 
followed by detailed protocols for establishment of rat ES cell lines, and for successful use of 
the rat ES cells in transgenesis via electroporation (Hirabayashi et al., 2010a; 2010b).  



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

396 

Stavridis, M.P.; Lunn, J.S.; Collins, B.J. & Storey, K.G. (2007). A discrete period of FGF-
induced Erk1/2 signalling is required for vertebrate neural specification. 
Development, Vol. 134: 2889-2894. 

Streit, A.; Berliner, A.J.; Papanayotou, C.; Sirulnik, A. & Stern, C.D. (2000). Initiation of 
neural induction by FGF signalling before gastrulation. Nature, Vol. 406: 74-78. 

Takahama, Y.; Ochiya, T.; Sasaki, H.; Baba-Toriyama, H.; Konishi, H.; Nakano, H. & Terada, 
M. (1998). Molecular cloning and functional analysis of cDNA encoding a rat 
leukemia inhibitory factor: towards generation of pluripotent rat embryonic stem 
cells. Oncogene, Vol. 16: 3189–3196. 

Thomson, J.A. & Marshall, V.S. (1998). Primate embryonic stem cells. Curr Top Dev Biol, Vol. 
38: 133–165. 

Ueda, S.; Kawamata, M.; Teratani, T.; Shimizu, T.; Tamai, Y.; Ogawa, H.; Hayashi, K.; Tsuda, 
H. & Ochiya, T. (2008). Establishment of rat embryonic stem cells and making of 
chimera rats. PLoS ONE, Vol. 3: e2800. 

Vassilieva, S.; Guan, K.; Pich, U. & Wobus, A.M. (2000). Establishment of SSEA-1- and Oct-4-
expressing rat embryonic stem-like cell lines and effects of cytokines of the IL-6 
family on clonal growth. Exp Cell Res, Vol. 258: 361–373. 

Watanabe, K.; Ueno, M.; Kamiya, D.; Nishiyama, A.; Matsumura, M.; Wataya, T.; Takahashi, 
J.B.; Nishikawa, S.; Nishikawa, S.; Muguruma, K. & Sasai, Y. (2007). A ROCK 
inhibitor permits survival of dissociated human embryonic stem cells. Nat 
Biotechnol, Vol. 25: 681-686. 

Wilder, P.J.; Kelly, D.; Brigman, K.; Peterson, C.L.; Nowling, T.; Gao, Q.S.; McComb, R.D.; 
Capecchi, M.R. & Rizzino, A. (1997). Inactivation of the FGF-4 gene in embryonic 
stem cells alters the growth and/or the survival of their early differentiated 
progeny. Dev Biol, Vol. 192: 614-629. 

Williams, R.L.; Hilton, D.J.; Pease, S.; Willson, T.A.; Stewart, C.L.; Gearing, D.P.; Wagner, 
E.F.; Metcalf, D.; Nicola, N.A. & Gough, N.M. (1988). Myeloid leukaemia inhibitory 
factor maintains the developmental potential of embryonic stem cells. Nature, Vol. 
336: 684–687. 

Wilson, S.I.; Graziano, E.; Harland, R.; Jessell, T.M. & Edlund, T. (2000). An early 
requirement for FGF signalling in the acquisition of neural cell fate in the chick 
embryo. Curr Biol, Vol. 10: 421-429. 

Ying, Q.L.; Nichols, J.; Chambers, I. & Smith, A. (2003). BMP induction of Id proteins 
suppresses differentiation and sustains embryonic stem cell self-renewal in 
collaboration with STAT3. Cell, Vol. 115: 281–292. 

Ying, Q.L.; Wray, J.; Nichols, J.; Batlle-Morera, L.; Doble, B.; Woodgett, J.; Cohen, P. & Smith, A. 
(2008). The ground state of embryonic stem cell self-renewal. Nature, Vol. 453: 281-292. 

Zhen, Y.; Sørensen, V.; Jin, Y.; Suo, Z. & Wiedłocha, A. (2007). Indirubin-3'-monoxime 
inhibits autophosphorylation of FGFR1 and stimulates ERK1/2 activity via p38 
MAPK. Oncogene, 26: 6372-6385. 

22 

Rat Embryonic Stem Cells: 
Establishment and Their Use for Transgenesis 

Masumi Hirabayashi1 and Shinichi Hochi2 
1Center for Genetic Analysis of Behavior, National Institute for Physiological Sciences 

2Faculty of Textile Science and Technology, Shinshu University 
Japan 

1. Introduction 
Rats (Rattus norvegicus) have been used more extensively than mice in the research fields of 
neuroscience, pharmacology and toxicology. There are more than 100 rat strains with 
various genetic backgrounds, including some useful models for human diseases. For 
example, the SHR (spontaneously hypertensive rat) strain and the BB (rats spontaneously 
developing insulin-dependent diabetes mellitus) strain are well-established models for 
studying cardiovascular diseases and endocrinopathy (Okamoto, 1969; Like et al., 1982). 
Because of the well-understood mapping of brain functions, rats are often used for 
physiological studies on memory and emotion (Wood et al., 1999; van Erp et al., 2000). 
Furthermore, experimental studies on mammary tumors require the use of rats in which 
symptoms of the disease are distinct from those caused by mouse mammary tumor viruses; 
mouse mammary tumor viruses cause tumors in the mammary glands of mice but not those in 
humans or rats (Carr et al., 1981; Gould, 1986). In addition, transgenic rats have been used as 
model animals for human diseases (e.g., Alzheimer’s disease, autoimmunity and high-density 
lipoprotein [HDL] metabolism) and organ transplantation, and as animal bioreactors for 
protein production (Heideman, 1991; Charreau et al., 1996; Ganten, 1998). One advantage of 
using rats rather than mice in transgenic studies is the ease of continuous or repeated sample 
collection (e.g., of blood or urine) and surgery, due to their larger size, while litter size, 
gestation length, maturation rate, estrous cycle length, and life span of rats are all very similar 
to those of mice. Thus, the rat has the advantage of being a reasonably well-characterized and 
intermediate-sized rodent that can be maintained much more cheaply than larger animals and 
can often be manipulated much more easily than smaller rodents. 
On the other hand, the reverse genetic approach using the rats (precise and conditional gene 
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considered impossible because any protocols to establish embryonic stem (ES) cell lines 
conventionally used in mice were not applicable to the rats. However in 2008, functional 
germline-competent ES cell lines have been reported (Buehr et al., 2008; Li et al., 2008). Very 
recently, successful production of p53 gene knock-out rats by homologous recombination in 
the ES cells has been achieved at last (Tong et al., 2010). The present chapter deals with an 
overview of attempts at producing gene-modified rats (with or without using ES cells), 
followed by detailed protocols for establishment of rat ES cell lines, and for successful use of 
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2. Approaches to produce gene-modified rats 
Transgenic rats integrated with foreign gene into their genomes can be routinely produced 
by conventional pronuclear microinjection (Hammer et al., 1990; Hochi et al., 1990; Mullins 
et al., 1990) or by an intracytoplasmic sperm injection (ICSI)-mediated gene transfer protocol 
(Kato et al., 2004; Hirabayashi et al., 2005). As for production of rats genetically modified 
(knock-in or knock-out of endogenous gene function), the most convenient tool, ES cell line, 
was not available for this rodent. Despite of numerous efforts, all attempts at establishing rat 
ES cell lines have resulted in total failures (Brenin et al., 1997; Vassilieva et al., 2000; Buehr et 
al., 2003); some ES-like cell lines have been derivated, but phenotype of the ES-like cell 
origin was not contributed to chimera or was not transmitted to G1 generation offspring, 
even though they could proliferate while maintaining undifferentiated status and show 
multipotency under certain conditions for inducing differentiation. Ueda et al. (2008) 
reported the production of chimeric rats derived from blastocyst injection of transgenic ES 
cells (established by classical method), without data for germline transmission of the 
exogenous gene. 
Therefore alternatively, sophisticated approaches were used to induce genetic mutations in 
the rats. Gene-modified rats have been successfully produced by the following three 
approaches. (1) The yeast-based screening assay of N-ethyl-N-nitrosourea (ENU) mutated 
G1 offspring (Zan et al., 2003; Chen & Gould, 2004) allows to produce serial allelic variations 
of targeted genes, in addition to knock-out mutants expected. In another words, targeted 
gene modifications at the specific locus (Scn1a; a missense mutantion presumptively 
responsible to epilepsy) are difficult to achieve in the ENU-mutagenesis (Mashimo et al., 
2008). (2) Sleeping beauty (SB) transposon system was found effective to induce insertional 
mutatation in rats (Kitada et al., 2007) as well as in mice (Keng et al., 2005). This system 
includes the production of two independent transgenic lines carrying the SB transposon 
vector (eqipped with promoter trap system and poly-[A] trap system) and SB transposase, 
respectively, and the subsequent interline coupling to produce double-transgenic rats. 
Transposition events occurs not only on the same chromosome but also between different 
chromosomes. This SB transposon-tagged mutagenesis is disadvantageous in controlling the 
frequency of mutation at the specific locus, too. (3) Zinc-finger nucleases (ZFNs) can create 
genome-specific double-stranded breaks and therefore more likely to induce targeted gene 
mutation. Microinjection of DNA or mRNA that encodes specific ZFNs into pronuclear 
zygotes derived from green fluorescent protein (GFP) transgenic rats resulted in a high 
frequency of rat offspring that do not express the transgenic marker, due to a consequence 
of homologous recombination at the GFP locus (Geurts et al., 2009). Mutation in rat genome 
has been induced in interleukin 2 receptor gamma (IL2rγ) locus by this approach (Mashimo 
et al., 2010). One of the obstacles in the ZFNs technology is the difficult customization of the 
DNA/mRNA motif for ZFNs specific to the desired locus. 
Cloning by somatic cell nuclear transplantation (SCNT) is an alternative approach to 
produce gene-modified rats. Successful production of cloned rats with somatic cells was first 
reported by Zhou et al. (2003). However, the reproducibility of the data is still questionable 
(Hirabayashi & Hochi, 2006). As to reasons why rat SCNT is difficult, rat oocytes are likely 
to activate spontaneously in vitro after recovery from the oviductal ampullae (Zernicka-
Goetz, 1991; Ito et al., 2005). The male germline stem (GS) cell line, which is capable of 
culturing and differentiating in vitro, is also a source of cells for gene targeting and 
production of knockout animals via ICSI or other microinsemination techniques (Feng et al., 
2002; Toyooka et al., 2003; Geijsen et al., 2004). When rat spermatogonial stem cells were 
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transplanted into busulfan-treated nude mouse testes, microinsemination of the retrieved 
rat spermatids and spermatozoa into rat oocytes resulted in viable rat offspring (Shinohara 
et al., 2006). The SCNT/GS cell technologies combined with homologous recombination-
based gene targeting will become a powerful tool for production of knock-out rats, once 
they can be established and widespread.  
Breakthrough in establishing rat ES cell lines was appeared at the end of 2008 year (26th 
December, 2008). Functional germline-competent ES cell lines have been reported by using a 
few inhibitors for fibroblast growth factor (FGF) receptor, mitogen activated protein kinase 
kinase (MEK) and glycogen synthase kinase 3 (GSK3) in differentiation-related signaling 
pathways (Buehr et al., 2008; Li et al., 2008). This protocol, the so-called 3i/2i culture system, 
was originated from ES cell research in mouse (Ying et al., 2008) and was proved 
reproducible even after slight modificatons were added to the culture system (Hirabayashi 
et al., 2010a; Kawamata & Ochiya, 2010). The modification made by Hirabayashi et al. 
(2010a) is to replace MEK activation inhibitor PD1843521 with MEK inhibitor PD325901 and 
to add rat leukemia inhibitory factor (LIF) instead of LIF-secreting feeder cells in the 3i 
system, while that made by Kawamata & Ochiya (2010) is to add fetal bovine serum (FBS), 
ß-mercaptoethanol, rat LIF, and inhibitors for Rho-associated coiled-coil kinase (ROCK) and 
transforming growth factor-beta (TGF-ß) type-I receptor ALK5 kinase to the 2i culture 
medium containing MEK and GSK3 inhibitors. Very recently, successful production of p53 
gene knock-out rats by homologous recombination in the ES cells has been achieved (Tong 
et al., 2010). The p53 is tumour suppressor gene located on rat chromosome 10, and 
mutations in the p53 gene are highly associated with genetic lesions in human cancers. Soon 
or later, the homologous recombination-based gene targeting in rat ES cell lines will allow 
for practical production and analysis of individual rats with targeted mutation in every 
research fields, as routinely done in mice.  

3. Establishment of rat ES cells 
Development of a methodology for reverse genetic research has been long desired, because 
the rat is the most widely used animal model in biological research. The most convenient 
method for production of knockout rats is to use gene-targeted ES cells in germline chimera 
production. Although rat ES cell lines have not been established despite of numerous 
efforts, recent application of 2i/3i culture system enabled the derivation of germline-
competent rat ES cell lines (Buehr et al., 2008; Li et al., 2008). In this section, rat ES cell lines 
that can participate in germline chimeras at high efficiency (Hirabayashi et al., 2010a; with a 
few additional data) are described. 

3.1 Isolating undifferentiated colonies from blastocysts  
Blastocysts at E4.5 (E0 was defined as the initiation of coupling) were recovered by uterine 
flushing of Wistar females couplated with a homogenous CAG/venus transgenic male rat. 
Green fluorescence of the venus gene was used as the transgenic marker. Their zonae 
pellucidae were removed in acid tyrodes solution (5 sec at an ambient temperature), and 
then each blastocyst was placed on mitomycin (MMC)-treated mouse embryonic fibroblasts 
(MEF; concentraton of the feeder cells, 3 to 4 x 105 cells/ml; see below note-1) in a well of 4-
well dish. The culture medium consisted of 2 µM FGF receptor inhibitor, SU5402 
(Calbiochem), 1 µM MEK inhibitor, PD0325901 (Stemgent), 3 µM GSK3 inhibitor, 
CHIR99021 (Axon), and 1,000 U/ml rat LIF (ESGRO®, Millipore) in N2B27 medium (see 
below note-2). After 7 days culture at 37C in a humidified atmosphere of 5% CO2 in air, the 
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reproducible even after slight modificatons were added to the culture system (Hirabayashi 
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to add rat leukemia inhibitory factor (LIF) instead of LIF-secreting feeder cells in the 3i 
system, while that made by Kawamata & Ochiya (2010) is to add fetal bovine serum (FBS), 
ß-mercaptoethanol, rat LIF, and inhibitors for Rho-associated coiled-coil kinase (ROCK) and 
transforming growth factor-beta (TGF-ß) type-I receptor ALK5 kinase to the 2i culture 
medium containing MEK and GSK3 inhibitors. Very recently, successful production of p53 
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the rat is the most widely used animal model in biological research. The most convenient 
method for production of knockout rats is to use gene-targeted ES cells in germline chimera 
production. Although rat ES cell lines have not been established despite of numerous 
efforts, recent application of 2i/3i culture system enabled the derivation of germline-
competent rat ES cell lines (Buehr et al., 2008; Li et al., 2008). In this section, rat ES cell lines 
that can participate in germline chimeras at high efficiency (Hirabayashi et al., 2010a; with a 
few additional data) are described. 

3.1 Isolating undifferentiated colonies from blastocysts  
Blastocysts at E4.5 (E0 was defined as the initiation of coupling) were recovered by uterine 
flushing of Wistar females couplated with a homogenous CAG/venus transgenic male rat. 
Green fluorescence of the venus gene was used as the transgenic marker. Their zonae 
pellucidae were removed in acid tyrodes solution (5 sec at an ambient temperature), and 
then each blastocyst was placed on mitomycin (MMC)-treated mouse embryonic fibroblasts 
(MEF; concentraton of the feeder cells, 3 to 4 x 105 cells/ml; see below note-1) in a well of 4-
well dish. The culture medium consisted of 2 µM FGF receptor inhibitor, SU5402 
(Calbiochem), 1 µM MEK inhibitor, PD0325901 (Stemgent), 3 µM GSK3 inhibitor, 
CHIR99021 (Axon), and 1,000 U/ml rat LIF (ESGRO®, Millipore) in N2B27 medium (see 
below note-2). After 7 days culture at 37C in a humidified atmosphere of 5% CO2 in air, the 
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outgrowths of the blastocysts (Fig. 1a) were disaggregated by gentle pipetting and 
transferred to the same MEF/3i conditions (first passage). However, time required until the 
first passage (5 days to 2 weeks) may depend on rat strains for blastocysts. When ES cell-like 
colonies were emerged (Fig. 1b), they were trypsinized in 0.25% trypsin/0.6 mM EDTA 
solution (Sigma) and then expanded (Fig. 1c). The tentative ES cell lines were maintained in 
MEF/3i conditions, with medium exchange every other day and trypsinization/expansion 
(passage) every three days. Otherwise, the ES cell lines were cryopreserved to prevent 
senescence (see below note-3). It was checked whether the derivated cells are alkaline 
phosphatase (AP)-positive (Fig. 1d). Nine ES cell lines (69.2%) were established from 13 
transgenic blastocysts. Among them, two lines with excellent growth rate (rESWIv3i-1 and 
rESWIv3i-5) were selected, and both lines were found female by PCR analysis to detect rat 
Sry gene. Attachment of ES cell colonies with the feeder cells was not so strong, and 
morphological appearance of the rat ES cell colonies was similar to that of mouse ES cells. 
As the passage number of the ES cells increased, signs of differentiation into extraembryonic 
cell-like cells were observed in cultures, especially when the culture medium was exchanged 
every other day rather than every day (Fig. 1e and 1f).      
 

 
Fig. 1. Establishment of rat ES cell line. (a) Outgrowth of a blastocyst on MEF feeders 7 days 
after plating. (b) Formation of colonies 3 days after the first passage. (c) Expanded ES cell 
colonies 2 days after fourth passage. (d) Alkaline phosphatase-positive colony at passage 12. 
(e) The ES cells at passage 17. Under the daily exchange of culture medium, very little cells 
showed any signs of differentiation. (f) The ES cells at passage 17, maintained with medium 
exchange every other day. Differentiated extra-embryonic cells were observed. Scale bars: a, 
d, e and f; 100-µm, b and c; 500-µm 
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Notes: (1) MEF Preparation; One-ml of neomycin (G418)-resistant MEF cell cryostock (2 to 3 
x 107 cells/vial, Kitayama Labes) were thawed in 37C waterbath, and resuspended in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS (ES cell 
qualified). The cell suspension was centrifuged for 190 x g for 5 min at 4C, resuspended in 
DMEM/10% FBS, and then cultured for 2 to 3 days. Confluently proliferated cells were 
liberated by trypsin/EDTA treatment, centrihuged for 190 x g for 5 min at 4C, resuspended, 
and replated (passage). After several passages, the cells were treated with 10 µg/ml MMC 
for 2 h at 37C in 5% CO2 in air. After washing twice by centrifugation, the MCC-treated 
MEFs were used as the feeder cells. The DMEM and FBS were purchased from Gibco. (2) 
N2B27 medium; A 1:1 mixture of DMEM/F12 (1:1) and Neurobasal medium was 
supplemented with B-27 serum-free supplement, N-2 serum-free supplement, 2 mM L-
glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin. Media and reagents for N2B27 
medium were all purchased from Gibco. (3) Cryopreservation of ES cells; ES cells were 
liberated by the trypsin/EDTA treatment for 5 min at 37C in 5% CO2 in air, and were 
collected in a 15 ml conical tube after gentle pipetting. After centrifugation for 190 x g for 5 
min at 4C, the cell pellet was resuspended with 1 ml of CellBanker®. The cryovials (1 x 106 
cells/ml/cryovial) were transferred into a BICELL®, and kept overnight in a –80C deep-
freezer. The cryovials were then stored in a liquid nitrogen tank until use. 

3.2 Confirmation of characteristics essential for ES cells  
In addition to AP activity of the tentative ES cells (Fig. 1d), expression of stem cell marker 
genes, such as Oct-4, Nanog, Fgf-4, or Rex-1, should be confirmed by reverse transcription 
(RT)-PCR analysis. Each primer sets were designed as shown in Table 1. Total RNA was 
prepared using the RNeasy mini Kit (Qiagen), and the RT-PCR was performed using the 
SuperScript™III One-Step RT-PCR System with Platinum®Taq High Fidelity kit 
(Invitrogen™), with the reaction conditions for cDNA synthesis (55°C for 30 min and 94°C 
for 2 min) and amplification (30 cycles at 94°C for 15 sec, 55°C for 30 sec, and 68°C for 60 
sec). As shown in Fig. 2, both rESWIv3i-1 and rESWIv3i-5 lines expressed Oct-4, rNanog, 
Fgf-4 and Rex-1, indicating that these cell lines had undifferentiated characteristics. Weakly 
detectable bands of Gata6 may be due to the presence of differentiated cells in ES cell 
cultures (Fig. 1f).   
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Fig. 2. Reverse transcription-PCR analysis for rat embryonic fibroblast cells at E14.5 (rEF; 
negative control for stem cell markers), rat embryos at E9.5 (positive control for Gata6), and 
two rat ES cell lines (rESWIv3i-1 and rESWIv3i-5). Both ES cell lines expressed stem cell 
markers, including Oct-4, rNanog, Fgf-4 and Rex-1 
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Fig. 2. Reverse transcription-PCR analysis for rat embryonic fibroblast cells at E14.5 (rEF; 
negative control for stem cell markers), rat embryos at E9.5 (positive control for Gata6), and 
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Furthermore, multipotency of the tentative ES cells (whether the cells can differentiate into 
endoderm, mesoderm, and ectoderm) should be confirmed. The tentative rESWIv3i-1 line 
(2.5 x 105 cells) has been subcutaneously transplanted into an adult male F344 nude rat. Five 
weeks after the transplntation, a tumor was observed (Fig. 3a), and its histological section 
was evaluated ater hematoxylin-eosin staining. As shown in Fig. 3b, the tumor was found to 
be a teratoma with various tissues including gut-like epithelium or hepatic cells (endoderm), 
bone, cartilage or muscle (mesoderm), and neural tissues (edctoderm). 
 

Marker gene  Primer sequence Product size 

forward 5’- GGGATGGCATACTGTGGAC-3’ 
Oct-4 reverse 5’- CTTCCTCCACCCACTTCTC-3’ 412 bp 

forward 5’- GCCCTGAGAAGAAAGAAGAG-3’ 
rNanog reverse 5’- CGTACTGCCCCATACTGGAA-3’ 356 bp 

forward 5’- CGGGGTGTGGTGAGCATCTTC-3’ 
Fgf-4 reverse 5’- CCTTCTTGGTCCGCCCGTTC-3’ 202 bp 

forward 5’- TTCTTGCCAGGTTCTGGAAGC-3’ 
Rex-1 reverse 5’- TTTCCCACACTCTGCACACAC-3’ 297 bp 

forward 5’- TCATCACGACGGCTTGGACTG-3’ 
Gata6 reverse 5’- GCCAGAGCACACCAAGAATCC-3’ 467 bp 

forward 5’- CATGGCATTGTGATGGACT-3’ ß-actin 
reverse 5’- ACGGATGTCAACGTCACACT-3’ 

427 bp 

Table 1. Primers used for PCR amplification 
 

b a 

 
Fig. 3. Tumor observed 5 weeks after subcutaneous injection of rESWIv3i-1line ES cells into 
a nude rat (a), and histological section of the tumor stained with hematoxylin-eosin (b). The 
tumor was found to be a telatoma with various tissues including gut-like epithelium or 
hepatic cells (endoderm: bottom right), bone, cartilage or muscle (mesoderm: center), and 
neural tissues (ectoderm: upper right). Scale bar; 1-cm 
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3.3 Production of germline chimera rats by blastocyst injection 
To generate ES cell-derived chimeras, host blastocysts at E4.5 derived from Wistar females 
or Wistar x Dark-Agouti F1 females were microinjected with 10 ES cells each at passage 6 or 
8 (Fig. 4a and 4b). Briefly, using blunt-ended injection pipette with an outer diamether of 15 
µm, the zona pellucida of host blastocysts was penetrated by a piezo-pulse. The pipette tip 
was forwarded to inner cell mass (ICM) through thin junction area between the two 
trophoblastic cells (without any piezo force), and then the ES cells were deposited. 
Collapsed blastocysts (Fig. 4c) were re-blasturated 1 to 2 h after the microinjection, and 
allowed to develop to fetus (E15.5) or full-term pups in pseudopregnant Wistar recipients. 
All of the E15.5 fetuses (100%; Fig. 4d) and majority of the newborn pups (81.8 to 100%) 
were chimeric and expressed the venus gene (Table 2). The characteristics of the ES cells was 
successfully transmitted to their next generations in both lines (Fig. 5); Among 7 chimeras 
derived from passage-6 rESWIv3i-1 cells and developed to adult, three were female. Two of 
the 3 female chimeras transmitted the Venus gene through the germline (4/15 and 2/14, 
respectively). Among 5 chimeras derived from passage-8 rESWIv3i-5 cells and developed to 
adult, only one rat was female. This female chimera also transmitted the transgene to the 
next generations (1/26, two litters). The ability of the ES cells to participate in chemeras was 
still high (78.6 to 100%) at advanced passage numbers (17 or 18; Table 2). Overall efficiency 
of producing chimeric rats (50.3%, 94 chimeras/187 injected embryos) was higher than 8.2% 
(20/245) as reported in Buehr et al. (2008) and 11.0% (26/237) in Li et al. (2008). This higher 
efficiency of chimera rat production is probably due to the rat strain combination used for 
donor (ES cells) and host (blastocysts) and/or modification of culture medium. 
 

 
Fig. 4. Microinjection of 10 ES cells into a blastocoele of E4.5 blastocyst (a). Semi-bright, 
fluorescent image of venus-positive ES cells in the blastocyst (b). Collapsed blastocysts 
immediately after microinjection (c). Venus-positive fetal rat at E15.5 (d) 
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  No. (%) of embryos  No. (%) of fetus or pups 

Passage Developed Developed  Identified as 
Cell line 

number 
Injected 

to fetus to pups  
Analyzed 

chimera 

  6 17  13 (76.5) —  13   13 (100) 

 rESWIv  6 34 —  21 (61.8)  17   17 (100) 

 3i-1 17 28  17 (60.7) —  17   14 (82.4) 

 17 28 —  14 (50.0)  14   11 (78.6) 

  8 12   9 (75.0) —   9    9 (100) 

 rESWIv  8 13 —  11 (84.6)  11    9 (81.8) 

 3i-5 18 22   7 (31.8) —   7    7 (100) 

 18 33 —  14 (42.4)  14   14 (100) 

Table 2. Contribution of rat ES cells for chimera production 

 

rESWIv3i-1 rESWIv3i-5 

 
Fig. 5. Progeny test for germline transmission from rESWIv3i-1 or rESWIv3i-5-derived 
chimeric rats (half-green circle; female). Green circle and square indicate germline-
transmitted (venus-positive) females and males, respectively 

4. Transgenesis via rat ES cells 
Functional germline-competent rat ES cell lines have been established by applying 2i/3i 
culture system, and the minimal essential materials for conducting transgenic studies 
including reverse genetic approaches, are now ready for this rodents. In this section, the 
production efficiency of chimeric rats by blastocyst injection of ES cells electroporated with a 
humanized Kusabira-Orange (huKO) gene and the germline transmission of the huKO gene 
from the chimeras to next generation (Hirabayashi et al., 2010b; with a few additional data) 
are described. 

4.1 Electroporation of ES cells with foreign gene 
Rat ES cell lines were newly established from E4.5 blastocysts derived from Brown-Norway 
(BN) females (couplated with BN males), as described above, by applying 2i culture system. 
The culture medium used for establishment of ES cell lines from BN rats was in N2B27 
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medium supplemented with 2i (MEK inhibitor PD0325901, 1 µM; GSK3 inhibitor 
CHIR99021, 3 µM) and rat LIF (1,000 U/ml ESGRO). One of the established lines, named as 
rESBN2i-4, was derived from a male embryo, based on a PCR analysis using a primer set to 
detect the rat Sry gene. At passage 8, the ES cells in N2B27 medium supplemented with 10% 
FBS (1 x 106 cells/0.5 ml) were electroporated with 25 µg huKO gene (CAG/huKO-neo 
plasmid; 4.5 kb) using the Bio-Rad Genepulser-II apparatus at 800 V, 10 µF. The 
electroporated ES cells were plated into a 60 mm petri dish containing 3 ml of 2i medium + 
5% FBS (passage 9), and the next day the medium was changed to serum-free 2i medium. 
Two days after electroporation, 200 µg/ml G418 was added to the medium. The number of 
neomycin-resistant colonies (passage 10) was counted 8 days after electroporation (Fig. 6). 
The huKO-positive ES cells were passaged twice in G418-free medium. 
 

 
Fig. 6. Rat ES cell colonies stably expressing huKO gene, generated by electroporation, 
selection with neomycin, and the subsequent expansion. Bright field (a) and fluorescent 
image (b). Scale bars; 100-µm 

4.2 Production of G1 generation transgenic rats 
Host blastocysts derived from Wistar/ST or Wistar-Hannover females were microinjected 
with 10 each of the G418-resistant huKO-positive ES cells, and allowed to develop to full-
term in pseudopregnant Wistar recipients. As shown in Table 3, transfer of 116 and 97 
blastocysts resulted in 31 and 44 new-born offspring (26.7 and 45.4%), and 22 (70.9%; male 
12, female 10) and 34 (77.3%; male 15, female 17, not-identified 2) out of the offspring were 
judged as chimeras by their coat color, respectively (Fig, 7a). Using non-electroporated 
control ES cells, similar offspring rate (37.5%, 9/24) and chimera production efficiency 
(88.9%, 8/9) were obtained. Rat strain for host blastocysts may be a factor influencing the 
the overall efficiency of chimera production, due to different preference for full-term 
development. Some male chimeras (n=9) were coupled with wild-type Wistar females, 
resulting in the birth of total 118 G1 offspring. Germline transmission of the CAG/huKO-
neo gene was confirmed in 6 out of 25 G1 offspring (Fig. 7b and 7c) derived from 1 chimeric 
male with >95% brown-colored coat. Thus, integration of exogenous DNA into rat ES cells 
did not affect the production efficiency of chimera offspring. In addition, the result 
described in this section (slightly expanded from Hirabayashi et al., 2010b) achieved the first 
successful production of transgenic rats via electroporated ES cells, followed by Kawamata 
& Ochiya (2010) and Tong et al. (2010). 
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Passage Developed Developed  Identified as 
Cell line 

number 
Injected 

to fetus to pups  
Analyzed 

chimera 

  6 17  13 (76.5) —  13   13 (100) 

 rESWIv  6 34 —  21 (61.8)  17   17 (100) 

 3i-1 17 28  17 (60.7) —  17   14 (82.4) 

 17 28 —  14 (50.0)  14   11 (78.6) 

  8 12   9 (75.0) —   9    9 (100) 

 rESWIv  8 13 —  11 (84.6)  11    9 (81.8) 

 3i-5 18 22   7 (31.8) —   7    7 (100) 

 18 33 —  14 (42.4)  14   14 (100) 

Table 2. Contribution of rat ES cells for chimera production 

 

rESWIv3i-1 rESWIv3i-5 

 
Fig. 5. Progeny test for germline transmission from rESWIv3i-1 or rESWIv3i-5-derived 
chimeric rats (half-green circle; female). Green circle and square indicate germline-
transmitted (venus-positive) females and males, respectively 

4. Transgenesis via rat ES cells 
Functional germline-competent rat ES cell lines have been established by applying 2i/3i 
culture system, and the minimal essential materials for conducting transgenic studies 
including reverse genetic approaches, are now ready for this rodents. In this section, the 
production efficiency of chimeric rats by blastocyst injection of ES cells electroporated with a 
humanized Kusabira-Orange (huKO) gene and the germline transmission of the huKO gene 
from the chimeras to next generation (Hirabayashi et al., 2010b; with a few additional data) 
are described. 

4.1 Electroporation of ES cells with foreign gene 
Rat ES cell lines were newly established from E4.5 blastocysts derived from Brown-Norway 
(BN) females (couplated with BN males), as described above, by applying 2i culture system. 
The culture medium used for establishment of ES cell lines from BN rats was in N2B27 
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medium supplemented with 2i (MEK inhibitor PD0325901, 1 µM; GSK3 inhibitor 
CHIR99021, 3 µM) and rat LIF (1,000 U/ml ESGRO). One of the established lines, named as 
rESBN2i-4, was derived from a male embryo, based on a PCR analysis using a primer set to 
detect the rat Sry gene. At passage 8, the ES cells in N2B27 medium supplemented with 10% 
FBS (1 x 106 cells/0.5 ml) were electroporated with 25 µg huKO gene (CAG/huKO-neo 
plasmid; 4.5 kb) using the Bio-Rad Genepulser-II apparatus at 800 V, 10 µF. The 
electroporated ES cells were plated into a 60 mm petri dish containing 3 ml of 2i medium + 
5% FBS (passage 9), and the next day the medium was changed to serum-free 2i medium. 
Two days after electroporation, 200 µg/ml G418 was added to the medium. The number of 
neomycin-resistant colonies (passage 10) was counted 8 days after electroporation (Fig. 6). 
The huKO-positive ES cells were passaged twice in G418-free medium. 
 

 
Fig. 6. Rat ES cell colonies stably expressing huKO gene, generated by electroporation, 
selection with neomycin, and the subsequent expansion. Bright field (a) and fluorescent 
image (b). Scale bars; 100-µm 

4.2 Production of G1 generation transgenic rats 
Host blastocysts derived from Wistar/ST or Wistar-Hannover females were microinjected 
with 10 each of the G418-resistant huKO-positive ES cells, and allowed to develop to full-
term in pseudopregnant Wistar recipients. As shown in Table 3, transfer of 116 and 97 
blastocysts resulted in 31 and 44 new-born offspring (26.7 and 45.4%), and 22 (70.9%; male 
12, female 10) and 34 (77.3%; male 15, female 17, not-identified 2) out of the offspring were 
judged as chimeras by their coat color, respectively (Fig, 7a). Using non-electroporated 
control ES cells, similar offspring rate (37.5%, 9/24) and chimera production efficiency 
(88.9%, 8/9) were obtained. Rat strain for host blastocysts may be a factor influencing the 
the overall efficiency of chimera production, due to different preference for full-term 
development. Some male chimeras (n=9) were coupled with wild-type Wistar females, 
resulting in the birth of total 118 G1 offspring. Germline transmission of the CAG/huKO-
neo gene was confirmed in 6 out of 25 G1 offspring (Fig. 7b and 7c) derived from 1 chimeric 
male with >95% brown-colored coat. Thus, integration of exogenous DNA into rat ES cells 
did not affect the production efficiency of chimera offspring. In addition, the result 
described in this section (slightly expanded from Hirabayashi et al., 2010b) achieved the first 
successful production of transgenic rats via electroporated ES cells, followed by Kawamata 
& Ochiya (2010) and Tong et al. (2010). 
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  No. (%) of embryos  No. (%) [%]* of pups 

Transfected
DNA 

Rat strains for 
host blastocysts Injected Developed 

to pups  Identified as chimera 

Wistar/ST   116   31 (26.7)     22 (70.9) [19.0] 
CAG/huKO 

Wistar-Hannover    97   44 (45.4)     34 (77.3) [35.1] 

Control 
(No DNA) Wistar/ST    24  9 (37.5)      8 (88.9) [33.3] 

Table 3. Effect of electroporation of rESBN2i-4 cells with huKO gene on the production of 
chimeric rats.  
* Calculated from injected embryos 

 

 
Fig. 7. Chimeric rats with different contribution of brown-colored coat at G0 generation, 17-
days old (a), a huKO transgenic newborn young at G1 generation, 3-days old (b), and a huKO 
transgenic offspring (brown-colored) with huKO-negative littermates, 3-weeks old (c)    
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5. Conclusion 
Functional germline-competent rat ES cell lines have been first reported in 2008 December 
(Buehr et al., 2008; Li et al., 2008). The difficulty in establishing rat ES cells until those time 
has been overcome by using a few inhibitors for FGF receptor, MEK and GSK3 in 
differentiation-related signaling pathways. Reproducibility of this 2i/3i culture system in 
establishing rat ES cells has been proved by two independent groups (Hirabayashi et al., 
2010a; Kawamata & Ochiya, 2010) and both groups successfully applied their own cell lines 
for producing transgenic rats (Hirabayashi et al., 2010b; Kawamata & Ochiya, 2010). Very 
recently, the production of p53 gene knock-out rats via homologous recombination in ES 
cells has been reported by Tong et al. (2010). Although knockout rats were also successfully 
produced by ENU-induced, SB transposon-tagged, or ZFNs-based mutagenesis, such 
successes may not give impacts on creating rat models for human diseases due to limitation 
in genome modification by these technologies. Thus, the homologous recombination-based 
gene targeting technology in „ES cells“ would provide a practical breakthrough for wide 
range of biomedical research in the laboratory rats. 
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1. Introduction 
During pregnancy, a fetus can be affected by exposure to a variety of chemicals and 
pharmaceuticals. These effects can occur through exposure of the mother and subsequent 
placental transport. Thus, it is important to assess embryotoxicity (developmental toxicity 
without the observation of maternal toxicity) and teratogenicity (irreversible structure 
developmental effects without the observation of maternal adversities) prior to the 
marketing of compounds. The complexity of the reproductive system and the vast number 
of tissue targets for the exogenic induction of malformations during embryonic 
development are the rationale underlying the toxicity testing of chemicals in highly 
standardized animal experiments such as screening tests or multigenerational studies, 
according to specific Organization for Economic Co-operation and Development (OECD) 
test guidelines. All of these tests provide information on the biological effects of industrial 
chemicals or the pharmacological side effects. These guidelines generally specify time-
consuming and expensive in vivo experiments, most of which are performed with 
mammalian species such as rats or rabbits. However, for both economical and ethical 
reasons, there is a great demand for alternatives to living mammals in the testing of 
chemical-induced adverse effects on reproduction and development. Over the past 30 years, 
various in vitro models have been developed to detect the teratogenic effects of chemicals. 
These test systems utilize either dissociated cells from the limb buds and brains of rat 
embryos (micromass test; (Flint & Orton 1984)) or whole embryos of rats (whole embryo 
culture test; (Freeman & Steele 1986)). Thus, these test systems must sacrifice living animals 
in order to obtain cells or embryos for each experiment. In recent years, stem cells have 
become important new tools for the development of in vitro model systems to test drugs and 
chemicals; they have also shown potential to predict or estimate toxicity. Among various 
stem cells, embryonic stem (ES) cells are the most valuable in developing in vitro model 
systems because they are able to self-renew and differentiate into every cell type of the 
mammalian organism; they therefore have higher plasticity than adult stem cells. The fact 
that stem cells are able to self-renew means that they can be continuously cultured in an 
undifferentiated stage, giving rise to more specialized cells such as heart, liver, bone 
marrow, blood vessels, pancreatic islets, or neuronal cells upon addition or removal of 
certain growth factors (Hoffman & Merrill 2007). In 1997, Spielmann et al. developed an in 
vitro model for the screening of embryotoxicity based on mouse (m) ES cells. This is termed 
the “embryonic stem cell test” (EST; (Spielmann et al. 1997)). The EST is based on the 
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assessment of three toxicological endpoints: (1) the morphological analysis of beating 
cardiomyocytes in embryoid body (EB) outgrowths compared to cytotoxic effects on (2) 
undifferentiated mES cells, and (3) differentiated NIH-3T3 fibroblasts. As an in vitro system, 
which mirrors both proliferation and differentiation, the EST was proved in an international 
European Centre for the Validation of Alternative Methods (ECVAM) validation study to be 
a reliable assay for the prediction of embryotoxicity in vivo (Genschow et al. 2004). Using a set 
of 20 reference compounds with different embryotoxic potencies (nonembryotoxic, weakly 
embryotoxic, and strongly embryotoxic), the EST was demonstrated to provide a correct 
judgment in 78% of all experiments. Remarkably, a predictive performance of 100% was 
obtained for strong embryotoxicants. As a consequence, the validated EST has been accepted 
and successfully introduced by many pharmaceutical companies as a tool for testing the 
developmental toxicity of lead compounds at an early stage in the research and development 
of new drug candidates (Whitlow et al. 2007). A major drawback of the classical EST is its 
reliance on a morphological endpoint (beating cardiomyocytes) and the need for experienced 
personnel to ensure reliable assessments of this endpoint (Buesen et al. 2009).  

2. Technical details of EST 
2.1 Classical EST 
Murine ES cells are maintained in an undifferentiated state in culture under conditions that 
inhibit differentiation by supplementing the culture medium with murine leukemia 
inhibitory factor (mLIF; (Williams et al. 1988)). Differentiation of ES cells is then induced by 
the withdrawal of mLIF. Using the “hanging drop” culture technique described by Rudnicki 
and McBurney (Rudnicki & Mc Burney 1987), ES cells form multicellular aggregates called 
embryoid bodies (EBs; Fig. 1). Within the EBs, the three germ layers (endo-, meso-, and  
 

 
Fig. 1. Differentiation assay of the EST. ES cells are differentiated as EBs in hanging drops in 
differentiation medium. Differentiation medium containing 750 ES cells is placed on the lids of 
petri dishes filled with phosphate buffered saline (PBS) for 3 days. The EBs are transferred to 
suspension culture dishes and cultured for 2 days. They are plated onto 24-well tissue culture 
plates on day 5 and incubated for 5 additional days. To estimate the efficiency of 
differentiation from ES cells to cardiomyocytes, the distinctive beating movements of 
differentiated cardiomyocytes are analyzed under an inverted phase-contrast microscope. 
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ectoderm) can develop and the further differentiation into several cell types, including 
beating myocardial cells, can take place (Doetschman et al. 1985; Rudnicki & Mc Burney 
1987; Maltsev et al. 1994; Hescheler et al. 1997). The EST benefits from the fact that 
differentiation into beating myocardial cells can be easily detected by microscopic inspection 
of EB outgrowths at day 10 of differentiation. In addition to the differentiation analysis, the 
cytotoxic effects of the test substance on ES cells and NIH-3T3 cells are analyzed. By using 
stem cells and differentiated fibroblasts, the assay takes embryonic as well as maternal 
toxicity into account. To assess the concentration of a substance which inhibits the 
development (inhibition of differentiation: ID50) and proliferation (IC50ES and IC503T3) by 
50% compared to the untreated control, dose-response profiles are collected. A biostatistical 
prediction model was developed to assign test compounds to three classes of 
embryotoxicity: non-embryotoxic, weakly embryotoxic, and strongly embryotoxic (Genschow et 
al. 2002; Genschow et al. 2004).  

2.2 Modification of EST 
Arguments have been made that the classical, validated EST might be sufficient to assess the 
embryotoxic potential of chemicals (Marx-Stoelting et al. 2009). The differentiation of ES 
cells into cardiomyocytes is easy to achieve experimentally and is also highly reproducible. 
It has been reported that the spontaneous beating of cardiomyocytes represents a crucial 
first step during embryonic development. However, there is the possibility that the 
embryotoxic effects of chemicals might be overlooked if their underlying mechanisms of 
action consist of a very specific interaction with molecules that is expressed during the 
differentiation of ES cells into a cell type not well represented in the classical EST, such as a 
neuronal cell. It has also been argued that the EBs in the EST do not simply consist of 
beating cardiomyocytes, but also contain cells of other germ layers, including neuronal cells. 
Therefore, several suggestions have been made in regard to how to add further new 
endpoints (Buesen et al. 2004; Marx-Stoelting et al. 2009). These include additional ES cell 
differentiation endpoints, and the development of new molecular markers for the detection 
of toxic effects on embryonic development. One suggestion for the extension of endpoints 
was to differentiate ES cells into several different tissues, including nervous tissue, bone, 
cartilage, and epithelia. This approach would ensure that the effects on multilineage 
differentiation, and on tissue of endodermal, mesodermal, and ectodermal origin, would 
become detectable. It has been reported that the EC50 of thalidomide is ~30-fold lower when 
the effects were studied on the differentiation of ES cells triggered in the direction of bone 
tissue than in the classical EST with cardiac differentiation as the endpoint. Similarly, 
valproic acid (VPA) was more active (by a factor of ~10) in a regimen involving the 
induction of neuronal differentiation of ES cells (Marx-Stoelting et al. 2009). These results 
suggest that a multilineage analysis could increase the predictive performance of the EST. It 
is important to note that the observed differences in sensitivity correspond well with the 
two different developmental target tissues of thalidomide and VPA, which are primarily 
bone and the nervous system, respectively, but not the heart. Hence, the additional 
differentiation endpoints enabled the successful classification of the two agents, which was 
not possible with the classical EST (zur Nieden et al. 2004). This example not only 
demonstrates the relevance of additional differentiation endpoints, but also suggests that an 
increase in predictive value may be achievable using a combination of new differentiation 
endpoints with the introduction of new molecular markers (Marx-Stoelting et al. 2009). In 
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order to characterize the neural-tissue-specific toxicity of drugs, the stromal cell-derived 
inducing activity (SDIA) method, which promotes the differentiation of mES cells (Kawasaki 
et al. 2000; Kitajima et al. 2005), was introduced in the EST (Kusakawa et al. 2010) (Fig. 2). 
SDIA accumulates on the surface of PA6 stromal cells and induces efficient neuronal 
differentiation of cocultured ES cells in serum-free conditions without the use of either 
retinoic acid or EBs. A high proportion of tyrosine hydroxylase-positive neurons producing 
dopamine are obtained from SDIA-treated ES cells. (Kawasaki et al. 2000). This is one 
strategy for adding differentiation endpoints in the EST. 

 
Fig. 2. An in vitro neurotoxicity test established using a neural differentiation system 
induced by the stromal cell-derived inducing activity (SDIA) method. By performing 
various analyses of neural marker expressions, the effects of test drugs on the developing 
neural system can be evaluated. 

Several target genes and target proteins that could be used as molecular markers for the 
differentiation of specific embryonic tissues have been suggested and partially explored by 
methods employing quantitative real-time polymerase chain reaction (PCR) or fluorescence-
activated cell sorting (FACS) analysis (Seiler et al. 2004; Seiler et al. 2006; Buesen et al. 2009). 
In addition to the analysis of endogenous molecular markers, reporter-based systems may 
represent an attractive alternative. For example, mES cells that have been stably transfected 
with a neural-tissue-specific promoter-driven green fluorescence protein (GFP) or luciferase 
reporter can be utilized as a detection system. With this system, the effects on neural cell 
differentiation can be detected in a high-throughput assay based on GFP expression or 
luciferase activity (Kusakawa et al. 2010) (Fig. 3). Thus, reporter-based systems are regarded 
as promising, and may offer potential new endpoints for the EST (Marx-Stoelting et al. 
2009). 
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Fig. 3. Established ES cell lines that express reporter genes driven by each promoter of 
neuron marker gene, tubullin alpha 1 (Tα1), or glial cell marker gene, GFAP. In these stable 
cell lines, the expression of the reporter gene such as GFP (A) or luciferase (B) is observed, 
followed by neural differentiation. 

3. Actual case using modified EST 
3.1 Estimation of carbamazepine embryotoxicity using our modified EST 
Carbamazepine (CBZ) is one of the most widely used antiepileptic drugs (AEDs), and is also 
used in the treatment of neuropathic pains and psychiatric disorders (Albani et al. 1995; 
Sindrup & Jensen 1999). CBZ is known to be a teratogen (Jones et al. 1989; Shepard et al. 
2002). Pregnant women who undergo CBZ drug therapy have increased rates of congenital 
anomalies in the fetus, in particular, neural tube defects (NTDs), cardiovascular and urinary 
tract anomalies, and cleft palate. CBZ also induces a pattern of minor congenital anomalies 
and developmental retardation (Jones et al. 1989; Matalon et al. 2002). CBZ is structurally 
similar to tricyclic antidepressants, but shares remarkably similar clinical features to the 
structurally unrelated AED VPA, which has a short-chained fatty acid structure. CBZ is 
embryotoxic but is less teratogenic than VPA. It causes a spina bifida (an NTD) rate of 
approximately 0.5 to 1% and a cardiovascular anomaly rate of 1.5 to 2.0% (Ornoy 2006). VPA 
causes an NTD rate of approximately 2% and an increase of 4 to 8% in major congenital 
anomalies (Nau et al. 1991; Ornoy 2006). We attempted to characterize the tissue-specific 
embryotoxicity of CBZ using our modified EST (Murabe et al. 2007b).  
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Fig. 4. Analysis of expression levels for mesodermal and endodermal differentiation with CBZ. 
The expression level of markers of the undifferentiated state, Sox2 and Oct4 (A), endodermal 
markers, GATA6, TTR, HNF1, and ALB (B), and mesodermal markers, BMP4, Nkx2.5, and 
ANF (C-1), were quantified at each concentration of CBZ with real-time RT-PCR. The 
frequencies of cardiomyocytes, identified by their distinctive beating movements, derived 
from ES cells were quantified at each concentration of CBZ (C-2) (Murabe et al., 2007b). 

The tissue-specific effects of CBZ in the ES cell differentiation system were characterized at 
the molecular level. We used real-time reverse transcription (RT)-PCR on samples from day 
5 of culture to determine the expression levels of tissue-specific genes in undifferentiated 
cells, and in cells differentiating into endodermal and mesodermal lineages (Fig. 4). The 
expression levels of Sox2 and Oct4 (undifferentiated markers) increased at high CBZ 
concentrations (Fig. 4A). In the differentiating endodermal lineage, only the expression level 
of the primitive marker, GATA6, increased (Fig. 4B); the expression levels of the markers of 
late differentiation stages, TTR and HNF1, decreased in a concentration-dependent manner. 
Albumin (ALB), a definitive endodermal hepatic marker, was not detected, suggesting that 
CBZ promoted initial endodermal differentiation but inhibited differentiation into mature 
endodermal lineages. In the mesodermal lineage, the expression level of the primitive 
marker, BMP4, increased in a dose-dependent manner (Fig. 4C-1). The expression level of an 
early cardiac marker, Nkx2.5, showed a slight increase. However, expression of a later stage 
cardiac marker, ANF, was reduced in a concentration-dependent manner. Under the same 
culture conditions but omitting CBZ, cardiomyocytes normally differentiate from EBs. We 
screened for cardiomyocyte differentiation at different concentrations of CBZ. We found 
that CBZ decreased the rate of undifferentiated ES cells differentiating to cardiomyocytes in 
a dose-dependent manner (Fig. 4C-2). Thus, based on the gene expression data and rates of 
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cardiomyocyte differentiation, it is evident that CBZ promoted the initial differentiation into 
mesodermal lineages, including primitive cardiomyocytes, but inhibited later differentiation 
into the mature mesodermal lineages. We also examined the expression levels of various 
neural markers: Nestin, which is a marker of early differentiation, and Synaptophysin (Syn) 
and Neurofilament H (NFH), which are later stage neuron-specific markers. The expression 
of all three markers increased in a dose-dependent manner in the presence of CBZ (Fig. 5A-
1/2). The glial markers GFAP, an astrocyte-specific marker, and Oligo2 and DM20, 
oligodendrocyte-specific markers, were also elevated in a concentration-dependent manner 
(Fig. 5A-3). These results suggest that CBZ induces ES cells to differentiate into neurons and 
glial cells. This contrasts with our observation that VPA induces ES cells to differentiate into 
neurons but not glial cells (Murabe et al. 2007a). In order to compare the expression profiles 
of neuronal and glial markers between CBZ and VPA, we performed RT-PCR with samples 
on days 5 and 7. RT-PCR analysis revealed that the Nestin expression levels induced by CBZ 
were higher than those induced by VPA (Fig. 5B). Syn and NFH showed higher levels of 
expression after CBZ than VPA at day 5, but no expression of either marker could be 
detected at day 7 in the CBZ cultures. In contrast, the expression of Syn and NFH induced 
by VPA was increased in the day 7 culture. The DM20 expression levels in CBZ cultures 
were higher on days 5 and 7 than in the VPA cultures. The expression levels of other typical 
glial markers, such as GFAP, and Olig2, were very low (data not shown). Our 
immunocytochemical study with an antibody against β-III tubulin (a neuronal marker) 
 

 
Fig. 5. Analysis of expression levels for ectodermal differentiation with CBZ. (A) gene 
expression levels of the ectodermal markers, Nestin (1), Synaptophysin, NFH (2), and GFAP, 
Olig2, DM20 (3), were quantified by real-timeRT-PCR. (B) The expression levels of 
ectodermal markers were quantified by RT-PCR in cultures treated with CBZ (0.11 mM) or 
VAP (1.50 mM). (C) Neural cells derived from ES cells cultured in the presence of CBZ (0.05 
mM) or VPA (0.19 mM) were immunostained with an anti-βIII-tubulin antibody (Murabe et 
al., 2007b). 
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revealed that many positive cells were detected in samples on day 10 of cultures with either 
0.05 mM CBZ (Fig. 5C, left) or 0.19 mM VPA (Fig. 5C, right). In the CBZ-administered 
group, the positive cells had an almost spherical shape and few had nerve processes. These 
cells had the appearance of immature neurons. In contrast, in the VPA-administered group, 
many of the positive cells had long nerve processes and had the appearance of mature 
neurons. These results suggest that: (1) CBZ induces neural lineage differentiation in ES cells 
but that the potential for neuronal differentiation is lower compared with VPA; and (2) CBZ 
induces differentiation of both neuronal and glial lineages, whereas VPA induces neuronal 
but not glial cells.  
A cell viability assay was used to study the cytotoxic effect of CBZ on ES cells and NIH-3T3 
fibroblasts. In both cell lines, CBZ inhibited the survival of cells in a dose-dependent manner 
(Fig. 6). There was no significant difference between the cytotoxic sensitivities of ES cells 
and NIH-3T3 fibroblasts to CBZ. The IC50 values were calculated as 0.24 and 0.31 mM for 
NIH-3T3 fibroblasts and ES cells, respectively. The therapeutic range of CBZ is 0.02 to 0.05 
mM in serum. Thus, the IC50 values of NIH-3T3 fibroblasts and of ES cells were 
approximately 5- 15-fold larger than the therapeutic concentration. Neither cell line appears 
to show any significant response to CBZ within the therapeutic range. The cytotoxicity of 
CBZ for ES cells was much lower than that obtained for VPA in our system (Murabe et al. 
2007a). To observe the cytotoxic and morphological effects of CBZ, ES cells and NIH-3T3 
fibroblasts stained in MTT were observed on day 5 of the cytotoxicity assay (Fig. 6, bottom). 
In both cell types, cell densities were reduced in a concentration-dependent manner. In the 
high-dose CBZ group, NIH-3T3 fibroblasts showed strong indications of shrinkage or shape 
changes. In contrast, the ES cells contained many small, presumably undifferentiated cells, 
suggesting that CBZ strongly inhibited differentiation. This observation is almost the same 
as that found using VPA (Murabe et al. 2007a).  
 

 
Fig. 6. Cytotoxicity assay on ES cells and NIH-3T3 fibroblasts with CBZ. Cells on day 10 of 
the assay were stained with MTT and solubilized. The activity of the mitochondrial enzyme 
of living cells was examined. The violet color of the MTT formazan, which is the enzyme 
product, was measured at an absorbance of 520 nm. On day 5, cells were stained with MTT 
(Murabe et al., 2007b). 
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3.2 Estimation of fluoxetine embryotoxicity using our modified EST 
Twenty years have passed since fluoxetine, which is one of the selective serotonin-reuptake 
inhibitors (SSRIs), was introduced into clinical use; the class of antidepressants known as 
SSRIs is now used worldwide. Since their introduction, SSRIs have been recognized to be 
more effective and to have fewer side effects than older tricyclic antidepressants. For these 
reasons, treatment with SSRIs has become very popular, even among pregnant women, 
because approximately 10% of pregnant women exhibit symptoms of clinical depression 
and many are treated with antidepressants. Maternal use of SSRIs during pregnancy is of 
increasing public health concern, due to its wide prescriptive base for the treatment of 
depression and other disorders and its potential teratogenic effects on the developing fetus. 
Thus, we attempted to characterize the tissue-specific embryotoxicity of fluoxetine using our 
modified EST (Kusakawa et al. 2008). 
A cell viability assay was used to study the cytotoxic effect of fluoxetine on ES cells and 
NIH-3T3 fibroblasts. In both cell lines, fluoxetine inhibited survival of cells in a dose-
dependent manner (Fig. 7A and B), indicating that fluoxetine affected cell viability. The IC50 
values were calculated at 1.79 μM for ES cells and 4.67 μM for NIH-3T3 fibroblasts. There 
was a significant difference between these two cell lines in their cytotoxic sensitivities to 
fluoxetine, indicating that ES cells were more sensitive to the toxicity of fluoxetine than 
NIH-3T3 fibroblasts were.  
 

 
Fig. 7. Cytotoxicity assay on ES cells and NIH-3T3 fibroblasts with fluoxetine. (A) Cells on 
day 10 of the assay were stained with MTT and solubilized. The activity of the 
mitochondrial enzyme of living cells was examined. The violet color of the MTT formazan, 
which is the enzyme product, was measured at an absorbance of 520 nm. (B) On day 5, cells 
were stained with MTT (Kusakawa et al. 2008). 

To characterize the tissue-specific effects of fluoxetine on the ES differentiation system at the 
molecular level, we examined the expression levels of typical tissue-specific genes by 
performing real-time RT-PCR analysis on our samples on days 5 and 10 of the 
differentiation assay (Figs. 8–10). Under a control culture condition without the drug (0 μM 
fluoxetine), the undifferentiated markers Oct3/4 and Sox2 were highly expressed on day 5, 
and their expression levels decreased between day 5 and day 10. In fluoxetine-treated ES  
 



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

420 

revealed that many positive cells were detected in samples on day 10 of cultures with either 
0.05 mM CBZ (Fig. 5C, left) or 0.19 mM VPA (Fig. 5C, right). In the CBZ-administered 
group, the positive cells had an almost spherical shape and few had nerve processes. These 
cells had the appearance of immature neurons. In contrast, in the VPA-administered group, 
many of the positive cells had long nerve processes and had the appearance of mature 
neurons. These results suggest that: (1) CBZ induces neural lineage differentiation in ES cells 
but that the potential for neuronal differentiation is lower compared with VPA; and (2) CBZ 
induces differentiation of both neuronal and glial lineages, whereas VPA induces neuronal 
but not glial cells.  
A cell viability assay was used to study the cytotoxic effect of CBZ on ES cells and NIH-3T3 
fibroblasts. In both cell lines, CBZ inhibited the survival of cells in a dose-dependent manner 
(Fig. 6). There was no significant difference between the cytotoxic sensitivities of ES cells 
and NIH-3T3 fibroblasts to CBZ. The IC50 values were calculated as 0.24 and 0.31 mM for 
NIH-3T3 fibroblasts and ES cells, respectively. The therapeutic range of CBZ is 0.02 to 0.05 
mM in serum. Thus, the IC50 values of NIH-3T3 fibroblasts and of ES cells were 
approximately 5- 15-fold larger than the therapeutic concentration. Neither cell line appears 
to show any significant response to CBZ within the therapeutic range. The cytotoxicity of 
CBZ for ES cells was much lower than that obtained for VPA in our system (Murabe et al. 
2007a). To observe the cytotoxic and morphological effects of CBZ, ES cells and NIH-3T3 
fibroblasts stained in MTT were observed on day 5 of the cytotoxicity assay (Fig. 6, bottom). 
In both cell types, cell densities were reduced in a concentration-dependent manner. In the 
high-dose CBZ group, NIH-3T3 fibroblasts showed strong indications of shrinkage or shape 
changes. In contrast, the ES cells contained many small, presumably undifferentiated cells, 
suggesting that CBZ strongly inhibited differentiation. This observation is almost the same 
as that found using VPA (Murabe et al. 2007a).  
 

 
Fig. 6. Cytotoxicity assay on ES cells and NIH-3T3 fibroblasts with CBZ. Cells on day 10 of 
the assay were stained with MTT and solubilized. The activity of the mitochondrial enzyme 
of living cells was examined. The violet color of the MTT formazan, which is the enzyme 
product, was measured at an absorbance of 520 nm. On day 5, cells were stained with MTT 
(Murabe et al., 2007b). 

Assessment of Embryotoxicity and Teratogenicity by the Embryonic Stem Cell Test   

 

421 

3.2 Estimation of fluoxetine embryotoxicity using our modified EST 
Twenty years have passed since fluoxetine, which is one of the selective serotonin-reuptake 
inhibitors (SSRIs), was introduced into clinical use; the class of antidepressants known as 
SSRIs is now used worldwide. Since their introduction, SSRIs have been recognized to be 
more effective and to have fewer side effects than older tricyclic antidepressants. For these 
reasons, treatment with SSRIs has become very popular, even among pregnant women, 
because approximately 10% of pregnant women exhibit symptoms of clinical depression 
and many are treated with antidepressants. Maternal use of SSRIs during pregnancy is of 
increasing public health concern, due to its wide prescriptive base for the treatment of 
depression and other disorders and its potential teratogenic effects on the developing fetus. 
Thus, we attempted to characterize the tissue-specific embryotoxicity of fluoxetine using our 
modified EST (Kusakawa et al. 2008). 
A cell viability assay was used to study the cytotoxic effect of fluoxetine on ES cells and 
NIH-3T3 fibroblasts. In both cell lines, fluoxetine inhibited survival of cells in a dose-
dependent manner (Fig. 7A and B), indicating that fluoxetine affected cell viability. The IC50 
values were calculated at 1.79 μM for ES cells and 4.67 μM for NIH-3T3 fibroblasts. There 
was a significant difference between these two cell lines in their cytotoxic sensitivities to 
fluoxetine, indicating that ES cells were more sensitive to the toxicity of fluoxetine than 
NIH-3T3 fibroblasts were.  
 

 
Fig. 7. Cytotoxicity assay on ES cells and NIH-3T3 fibroblasts with fluoxetine. (A) Cells on 
day 10 of the assay were stained with MTT and solubilized. The activity of the 
mitochondrial enzyme of living cells was examined. The violet color of the MTT formazan, 
which is the enzyme product, was measured at an absorbance of 520 nm. (B) On day 5, cells 
were stained with MTT (Kusakawa et al. 2008). 

To characterize the tissue-specific effects of fluoxetine on the ES differentiation system at the 
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Fig. 8. Analysis of expression levels for the differentiated state and endodermal 
differentiation. The expression levels of the undifferentiated markers, sox2 and Oct3/4 (A), 
and endoderm markers, GATA6, TTR, AFP, and ALB (B), were quantified at each 
concentration of fluoxetine (0 μM: open circle; 1μM: closed triangle; 3μM: closed square) 
with real-time RT-PCR (Kusakawa et al. 2008). 

cells, on the other hand, the expression levels of Oct3/4 and Sox2 were lower on day 5, but 
increased between day 5 and day 10 (Fig. 8A). There were significant interactions between 
fluoxetine treatment and the expression pattern of each undifferentiated marker. These results 
suggested that fluoxetine treatment affected the expression of the undifferentiated markers 
Oct3/4 and Sox2 in differentiating ES cells. Under the control culture condition, the expression 
levels of endodermal markers such as GATA6, TTR, AFP, and albumin (ALB) were low on day 
5 and up-regulated from day 5 to day 10 (Fig. 8B). In fluoxetine-treated ES cells, in contrast, 
these endodermal markers were more strongly expressed on day 5, and down-regulated from 
day 5 to day 10. There were significant interactions between fluoxetine treatment and the 
expression pattern of each endodermal marker, suggesting that fluoxetine could also affect the 
differentiating endodermal lineage. The expression levels of BMP4 (a primitive marker), 
Nkx2.5 (an early cardiac marker), MLC-2v, and ANF (both later cardiac markers) were low on 
day 5 and increased between day 5 and day 10 under the control culture condition (Fig. 9A). In 
the fluoxetine-treated cells, on the other hand, these mesodermal markers were more highly 
expressed on day 5, and decreased between day 5 and day 10 (Fig. 9A). There were significant 
interactions between fluoxetine treatment and the expression pattern of each endodermal 
marker. Thus, fluoxetine treatment down-regulated the expressions of mesodermal markers as 
well as endodermal markers. In addition to studying gene expression levels in the mesodermal 
lineages, we examined how fluoxetine affected mesodermal cell differentiation. Ordinarily, in 
the absence of fluoxetine, cardiomyocyte can differentiate from EBs at different concentrations  
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Fig. 9. Analysis of expression levels for mesodermal differentiation. The expression levels of 
the mesodermal markers, BMP4, Nkx2.5, MLC-2v, and ANF were quantified at each 
concentration of fluoxetine (0 μM: open circle; 1 μM: closed triangle; 3 μM: closed square) 
with real-time RT-PCR (A). The frequencies of cardiomyocytes derived from ES cells were 
identified by their distinctive beating movement and quantified at each concentration of 
fluoxetine (B) (Kusakawa et al. 2008). 
of fluoxetine. We found that fluoxetine decreased the rate at which undifferentiated ES cells 
differentiated to cardiomyocytes in a concentration-dependent manner (Fig. 9B). The ID50 
value was calculated at 3.79 μM. Thus, based on the gene expression data and the 
cardiomyocyte differentiation data, it was confirmed that fluoxetine could inhibit 
differentiation into mesodermal lineages.  
In the absence of fluoxetine, the expression level of Nestin (a primitive neural stem cell 
marker) was low on day 5, and increased slightly on day 10. In fluoxetine-treated cells, in 
contrast, the expression level of Nestin was higher on day 5 and decreased between day 5 
and day 10. Similarly, the expression levels of synaptophysin (a later neuron-specific 
marker), GFAP (an astrocyte-specific marker), and Olig2 (an oligodendrocyte-specific 
marker) in fluoxetine-treated cells were lower on day 5 and increased from day 5 to day 10 
(Fig. 10A). There were significant interactions between fluoxetine treatment and the 
expression pattern of each ectodermal marker. The expression levels of GFAP and Olig2 
increased in a concentration-dependent manner (GFAP: 3-fold increase at 1 μM and 18-fold 
increase at 3 μM; Olig2: 2-fold increase at 1 μM and 20-fold increase at 3 μM). We also 
performed an immunocytochemical study with antibodies against Neurofilament H (NFH) 
(a later neuron-specific marker) and GFAP (an astrocyte-specific marker). Among ES cells 
that had been treated with 3 μM fluoxetine, we detected many positive cells, both for NFH 
and for GFAP, on day 10 (Fig. 10B). In this fluoxetine-treated group, the positive cells had an 
almost spherical shape, and few had any nerve processes (Fig. 10B). These cells had the 
appearance of immature neurons. These results suggest that fluoxetine induces ectodermal 
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lineage differentiation in ES cells, but that the potential for neuronal differentiation is lower 
compared with that for glial lineages.  
 

 
Fig. 10. Analysis of expression levels for ectodermal differentiation. The expression levels of 
the ectodermal markers, Nestin, Synaptophysin, GFAP, and Olig2 were quantified at each 
concentration of fluoxetine (0 μM: open circle; 1 μM: closed triangle; 3 μM: closed square) 
with real-time RT-PCR (A). Neural and glial cells derived from ES cells were cultured in the 
presence of fluoxetine (3 μM) and immunostained with NFH antibody and GFAP antibody 
(B) (Kusakawa et al. 2008). 

4. Further improvement for EST 
The issue of the necessity of adding a metabolic system to the EST to ensure the metabolic 
activation of potential embryotoxicants has been actively discussed (Marx-Stoelting et al. 
2009). Potential experimental procedures are the use of cultured hepatocytes, especially 
human primary hepatocytes. Hepatocytes may be useful in systems when a preincubation 
step is applied to a chemical or a pharmaceutical and subsequently added to the ES cell 
culture with the active metabolite. Whether or not the development of a metabolic activation 
system for the EST is truly required has been the subject of much discussion, given the 
difficulties associated with it (Marx-Stoelting et al. 2009). Many hepatotoxicities arise from 
metabolites derived from drugs (Park et al. 2005). For this reason, it is important to use an 
assay system with cells that harbor drug-metabolizing enzymes to assess the drug toxicity 
accurately. In addition, maternal metabolism and fetoplacental interaction have to be taken 
into account, because some proteratogens require bioactivation to provide the active 
molecule (Brown et al. 1986). Therefore, the inclusion of a reliable metabolizing system 
would extend the usefulness of in vitro test procedures. 
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5. Conclusion 
Among the various toxic tests, an EST can determine embryotoxicity and teratogenicity, and 
it does not require experimental animals. The EST has thus far been modified by being 
combined with real-time PCR, FACS analysis, GFP reporter analysis, or luciferase reporter 
analysis to detect molecular markers as new endpoints for the EST. In addition, some 
methods for ES cell differentiation into several cell types such as neural cells have been 
attempted to identify additional differentiation endpoints. However, further improvement 
of the EST is needed in order to investigate the harmful effects of chemicals and 
pharmaceuticals more exhaustively. For instance, a metabolic system designed to detect 
proteratogenic compounds has to be integrated in order to extend the applicability. 
Furthermore, a main advantage of embryotoxicity testing by the EST is the availability of 
human ES cells. Not all mammalian species are equally susceptible or sensitive to the toxic 
influences of a chemical. A compound that brings out defects in one species can have other 
or no effects on another species. Using two or more species for regulatory developmental 
toxicity testing currently covers the detection of genetic differences that influence the 
response to a chemical. A test system based on mES cells can now be adapted to human ES 
cells. The use of a humanized test system will have much greater predictive ability because 
some developmental pathways that could act as targets for chemicals are specific to human 
development. Thus, the EST can be significantly improved by combining tissue 
differentiation systems and/or metabolic systems, or by using human ES cells in the quick 
and accurate estimation of the in vivo embryotoxic effects of various medicines. 
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1. Introduction 
Toxicological screening using animals are necessary for drug development registration. This 
approach is time-consuming, costly, labour intensive, stressful for the animals and 
susceptible to inaccuracies due to individual differences between animals. So, the screening 
of candidate chemicals in early development is often replaced with in vitro cell culture 
systems (Pearson, 1986; Liebsch & Spielmann, 2002). In vitro studies using cell lines were 
capable of providing more rapid, precise, relevant information than some animal studies, 
and economical approach for the evaluation of the pharmaco-toxicological profiling of target 
drugs, characterised by a low compound requirement and short duration (Pearson, 1986; 
Kari et al., 2007). Also, it is possible to include mechanistic studies, and to test for toxicity 
that is specific to humans: sensitivity differences between humans and rodents can affect 
animals (Kari et al., 2007). Among the in vitro screening systems, primary cell cultures 
and/or target organ-specific cell lines can be used to measure the general toxicity of a test 
compound (Zhou et al., 2006).  
However, the sensitivity of hepatotoxicity using primary human hepatocytes or the HepG2 
cell line cannot predict effects in early development and toxicological differences, which 
depend on the state of differentiation in hepatocytes (Knasmuller et al., 2004; Xu et al., 2004). 
In addition to, primary cells such as hepatocytes in particular and many transformed human 
hepatocyte-derived cell lines (immortalized cultures, i.e Fa2-N4 cells, HepaRG cells) have 
limitations in their life span and can have donor-dependent variations (Mills et al., 2004). 
Also, they have disadvantages such as discontinuous phenotypic characteristics, functional 
properties and genetic instability. Therefore, more promised future is waiting for 
hepatocyte-like cells as the source of hepatocytes regarding the approach of stem cells use in 
the high throughput testing (Duret et al., 2007).  
Stem cells are defined functionally as cells that have the capacity to self-renew as well as the 
ability to generate differentiated cells that specialized functions in specific tissues and make 
up the organ (Thomson et al., 1998; Zhang & Wang, 2008; Schnerch et al., 2010). The 
classification of stem cells divided into embryonic stem cells (ESCs) and adult stem cells 
(ASCs) according to derivative origins. ESCs, which are derived from the inner cell mass of 
blastocysts after fertilization, can unlimited self-renewal and have pluripotent could be rise 
to cells derived from all three germ lineages. Otherwise, ASCs derived from the specialized 
cell types of the tissue from which are originated have limited self-replicate and mutilpotent 
could be giving rise to specialized cells into multiple-lineages not all three germ lineages. 
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1. Introduction 
Toxicological screening using animals are necessary for drug development registration. This 
approach is time-consuming, costly, labour intensive, stressful for the animals and 
susceptible to inaccuracies due to individual differences between animals. So, the screening 
of candidate chemicals in early development is often replaced with in vitro cell culture 
systems (Pearson, 1986; Liebsch & Spielmann, 2002). In vitro studies using cell lines were 
capable of providing more rapid, precise, relevant information than some animal studies, 
and economical approach for the evaluation of the pharmaco-toxicological profiling of target 
drugs, characterised by a low compound requirement and short duration (Pearson, 1986; 
Kari et al., 2007). Also, it is possible to include mechanistic studies, and to test for toxicity 
that is specific to humans: sensitivity differences between humans and rodents can affect 
animals (Kari et al., 2007). Among the in vitro screening systems, primary cell cultures 
and/or target organ-specific cell lines can be used to measure the general toxicity of a test 
compound (Zhou et al., 2006).  
However, the sensitivity of hepatotoxicity using primary human hepatocytes or the HepG2 
cell line cannot predict effects in early development and toxicological differences, which 
depend on the state of differentiation in hepatocytes (Knasmuller et al., 2004; Xu et al., 2004). 
In addition to, primary cells such as hepatocytes in particular and many transformed human 
hepatocyte-derived cell lines (immortalized cultures, i.e Fa2-N4 cells, HepaRG cells) have 
limitations in their life span and can have donor-dependent variations (Mills et al., 2004). 
Also, they have disadvantages such as discontinuous phenotypic characteristics, functional 
properties and genetic instability. Therefore, more promised future is waiting for 
hepatocyte-like cells as the source of hepatocytes regarding the approach of stem cells use in 
the high throughput testing (Duret et al., 2007).  
Stem cells are defined functionally as cells that have the capacity to self-renew as well as the 
ability to generate differentiated cells that specialized functions in specific tissues and make 
up the organ (Thomson et al., 1998; Zhang & Wang, 2008; Schnerch et al., 2010). The 
classification of stem cells divided into embryonic stem cells (ESCs) and adult stem cells 
(ASCs) according to derivative origins. ESCs, which are derived from the inner cell mass of 
blastocysts after fertilization, can unlimited self-renewal and have pluripotent could be rise 
to cells derived from all three germ lineages. Otherwise, ASCs derived from the specialized 
cell types of the tissue from which are originated have limited self-replicate and mutilpotent 
could be giving rise to specialized cells into multiple-lineages not all three germ lineages. 
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Since Thomson and colleagues were firstly reported to potentials for therapeutic and drug 
discovery using embryonic stem cells derived from inner cell mass of human blastocysts in 
1998, stem cell research have been spotlighted more public and professional interest than 
other subject in biology field (Thomson et al., 1998; Fuh & Brinton, 2009; Astori et al., 2010; 
Rashid et al., 2010).  
Although the field of stem cell research has grown rapidly, there are focused on the cell 
therapy using stem cells in regenerative medicine because stem cells have a great fascinating 
potential could be differentiation into the specialized cells to replace damaged cells or tissues. 
ESCs is an attractive source for cell therapy, however, there are several obstacles including 
ethical problems to clinical application using ESCs in degenerative medicine. Especially, the 
optimal guideline for differentiation of ESCs have been shown to be controversy in the 
condition of differentiation into target cells due to various factors used to induce the 
differentiation in ESCs (Denham & Dottori, 2009; Zagami et al., 2009; Bourzac et al., 2010).  
Due to the reason, many scientists have been found a research field to make the best use of 
the potential benefits of stem cells. Stem cell-based systems have striking advantages to 
select of lead candidates and development of new therapeutic drugs because their 
proliferation ability and plasticity to generate several cell types. In addition, it is possible to 
analyze effects or toxicities of target drugs according to differentiation steps from immature 
to mature cells could be function. In vitro assaying of embryotoxicity using embryonic stem 
cells for the early determination of the teratogenic potential of a compound have been 
attempted (Kim et al., 2006; Kulkarni & Khanna, 2006). Also, in vitro screening system using 
mouse embryonic stem cells have been suggested by the European Center for Validation of 
Alternative Methods (ECVAM) committee (Spielmann et al., 2001; Genschow et al., 2002). 
Therefore, drug screening system using stem cells is a large range of opinion on this issue. 
The application of ESCs in drug screening is a promising, innovative alternative that 
appears to have early efficacy, while reducing the adverse outcomes at later stages of 
development. Furthermore, it is very sensitive in toxicity screening, as compared to other cell 
lines. For this reason, the application of ESCs could be an important new tool for developing a 
unique in vitro model with the potential to predict genotoxicity in humans. Drug screening 
using ESCs focuses on reproductive biology and embryo development. The embryonic stem 
cell test (ESCT) can detect developmental abnormalities such as abnormal embryogenesis and 
malformations caused by mutagenic or embryotoxic substances in early embryogenesis. 
With this intention, this chapter review outlines the limitation of traditional toxicity 
screening including in vitro and in vivo screening system. This brief review outlines the 
construction of more efficient mouse ESC-derived embryoid bodies (EBs) for use as a 
vasculogenesis model and as a tool for screening the cytotoxicity of new compounds, and 
the cytotoxicity of 5-fluorouracil (5-FU), and to examine its effects on cell viability, 
proliferation, and differentiation in mouse ESC-derived endothelial differentiation. Also, we 
also consider the obstacles that need to be overcome to make the embryonic stem cells cost-
effective, to enable guided differentiation to target cells, and to establish a reproducible in 
vitro assay to increase its efficacy as a screening system. Finally, we introduce the latest 
research on the ESCT and the potential of using ESCs for drug screening. 

2. Characterization of embryonic stem cells  
Stem cells have the capacity to self-renew as well as the ability to generate differentiated 
cells that specialized functions in specific tissues and make up the organ. The classification 
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of stem cells divided into embryonic stem cells (ESCs) and adult stem cells (ASCs) according 
to derivative origins. ESCs, which are derived from the inner cell mass of blastocysts after 
fertilization, can unlimited self-renewal and have pluripotent could be rise to cells derived 
from all three germ lineages. Otherwise, ASCs derived from the specialized cell types of the 
tissue from which are originated have limited self-replicate and mutilpotent could be giving 
rise to specialized cells into multiple-lineages not all three germ lineages.  
Since mouse embryonic stem cells (mESCs) and human embryonic stem cells (ESCs) were 
established in 1981 and in 1998, ESCs are a hot issue in stem cell research (Martin, 1981; 
Thomson et al., 1998). Especially, unique characterization of human ESCs shows unlimited 
proliferation activity through the expression of stemness markers such as Oct-4, alkaline 
phospatase, Nanog, SSEA-4, TRA-1-60, and TRA—81 in condition of co-cultured with feeder 
cells (Figure 1).  
 
 

 
Fig. 1. Characterization of human embryonic stem cells. Morphology of human ES cells 
cultured with feeder cells (A) and embryonic body (B), Expression of stemness markers, 
Alkaline phosphatase (C), Oct-4 (D), SSEA-1 (E), SSEA-4 (F), TRA-1-60 (G), and TRA-1-80 

Also, human ESCs in vitro can be expanded indefinitely in the undifferentiated state and 
still retain the capacity for differentiation into endodermal, mesodermal, and ectodemal 
lineages cells under specific condition in vitro. The potential for differentiation of human 
ESCs could be confirmed by teratoma formation in SCID mice transplanted human ESCs. 
Teratoma is an encapsulated benign tumor with tissues or organ components resembling 
normal derivatives of all three germ layers (Figure 2). The potentials offer a therapeutic 
intervention in the treatment of degenerative diseases that affect various tissues and their 
therapeutic effects may be influenced by numerous factors such as cell count, differentiation 
potential, transplant method, and disease model (Petersen et al., 1999; Huttmann et al., 2003; 
Kuo et al., 2008). 
The characterization of human ESCs derived from early embryos that seem to share many of 
the properties of mouse ESCs has refocused attention on the in vitro properties of ESCs 
(Thomson et al., 1998). Therefore, mouse and human ESCs will provide new insights into 
embryonic development as well as its translation into therapeutic outcomes.  
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the properties of mouse ESCs has refocused attention on the in vitro properties of ESCs 
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Fig. 2. Differentiation potential of human ESCs by teratoma formation in SCID mice 
engrafted human ESCs. Teratoma showing tissues from all three germ layers; endoderm 
(gut epithelium, A), mesoderm (cartilage, B), and ectoderm (neural rosettes, C)    

3. Limitation of traditional toxicity screening  
Toxicogenomics, which combines toxicology and genomics, is a scientific field that studies 
how the gene and protein activity within particular cell or tissues of an organism is involved 
in responses to toxicants. Also, they studies for genetics, mRNA expression, cell and tissue-
wide protein expression and metabolomics to understand the role of gene-toxicants 
interactions in disease. From these processing, new biomarkers for toxicity can discover as 
well as predictive in toxicology. However, the relationship between dose and its effects on 
the exposed organism still controversy because there are several factors including age, sex, 
individual variability, and species differences affected susceptibility and variability in 
toxicology.  
Toxicological screening using animals are necessary for drug development registration. 
Although there are several animal models from zebra fish to monkey for in vivo toxicity 
screening as well as drug development, however, there are many kinds of considerations in 
vivo toxicity screening using animal model. Especially, embryotoxicity tests using animals 
are a traditional strategy to identify potentially hazardous chemicals. They can also be used 
to confirm the absence of toxic properties in the development of potentially useful new 
substances (Spielmann, 2009). Because this approach is time-consuming, costly, labour 
intensive, stressful for the animals and susceptible to inaccuracies due to individual 
differences between animals, the screening of candidate chemicals in early development is 
often replaced with in vitro cell culture systems (Pearson, 1986; Liebsch & Spielmann, 2002; 
Bremer & Hartung, 2004; Knight, 2007). Animal ethics in vivo screening system have been 
becoming emphasized by Institutional Animal Care and Use Committees (IACUC). In 
addition, it is difficult to check the correct time point for toxicity testing in screening using 
animal model. Therefore, there is a need for alternative methods to evaluate the potential 
reproductive toxicity of chemical substances, by in vitro systems. To develop a new 
alternative screening test, many scientists have tried to use cell lines, primary cell cultures of 
dissociated cells from mice or rat embryo limb buds, midbrains for micromass tests, or 
whole embryos from rat (Steele et al., 1983).  
In vitro studies using cell lines were capable, or potentially capable, of providing more rapid, 
precise, relevant information than some animal studies, and economical approach for the 
evaluation of the pharmaco-toxicological profiling of target drugs, characterised by a low 
compound requirement and short duration (Pearson, 1986; Kari et al., 2007). Also, it is 
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possible to include mechanistic studies, and to test for toxicity that is specific to humans: 
sensitivity differences between humans and rodents can affect animals (Kari et al., 2007). 
Among the in vitro screening systems, primary cell cultures and/or target organ-specific cell 
lines can be used to measure the general toxicity of a test compound (Zhou et al., 2006). 
However, the sensitivity of hepatotoxicity using primary human hepatocytes or the HepG2 
cell line cannot predict effects in early development and toxicological differences, which 
depend on the state of differentiation in hepatocytes (Knasmuller et al., 2004; Xu et al., 2004). 
In addition to, primary cells such as hepatocytes in particular and many transformed human 
hepatocyte-derived cell lines (immortalized cultures, i.e Fa2-N4 cells, HepaRG cells) have 
limitations in their life span and can have donor-dependent variations (Mills et al., 2004). 
However, they have disadvantages such as discontinuous phenotypic characteristics, 
functional properties and genetic instability.  
In toxicological research, the development of alternative in vitro toxicity screening systems 
to replace in vivo screening methods using animal experiments and conventional screening 
systems is important. Although applications using primary cells derived from rodent 
embryo or tissue-specific cell lines originating from humans have been tried, the validation 
of cytotoxicity during cellular biological processing must be improved in order to establish 
new and alternative in vitro screening methods, and to increase the efficiency of toxicological 
analysis through these methods (Tiffany-Castiglioni et al., 1999). Therefore, more promised 
future is waiting for hepatocyte-like cells as the source of hepatocytes regarding the 
approach of stem cells use in the high throughput testing (Duret et al., 2007).  

4. In vitro toxicity screening using embryonic stem cells 
Embryonic stem cells are generally obtained from inner cells mass in blastocysts of either mice 
or humans. Especially, drug or toxicity screening using human ESCs have many advantages 
over primary cells and immortalized cell lines for in vitro toxicity screening, including unique 
properties such as unlimited self-renewal, plasticity to generate various cell types and 
availability of cells of human origin (Davila et al., 2004; Kulkarni & Khanna, 2006; Zhang & 
Wang, 2008).  However, there are some disadvantages as they do not grow as well and are 
more difficult to cultivation than mouse ESCs. Also, the stem cell technologies for directing 
them to differentiate are less defined than those for mouse ESCs and it is necessary to provide 
human ESCs that can be employed in a practical manner for compound screening. 
Due to the reason, an Embryonic Stem Cell Test (EST), which mirrors growth and 
differentiation, is an in vitro test system well-suited for the evaluation of the embryotoxic 
potential of substances (Evans & Kaufman, 1981; Martin, 1981; Smith, 1992; Spielmann et al., 
1997; Ramalho-Santos et al., 2002; Wobus & Boheler, 2005). The regulation of the 
differentiation of mouse ES cells is controlled by critical transcription factors, such as STAT3 
(Niwa et al., 1998), Oct4 (Nichols et al., 1998), and Nanog (Chambers et al., 2003): Previous 
studies have shown that embryonic stem (ES) cells require the expressions of different 
transcription factors to specify the stem cell state, and that these contribute to the generation 
of entirely different lineages on changing culture conditions and altering the expression 
levels of Oct4, a key determinant of the pluripotency for in vitro systems (Wobus & Boheler, 
2005). In addition, these mES cell systems were reported to be very useful for measuring 
embryotoxicity (Seiler et al., 2004). Moreover, mouse embryonic stem cells can be routinely 
employed to screen chemical compounds for teratogenic effects (Scholz et al., 1999; 
Rohwedel et al., 2001; Vanparys, 2002).  
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whole embryos from rat (Steele et al., 1983).  
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possible to include mechanistic studies, and to test for toxicity that is specific to humans: 
sensitivity differences between humans and rodents can affect animals (Kari et al., 2007). 
Among the in vitro screening systems, primary cell cultures and/or target organ-specific cell 
lines can be used to measure the general toxicity of a test compound (Zhou et al., 2006). 
However, the sensitivity of hepatotoxicity using primary human hepatocytes or the HepG2 
cell line cannot predict effects in early development and toxicological differences, which 
depend on the state of differentiation in hepatocytes (Knasmuller et al., 2004; Xu et al., 2004). 
In addition to, primary cells such as hepatocytes in particular and many transformed human 
hepatocyte-derived cell lines (immortalized cultures, i.e Fa2-N4 cells, HepaRG cells) have 
limitations in their life span and can have donor-dependent variations (Mills et al., 2004). 
However, they have disadvantages such as discontinuous phenotypic characteristics, 
functional properties and genetic instability.  
In toxicological research, the development of alternative in vitro toxicity screening systems 
to replace in vivo screening methods using animal experiments and conventional screening 
systems is important. Although applications using primary cells derived from rodent 
embryo or tissue-specific cell lines originating from humans have been tried, the validation 
of cytotoxicity during cellular biological processing must be improved in order to establish 
new and alternative in vitro screening methods, and to increase the efficiency of toxicological 
analysis through these methods (Tiffany-Castiglioni et al., 1999). Therefore, more promised 
future is waiting for hepatocyte-like cells as the source of hepatocytes regarding the 
approach of stem cells use in the high throughput testing (Duret et al., 2007).  

4. In vitro toxicity screening using embryonic stem cells 
Embryonic stem cells are generally obtained from inner cells mass in blastocysts of either mice 
or humans. Especially, drug or toxicity screening using human ESCs have many advantages 
over primary cells and immortalized cell lines for in vitro toxicity screening, including unique 
properties such as unlimited self-renewal, plasticity to generate various cell types and 
availability of cells of human origin (Davila et al., 2004; Kulkarni & Khanna, 2006; Zhang & 
Wang, 2008).  However, there are some disadvantages as they do not grow as well and are 
more difficult to cultivation than mouse ESCs. Also, the stem cell technologies for directing 
them to differentiate are less defined than those for mouse ESCs and it is necessary to provide 
human ESCs that can be employed in a practical manner for compound screening. 
Due to the reason, an Embryonic Stem Cell Test (EST), which mirrors growth and 
differentiation, is an in vitro test system well-suited for the evaluation of the embryotoxic 
potential of substances (Evans & Kaufman, 1981; Martin, 1981; Smith, 1992; Spielmann et al., 
1997; Ramalho-Santos et al., 2002; Wobus & Boheler, 2005). The regulation of the 
differentiation of mouse ES cells is controlled by critical transcription factors, such as STAT3 
(Niwa et al., 1998), Oct4 (Nichols et al., 1998), and Nanog (Chambers et al., 2003): Previous 
studies have shown that embryonic stem (ES) cells require the expressions of different 
transcription factors to specify the stem cell state, and that these contribute to the generation 
of entirely different lineages on changing culture conditions and altering the expression 
levels of Oct4, a key determinant of the pluripotency for in vitro systems (Wobus & Boheler, 
2005). In addition, these mES cell systems were reported to be very useful for measuring 
embryotoxicity (Seiler et al., 2004). Moreover, mouse embryonic stem cells can be routinely 
employed to screen chemical compounds for teratogenic effects (Scholz et al., 1999; 
Rohwedel et al., 2001; Vanparys, 2002).  
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In this chapter, we introduce the possibility of endothelial-like cells derived from mouse 
embryonic bodies as an in vitro vasculogenesis model and the usefulness of mouse ESCs for 
in vitro toxicity screening for 5-fluorouracil (5-FU), anti-angiogenesis agents.  

5. Endothelial-like cells derived from mouse embryonic bodies as an in vitro 
vasculogenesis model 
The formation of new blood vessels (vasculogenesis) during embryonic development is an 
important basic step. This process involves the differentiation of angioblasts from mesoderm 
during the early developmental stages and their organization from a primitive vascular 
network (Vittet et al., 1996), and is characterized by the expression of endothelial cell 
specific molecules during the formation of vascular structures in ES-derived embryoid 
bodies (EBs). A number of markers including vascular endothelial growth factor receptors-2 
(Flk-1) (Yamaguchi et al., 1993), platelet endothelial cell adhesion molecule (PECAM) 
(Redick & Bautch, 1999), and vascular endothelial (VE) cadherin as markers of 
vasculogenesis have been reported (Dejana et al., 1999). Endothelial, endothelial-like cells, 
and endothelial precursor cells (EPCs) derived from stem cells have been explored to 
establish a toxicity screening system for endothelial-specific toxicants (Kim & von Recum, 
2008). The feasibility of these screening systems depends on the differentiation processes of 
the ESCs used; guided differentiation into target cell types and accurate investigation of the 
mechanisms of endothelial toxicity are necessary. Recently, we reported that endothelial-like 
and endothelial cells derived from mouse ESCs using EGM medium and optimal protocols 
are more sensitive to 5-FU toxicity than undifferentiated endothelial cells as well as a mouse 
endothelial cell line (Kim & von Recum, 2008).  
Doetschman et al (1985) were the first to show an in vitro mouse model based on the 
differentiated ES cells. When mES cells are grown in the absence of feeder cells and myeloid 
leukaemia inhibitory factor (LIF), they are able to differentiate spontaneously (Doetschman 
et al., 1985). EBs were formed by spheroid aggregation during post-implantation in 
embryonic tissues and maintained in conditioned medium containing a cocktail of vascular 
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), interleukin-6 (IL-6) 
and erythropoietin (EPO) in 1% methylcellulose to induce the formation of EBs (Wang et al., 
1992; Vittet et al., 1996). This model system, which forms a primitive vascular plexus, 
provides an attractive tool for investigating the mechanisms involved in vasculogenesis, i.e., 
angioblast differentiation, proliferation, migration, endothelial cell-cell adhesion, and 
vascular morphogenesis (Doetschman et al., 1985; Risau et al., 1988; Wang et al., 1992). In 
addition, co-cultures with stromal cells, even adherent monolayer cultures in the absence of 
LIF (Ying et al., 2003), have been used to differentiate mES cells in vitro. Moreover, the 
expression levels of markers of endothelial differentiation at the mRNA and protein levels 
differ according to endothelial cell differentiation and culture conditions (Doetschman et al., 
1985; Risau et al., 1988; Vittet et al., 1996). For these reasons, the mechanism of endothelial 
cell differentiation involved in the regulation of vasculogenesis remains unclear. However, 
the exact molecular biological role of 5-FU on cell cycle regulation in the endothelial 
differentiation of mouse ESCs has not been fully explained yet.  
Therefore, we demonstrated that the population of endothelial cells derived from mES cells 
and to apply this as a tool for the screening of agents with vascular developmental toxicity. 
Also, we investigated that the specific action of 5-FU on the endothelial differentiation of 
cells derived from mouse ESCs, finally, we demonstrated that the correlation between cell 
cycle regulation and endothelial differentiation in mouse ESCs exposed by 5-FU. 
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5.1 Materials and methods 
5.1.1 Cell line and culture conditions  
Mouse D3 ES cells (ATCC Cat. No. CRL-1934, Rockville, MD, USA) were co-cultured with 
mitomycin C-treated mouse embryonic fibroblast (MEF) cells in high glucose DMEM 
(Gibco-BRL, Invitrogen, Carlsbad, CA) containing 15% fetal bovine serum (FBS; Hyclone, 
Ogden, UT), 1000 U/ ml of LIF/ESGRO (Chemicon, Temecula, CA), and basic ES medium 
components [50 U/ml of penicillin and 50 μg/ml streptomycin (Gibco-BRL, Invitrogen, 
Carlsbad, CA), 1% non-essential amino acids (Gibco-BRL, Invitrogen, Carlsbad, CA) and 0.1 
mM β-mercaptoethanol (Gibco-BRL, Invitrogen, Carlsbad, CA)]. Mouse endothelial cells 
(C166) (ATCC Cat. No. CRL-2581, Rockville, MD), used as a control for toxicity testing, were 
cultured in endothelial cell basal medium-2 (EBM-2) containing 5% FBS and cytokine 
cocktail. The hanging drops method (20 μl per drop; 1x105 cells ml-1) was used to induced 
differentiation as described by Heuer and colleagues (Heuer et al., 1993) with minor 
modifications. After incubation for 3 more days, EBs were transferred to gelatin-coated 
wells of Chamber slides (Nunc, Denmark) or 60mm dishes to allow attachment. To promote 
endothelial cell differentiation, 3-day-old EBs were placed in DMEM containing 10% FBS 
and medium consisting of EBM-2, 5% FBS, growth factor cocktail, and ascorbic acid (EGM2-
MV Bullet Kit; Clonetics/BioWhittaker, Walkersville, MD).  

5.1.2 Cell viability and proliferation analysis 
The viability and proliferative activity of ES cells were analyzed using the 3-(4,5-
dimethylthiazol-2yl)-2,5,-diphenyl tetrazolium bromide (MTT) assay and by 5-bromo-2’-
deoxyuridine (BrdU) incorporation for 10 days, respectively. For the MTT assay, mEBs were 
hanging drop cultured for 2 days and then grown in standard culture medium (DMEM 
containing 10% FBS) for 24 hours to allow attachment. 20 μl of MTT (5mg/ml) was then 
added to 200 μl of the culture medium on days 3, 4, 6, 8, and 10, followed by incubation at 
37°C for 4 hr. After incubation, the MTT solution was carefully removed and 150 μl of 
DMSO (Sigma, St Louis, MO) was added to each well. The plates were then shaken on a 
plate mixer until the crystals dissolved. The absorbance of the resulting colored solution was 
measured at 570 nm in a Genios luminometer (TECAN, Austria) at a reference wavelength 
of 630nm. BrdU detection kits (Roche Molecular Biochemicals, Indianapolis, IN) were used 
to measure BrdU incorporation. For BrdU assays, mEBs were hanging drop cultured for 2 
days and then grown in standard culture medium (DMEM containing 10% FBS) for 24 hours 
to allow attachment. On days 3, 4, 6, 8, and 10, 10 μl of 100 μM BrdU was added to each 
well, and the cells were incubated for 4 h. After removing the medium, the cells were fixed 
and DNA was denatured using FixDenat reagent (Roche Applied Sciences) for 30 min. The 
reagent was then removed, anti-BrdU-POD solution was added and the plates were 
incubated for 90 min at room temperature. The cells were then washed three times with 
washing solution, after which 100 μl of substrate solution was added and the absorbance 
was measured at 370 and 490 nm using a Genios luminometer (TECAN, Austria). 

5.1.3 RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)   
Cells were directly sorted into tubes containing Trizol (Gibco-BRL, Invitrogen, Carlsbad, 
CA) and mRNA was extracted according to the manufacturer's protocol. The isolated RNAs 
were quantified using a spectrophotometer (SmartSpec 3000, Bio-Rad). First-strand cDNA 
was synthesized from 2 µg of total RNA using an oligo (dT) primer and a SuperScript First-
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In this chapter, we introduce the possibility of endothelial-like cells derived from mouse 
embryonic bodies as an in vitro vasculogenesis model and the usefulness of mouse ESCs for 
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important basic step. This process involves the differentiation of angioblasts from mesoderm 
during the early developmental stages and their organization from a primitive vascular 
network (Vittet et al., 1996), and is characterized by the expression of endothelial cell 
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addition, co-cultures with stromal cells, even adherent monolayer cultures in the absence of 
LIF (Ying et al., 2003), have been used to differentiate mES cells in vitro. Moreover, the 
expression levels of markers of endothelial differentiation at the mRNA and protein levels 
differ according to endothelial cell differentiation and culture conditions (Doetschman et al., 
1985; Risau et al., 1988; Vittet et al., 1996). For these reasons, the mechanism of endothelial 
cell differentiation involved in the regulation of vasculogenesis remains unclear. However, 
the exact molecular biological role of 5-FU on cell cycle regulation in the endothelial 
differentiation of mouse ESCs has not been fully explained yet.  
Therefore, we demonstrated that the population of endothelial cells derived from mES cells 
and to apply this as a tool for the screening of agents with vascular developmental toxicity. 
Also, we investigated that the specific action of 5-FU on the endothelial differentiation of 
cells derived from mouse ESCs, finally, we demonstrated that the correlation between cell 
cycle regulation and endothelial differentiation in mouse ESCs exposed by 5-FU. 
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mitomycin C-treated mouse embryonic fibroblast (MEF) cells in high glucose DMEM 
(Gibco-BRL, Invitrogen, Carlsbad, CA) containing 15% fetal bovine serum (FBS; Hyclone, 
Ogden, UT), 1000 U/ ml of LIF/ESGRO (Chemicon, Temecula, CA), and basic ES medium 
components [50 U/ml of penicillin and 50 μg/ml streptomycin (Gibco-BRL, Invitrogen, 
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mM β-mercaptoethanol (Gibco-BRL, Invitrogen, Carlsbad, CA)]. Mouse endothelial cells 
(C166) (ATCC Cat. No. CRL-2581, Rockville, MD), used as a control for toxicity testing, were 
cultured in endothelial cell basal medium-2 (EBM-2) containing 5% FBS and cytokine 
cocktail. The hanging drops method (20 μl per drop; 1x105 cells ml-1) was used to induced 
differentiation as described by Heuer and colleagues (Heuer et al., 1993) with minor 
modifications. After incubation for 3 more days, EBs were transferred to gelatin-coated 
wells of Chamber slides (Nunc, Denmark) or 60mm dishes to allow attachment. To promote 
endothelial cell differentiation, 3-day-old EBs were placed in DMEM containing 10% FBS 
and medium consisting of EBM-2, 5% FBS, growth factor cocktail, and ascorbic acid (EGM2-
MV Bullet Kit; Clonetics/BioWhittaker, Walkersville, MD).  

5.1.2 Cell viability and proliferation analysis 
The viability and proliferative activity of ES cells were analyzed using the 3-(4,5-
dimethylthiazol-2yl)-2,5,-diphenyl tetrazolium bromide (MTT) assay and by 5-bromo-2’-
deoxyuridine (BrdU) incorporation for 10 days, respectively. For the MTT assay, mEBs were 
hanging drop cultured for 2 days and then grown in standard culture medium (DMEM 
containing 10% FBS) for 24 hours to allow attachment. 20 μl of MTT (5mg/ml) was then 
added to 200 μl of the culture medium on days 3, 4, 6, 8, and 10, followed by incubation at 
37°C for 4 hr. After incubation, the MTT solution was carefully removed and 150 μl of 
DMSO (Sigma, St Louis, MO) was added to each well. The plates were then shaken on a 
plate mixer until the crystals dissolved. The absorbance of the resulting colored solution was 
measured at 570 nm in a Genios luminometer (TECAN, Austria) at a reference wavelength 
of 630nm. BrdU detection kits (Roche Molecular Biochemicals, Indianapolis, IN) were used 
to measure BrdU incorporation. For BrdU assays, mEBs were hanging drop cultured for 2 
days and then grown in standard culture medium (DMEM containing 10% FBS) for 24 hours 
to allow attachment. On days 3, 4, 6, 8, and 10, 10 μl of 100 μM BrdU was added to each 
well, and the cells were incubated for 4 h. After removing the medium, the cells were fixed 
and DNA was denatured using FixDenat reagent (Roche Applied Sciences) for 30 min. The 
reagent was then removed, anti-BrdU-POD solution was added and the plates were 
incubated for 90 min at room temperature. The cells were then washed three times with 
washing solution, after which 100 μl of substrate solution was added and the absorbance 
was measured at 370 and 490 nm using a Genios luminometer (TECAN, Austria). 

5.1.3 RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)   
Cells were directly sorted into tubes containing Trizol (Gibco-BRL, Invitrogen, Carlsbad, 
CA) and mRNA was extracted according to the manufacturer's protocol. The isolated RNAs 
were quantified using a spectrophotometer (SmartSpec 3000, Bio-Rad). First-strand cDNA 
was synthesized from 2 µg of total RNA using an oligo (dT) primer and a SuperScript First-
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Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA), according to the 
manufacturer’s instructions. First-strand cDNAs were amplified in a final volume of 25 μl 
containing 0.5 U Taq DNA polymerase (TaKaRa Biotechnology, Korea) and 10 pmol of each 
target primer. PCR conditions were as follows: 5 minutes at 94°C, 30 amplification cycles 
(denaturation at 94°C for 1 minute, annealing at 55°C or 60°C for 1 minute, and extension at 
72°C for 1 minute), followed by a final extension at 72°C for 5 minutes. The PCR primers 
and the size of the amplified products are shown in Table 1. The amplified products were 
separated on 1.5% agarose gels and visualized by ethidium bromide staining. cDNA 
samples were adjusted to yield equal GAPDH amplifications.  
 

Gene Sequences Size (bp) 

FLk-1 F: 5’-CAGCTTCCAAGTGGCTAAGG-3’ 
R: 5’-CAGAGCAACACACCGAAAGA-3’ 264 

PECAM F: 5’- GCCTGGAGAGGTTGTCAGAG-3’ 
R: 5’- GGTGCTGAGACCTGCTTTTC-3’ 357 

VE-Cadherin F: 5’- ACCGGATGACCAAGTACAGC-3’ 
R: 5’- TTCTGGTTTTCTGGCAGCTT-3’ 292 

GAPDH F: 5’- TGTTCCTACCCCCAATGTGT-3’ 
R: 5’- TGTGAGGGAGATGCTCAGTG-3’ 396 

Table 1. Sequences of oligonucleotide primers used for RT-PCR analysis  

5.1.4 Immunocytochemistry 
After inducing differentiation, the cells were exposed to 5-FU with/without probucol for 24 
hours and fixed with freshly prepared MeOH/DMSO (4:1) overnight at 4°C. Cells were 
blocked with blocking solution containing 1% BSA and 0.1% Tween 20 for 30 min, and then 
incubated with rabbit anti-mouse FLK-1 (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA), rat anti-mouse PECAM (1:100) (MEC 13.3, Santa Cruz), or goat anti-mouse VE-
cadherin (1:100) (Santa Cruz), or rabbit anti-mouse PCNA (1:100) (Santa Cruze, 
Biotechnology, Inc) at 4°C overnight. After washing, cells were incubated with goat anti-
rabbit IgG-TRITC (1:100) (Chemicon, Temecula, CA), goat anti-rat IgG-FITC (1:100) (Santa 
Cruz), or donkey anti-goat IgG-FITC (1:200) (Santa Cruz) as secondary antibodies, 
respectively. Stained slides were embedded in 30% Mowiol (Calbiochem-Novabiochem, 
Schwalbach, Germany). Images were obtained and analyzed using a Bio-Rad confocal 
microscope (Radiance 2000 FCMP, Bio-Rad, USA)  

5.1.5 Flow cytometry  
Cultured cells were harvested using cell dissociation buffer (Sigma, St Louis, MO). Cells 
were resuspended at 106 cells/100 μl in suspension buffer, and then were incubated with 1 
μg/100 μl of PE anti-mouse FLK-1 (Avas 12a1, PharMingen) and FITC anti-mouse PECAM 
(MEC 13.3, PharMingen), or (FITC) rat anti-mouse VE-cadherin (11D4.1, PharMingen) for 30 
minutes at 4°C. Negative controls were incubated for 30 min at 4°C with fluorochrome-
labeled irrelevant isotype control antibodies: 1 μg/100 μl PE rat IgG2a’ (PharMingen, San 
Diego, CA), 1 μg/100μl FITC rat IgG2a’ (PharMingen), or 1 μg/ 100 μl anti-rat FITC-
conjugated IgG (Santa Cruz). In order to analyse how Oct-4 expression varies in mouse 
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ESCs through different stages of endothelial cell differentiation, endothelial differentiation 
induced cells for 0, 4, 7 and 10 days were harvested using cell dissociation buffer (Sigma, St 
Louis, MO). To analyse PCNA expression, the cells were exposed to 5-FU with/without 
probucol for 24 hours at day 9. After 24 hours incubation, control cells and treated cells were 
harvested using cell dissociation buffer (Sigma, St Louis, MO). Cells were re-suspended at 
106 cells/100 µl in suspension buffer and then incubated with 1µg/100 µl of rabbit anti-
mouse Oct-4 (Santa Cruz, Biotechnology, Inc), or rabbit anti-mouse PCNA (1:100) (Santa 
Cruze, Biotechnology, Inc) for 1 hour at 4°C. Negative controls were incubated for 1 hour at 
4°C with fluorochrome labelled irrelevant isotype control antibodies: 1 µg/ 100 µl goat anti-
rabbit FITC-conjugated IgG (Chemicon) or goat anti-rabbit IgG-TRITC (1:100) (Chemicon, 
Temecula, CA) for primary antibodies, respectively. After staining, cells were analyzed 
without fixation using a FACS Calibur flow cytometer (Becton Dickinson, MA) using 5 
μg/ml of propidium iodide (Sigma) to exclude dead cells. Data was analyzed using 
CellQuest software (Becton Dickinson, MA).  
For cell cycle analysis in differentiation into endothelial cell of mouse ESCs, the treated cells 
were trypsinised and fixed in cooled 70% ethanol at 4°C. The cells were then incubated in 
0.3 ml of DNA staining solution (100 µg/ml PI, 1 mg/ml RNase A (DNase-free) in PBS).  
The cells were then transferred into D-Hank’s solution. The cell suspension was stored on 
ice in a dark room for a minimum of 30 min and analysed within 2 hours. Data analysis was 
carried out using CellQuest software (Becton Dickinson, MA). 

5.1.6 Capillary tube formation by endothelial cells on matrigel  
To induce tube formation on matrigel, mES cells were grown in EGM-2 medium for 10 days 
and then prepared as a single-cell suspension. 5x104 ES cells were then plated on Matrigel 
(Becton Dickinson, MA), incubated at 37°C, and analyzed using a phase contrast microscope 
(Nikon, Eclipse TE 2000-U, Japan).  

5.1.7 Cytotoxicity analysis 
The cytotoxic effects of 5-Fluorouracil on mES cells and mouse endothelial cell (C166) were 
analyzed using a validated embryonic stem cell test protocol and MTT assay (Spielmann et 
al., 1997; Scholz et al., 1999). Briefly, 1000 cells were seeded into each well of a 96-well 
microtitre plate and grown in the presence of a concentration range of 5-FU and probucol. A 
negative control containing solvent diluted in medium was also included. At day 9, the cells 
were exposed to 5-FU (10 μM) with/without probucol (50 µM) in a total volume of 200 μl for 
24 hours. The 5-FU and probucol were dissolved in cell culture medium and ethanol, 
respectively. The final ethanol concentration in the wells was 0.1%. The controls were 
incubated with equal volumes of drug solvents to avoid changes that could be due to 
solvent. 20 µl of MTT (5mg/ml) was added to 200 µl culture medium on day 10, followed by 
incubation at 37°C for 4 hrs. After incubation, the MTT solution was carefully removed and 
150 μl of DMSO (Sigma, St Louis, MO) was added to each well. The plates were shaken on a 
plate mixer until all crystals had dissolved. The absorbance of the resulting coloured 
solution was measured at 570 nm with a Genios luminometer (TECAN, Austria) at a 
reference wavelength of 630nm. Cytotoxicity was expressed as a percentage of cells 
surviving, relative to untreated cultures, and the concentration required to inhibit cell 
growth by 50% (IC50) was calculated. Each experiment was performed using six replicates 
for each drug concentration and repeated in triplicate.  
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Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA), according to the 
manufacturer’s instructions. First-strand cDNAs were amplified in a final volume of 25 μl 
containing 0.5 U Taq DNA polymerase (TaKaRa Biotechnology, Korea) and 10 pmol of each 
target primer. PCR conditions were as follows: 5 minutes at 94°C, 30 amplification cycles 
(denaturation at 94°C for 1 minute, annealing at 55°C or 60°C for 1 minute, and extension at 
72°C for 1 minute), followed by a final extension at 72°C for 5 minutes. The PCR primers 
and the size of the amplified products are shown in Table 1. The amplified products were 
separated on 1.5% agarose gels and visualized by ethidium bromide staining. cDNA 
samples were adjusted to yield equal GAPDH amplifications.  
 

Gene Sequences Size (bp) 

FLk-1 F: 5’-CAGCTTCCAAGTGGCTAAGG-3’ 
R: 5’-CAGAGCAACACACCGAAAGA-3’ 264 

PECAM F: 5’- GCCTGGAGAGGTTGTCAGAG-3’ 
R: 5’- GGTGCTGAGACCTGCTTTTC-3’ 357 

VE-Cadherin F: 5’- ACCGGATGACCAAGTACAGC-3’ 
R: 5’- TTCTGGTTTTCTGGCAGCTT-3’ 292 

GAPDH F: 5’- TGTTCCTACCCCCAATGTGT-3’ 
R: 5’- TGTGAGGGAGATGCTCAGTG-3’ 396 

Table 1. Sequences of oligonucleotide primers used for RT-PCR analysis  

5.1.4 Immunocytochemistry 
After inducing differentiation, the cells were exposed to 5-FU with/without probucol for 24 
hours and fixed with freshly prepared MeOH/DMSO (4:1) overnight at 4°C. Cells were 
blocked with blocking solution containing 1% BSA and 0.1% Tween 20 for 30 min, and then 
incubated with rabbit anti-mouse FLK-1 (1:100) (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA), rat anti-mouse PECAM (1:100) (MEC 13.3, Santa Cruz), or goat anti-mouse VE-
cadherin (1:100) (Santa Cruz), or rabbit anti-mouse PCNA (1:100) (Santa Cruze, 
Biotechnology, Inc) at 4°C overnight. After washing, cells were incubated with goat anti-
rabbit IgG-TRITC (1:100) (Chemicon, Temecula, CA), goat anti-rat IgG-FITC (1:100) (Santa 
Cruz), or donkey anti-goat IgG-FITC (1:200) (Santa Cruz) as secondary antibodies, 
respectively. Stained slides were embedded in 30% Mowiol (Calbiochem-Novabiochem, 
Schwalbach, Germany). Images were obtained and analyzed using a Bio-Rad confocal 
microscope (Radiance 2000 FCMP, Bio-Rad, USA)  

5.1.5 Flow cytometry  
Cultured cells were harvested using cell dissociation buffer (Sigma, St Louis, MO). Cells 
were resuspended at 106 cells/100 μl in suspension buffer, and then were incubated with 1 
μg/100 μl of PE anti-mouse FLK-1 (Avas 12a1, PharMingen) and FITC anti-mouse PECAM 
(MEC 13.3, PharMingen), or (FITC) rat anti-mouse VE-cadherin (11D4.1, PharMingen) for 30 
minutes at 4°C. Negative controls were incubated for 30 min at 4°C with fluorochrome-
labeled irrelevant isotype control antibodies: 1 μg/100 μl PE rat IgG2a’ (PharMingen, San 
Diego, CA), 1 μg/100μl FITC rat IgG2a’ (PharMingen), or 1 μg/ 100 μl anti-rat FITC-
conjugated IgG (Santa Cruz). In order to analyse how Oct-4 expression varies in mouse 
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ESCs through different stages of endothelial cell differentiation, endothelial differentiation 
induced cells for 0, 4, 7 and 10 days were harvested using cell dissociation buffer (Sigma, St 
Louis, MO). To analyse PCNA expression, the cells were exposed to 5-FU with/without 
probucol for 24 hours at day 9. After 24 hours incubation, control cells and treated cells were 
harvested using cell dissociation buffer (Sigma, St Louis, MO). Cells were re-suspended at 
106 cells/100 µl in suspension buffer and then incubated with 1µg/100 µl of rabbit anti-
mouse Oct-4 (Santa Cruz, Biotechnology, Inc), or rabbit anti-mouse PCNA (1:100) (Santa 
Cruze, Biotechnology, Inc) for 1 hour at 4°C. Negative controls were incubated for 1 hour at 
4°C with fluorochrome labelled irrelevant isotype control antibodies: 1 µg/ 100 µl goat anti-
rabbit FITC-conjugated IgG (Chemicon) or goat anti-rabbit IgG-TRITC (1:100) (Chemicon, 
Temecula, CA) for primary antibodies, respectively. After staining, cells were analyzed 
without fixation using a FACS Calibur flow cytometer (Becton Dickinson, MA) using 5 
μg/ml of propidium iodide (Sigma) to exclude dead cells. Data was analyzed using 
CellQuest software (Becton Dickinson, MA).  
For cell cycle analysis in differentiation into endothelial cell of mouse ESCs, the treated cells 
were trypsinised and fixed in cooled 70% ethanol at 4°C. The cells were then incubated in 
0.3 ml of DNA staining solution (100 µg/ml PI, 1 mg/ml RNase A (DNase-free) in PBS).  
The cells were then transferred into D-Hank’s solution. The cell suspension was stored on 
ice in a dark room for a minimum of 30 min and analysed within 2 hours. Data analysis was 
carried out using CellQuest software (Becton Dickinson, MA). 

5.1.6 Capillary tube formation by endothelial cells on matrigel  
To induce tube formation on matrigel, mES cells were grown in EGM-2 medium for 10 days 
and then prepared as a single-cell suspension. 5x104 ES cells were then plated on Matrigel 
(Becton Dickinson, MA), incubated at 37°C, and analyzed using a phase contrast microscope 
(Nikon, Eclipse TE 2000-U, Japan).  

5.1.7 Cytotoxicity analysis 
The cytotoxic effects of 5-Fluorouracil on mES cells and mouse endothelial cell (C166) were 
analyzed using a validated embryonic stem cell test protocol and MTT assay (Spielmann et 
al., 1997; Scholz et al., 1999). Briefly, 1000 cells were seeded into each well of a 96-well 
microtitre plate and grown in the presence of a concentration range of 5-FU and probucol. A 
negative control containing solvent diluted in medium was also included. At day 9, the cells 
were exposed to 5-FU (10 μM) with/without probucol (50 µM) in a total volume of 200 μl for 
24 hours. The 5-FU and probucol were dissolved in cell culture medium and ethanol, 
respectively. The final ethanol concentration in the wells was 0.1%. The controls were 
incubated with equal volumes of drug solvents to avoid changes that could be due to 
solvent. 20 µl of MTT (5mg/ml) was added to 200 µl culture medium on day 10, followed by 
incubation at 37°C for 4 hrs. After incubation, the MTT solution was carefully removed and 
150 μl of DMSO (Sigma, St Louis, MO) was added to each well. The plates were shaken on a 
plate mixer until all crystals had dissolved. The absorbance of the resulting coloured 
solution was measured at 570 nm with a Genios luminometer (TECAN, Austria) at a 
reference wavelength of 630nm. Cytotoxicity was expressed as a percentage of cells 
surviving, relative to untreated cultures, and the concentration required to inhibit cell 
growth by 50% (IC50) was calculated. Each experiment was performed using six replicates 
for each drug concentration and repeated in triplicate.  
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5.1.8 Microarray 
For cDNA microarray analysis, differentiated mouse ESCs treated with/without 5-FU (10 
µM) for 24 hours were collected. Their total RNA was extracted using Trizol (Gibco-BRL, 
Invitrogen, USA) and mRNA was extracted according to the manufacturer's protocol. The 
quantity and quality of total RNA and amplified RNA were assessed by using a Bioanalyzer 
2100 (Agilent Technologies). The Applied Biosystems Mouse Genome Survey Microarray 
contains 32,996 60-mer oligonucleotide probes, representing 32,181 individual mouse genes. 
Digoxigenin-UTP labelled cRNA was generated and linearly amplified from 2 µg of total 
RNA using Applied Biosystems Chemiluminescent RT-IVT Labelling Kit v.2.0 and 
manufacturer’s protocol (Applied Biosystems). Array hybridization (five arrays per sample), 
chemiluminescence detection, image acquisition and analysis were performed using 
Applied Biosystems Chemiluminescence Detection Kit (Applied Biosystems) and Applied 
Biosystems 1700 Chemiluminescent Microarray Analyzer (Applied Biosystems), following 
the manufacturer's protocol. Images were auto-gridded, then spot and spatially normalised. 
Chemiluminescent signals were quantified, corrected for background, and the final images 
and feature data were processed using the Applied Biosystems 1700 Chemiluminescent 
Microarray Analyzer software v1.1. Data and images were collected through an automated 
process for each microarray using the 1700 analyzer. A total of 10 arrays were run for the 
two groups (five technical replicates for each group). A global median normalisation, which 
normalises signal intensities across all microarrays to achieve the same median signal 
intensities for each array, was performed on the Applied Biosystems data sets. For Applied 
Biosystems arrays, the detection threshold was set as S/N > 3 with a quality flag < 100. 
Correlation and coefficient of variation (CV) analyses were performed using Matlab® 
software (Mathworks, Natick, MA). Differential expression analysis was done using two 
different statistical methods: (1) ANOVA analysis was performed using Avadis software. 
Differentially expressed genes between control and 5-FU (10 µM) treated groups were 
determined based on the following criteria: (a) p < 0.001 in ANOVA analysis; (b) average 
change between control and 5-FU (10 µM) treated groups > 2 fold; (c) detectable in more 
than 50% samples. (2) Significance Analysis of Microarray (SAM: http://www-
stat.stanford.edu/ tibs/SAM), a supervised learning statistical software that performs a 
modified t-test to identify genes with significant changes in expression, and uses 
permutations to estimate the false discovery rate (FDR). Hierarchical clustering of log ratios 
was performed using the software (http://rana.lbl.gov/EissenSoftware.htm) Cluster and 
Treeview; Euclidean correlation, median centring and complete linkage were applied in all 
clustering applications.  

5.1.9 Western blot analysis 
Control cells and treated Cells were lysed in RIPA buffer (1% NP-40, 150 mM NaCl, 0.05% 
DOC, 1% SDS, 50 mM Tris) containing protease inhibitor for 1 h at 4°C. The supernatant was 
separated by centrifugation, and protein concentration was determined with a Bradford 
protein assay kit II (Bio-rad). Proteins (25 μg/well) denatured with Laemmli sample buffer 
(Sigma) were separated by 10% SDS-polyacrylamide gel (Bio-Rad) under a constant current 
of 50 mV. Proteins were transferred onto nitrocellulose membranes (0.45 mm, Amersham 
Life Sciences). The membranes were blocked with a 5% BSA solution for 3 hrs, washed with 
PBS containing 0.2% Tween 20, then incubated with the primary antibody overnight at 4°C. 
Human specific antibodies against CDK-2, CDK-4, Cyclin D1, Cyclin E, p21WAF1/CIP1,  
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p27 Kip1, p53, and β-actin from Santa Cruz Biotechnology (Santa Cruz Biotechnology) were 
used to probe the separate membranes. The immunoreaction was continued with the 
secondary goat anti-rabbit horseradish-peroxidase conjugated antibody after washing for 2 
hours at room temperature. The specific protein bands were detected by enhanced 
chemiluminescence (Pierce), with X-Omat AR films (Kodak). As a protein loading control, 
parallel gels were subjected to Western blot analysis using a β-actin antibody (Santa Cruz 
Biotechnology). 

5.1.10 Statistical analysis 
All results are expressed as percentages of untreated control values or as the means ± SD of 
three independent experiments, each with six replicates. Statistical significance was 
determined using the Student’s t-test for paired data. A P value of < 0.05 was regarded as 
significant, and IC50 values were calculated using Sigmaplot version 9.0. 

5.2 Results 
5.2.1 Expressions of endothelial markers at the mRNA and protein levels during the 
early stages of differentiation   
We analyzed the mRNA expression levels of endothelial markers, i.e., FLK-1, PECAM, and 
VE-Cadherin, during different culture conditions and differentiation stages within 7 days of 
plating embryoid bodies by RT-PCR (Figure 3A). In case of the expression of the FLK-1 
gene, no difference was found between DMEM containing FBS and EGM-2 media.  
 

 
Fig. 3. Expression patterns of endothelial cell-specific markers at the mRNA and protein 
levels in mES-derived embryoid bodies. Gene expression in ES-derived EBs by RT-PCR (A). 
Expressions of FLK-1, PECAM, and VE-cadherin in differentiated mES cells at day 10 by 
immunofluorescence (B) (× 40) 

However, the expressions of PECAM and VE-Cadherin mRNA were higher in EGM-2 than 
in DMEM containing FBS, and their expressions in EGM-2 medium were higher during the 
early stages. Expression of endothelial cell differentiation markers at the mRNA and protein 
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5.1.8 Microarray 
For cDNA microarray analysis, differentiated mouse ESCs treated with/without 5-FU (10 
µM) for 24 hours were collected. Their total RNA was extracted using Trizol (Gibco-BRL, 
Invitrogen, USA) and mRNA was extracted according to the manufacturer's protocol. The 
quantity and quality of total RNA and amplified RNA were assessed by using a Bioanalyzer 
2100 (Agilent Technologies). The Applied Biosystems Mouse Genome Survey Microarray 
contains 32,996 60-mer oligonucleotide probes, representing 32,181 individual mouse genes. 
Digoxigenin-UTP labelled cRNA was generated and linearly amplified from 2 µg of total 
RNA using Applied Biosystems Chemiluminescent RT-IVT Labelling Kit v.2.0 and 
manufacturer’s protocol (Applied Biosystems). Array hybridization (five arrays per sample), 
chemiluminescence detection, image acquisition and analysis were performed using 
Applied Biosystems Chemiluminescence Detection Kit (Applied Biosystems) and Applied 
Biosystems 1700 Chemiluminescent Microarray Analyzer (Applied Biosystems), following 
the manufacturer's protocol. Images were auto-gridded, then spot and spatially normalised. 
Chemiluminescent signals were quantified, corrected for background, and the final images 
and feature data were processed using the Applied Biosystems 1700 Chemiluminescent 
Microarray Analyzer software v1.1. Data and images were collected through an automated 
process for each microarray using the 1700 analyzer. A total of 10 arrays were run for the 
two groups (five technical replicates for each group). A global median normalisation, which 
normalises signal intensities across all microarrays to achieve the same median signal 
intensities for each array, was performed on the Applied Biosystems data sets. For Applied 
Biosystems arrays, the detection threshold was set as S/N > 3 with a quality flag < 100. 
Correlation and coefficient of variation (CV) analyses were performed using Matlab® 
software (Mathworks, Natick, MA). Differential expression analysis was done using two 
different statistical methods: (1) ANOVA analysis was performed using Avadis software. 
Differentially expressed genes between control and 5-FU (10 µM) treated groups were 
determined based on the following criteria: (a) p < 0.001 in ANOVA analysis; (b) average 
change between control and 5-FU (10 µM) treated groups > 2 fold; (c) detectable in more 
than 50% samples. (2) Significance Analysis of Microarray (SAM: http://www-
stat.stanford.edu/ tibs/SAM), a supervised learning statistical software that performs a 
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levels were similar with respect to time course (data not shown). We carried out 
immunocytochemistry for endothelial cell markers in mEB cells from EGM-2 medium 
(Figure 3B), and observed capillary-like structures on day 10. These were stained with 
specific antibodies for FLK-1, PECAM and VE-Cadherin. The immunoreactivity of each 
marker was strong and was observed throughout EBs cells. 
In addition, we performed flow cytometry analysis for the expressions of FLK-1, PECAM, 
and VE-Cadherin with time (Figure 4). Cells which are positive for these markers were 
observed to increase with time. For cells grown in DMEM containing 10% FBS medium and 
EGM-2 medium for 10 days the percentages expressing these markers were; FLK-1 4.0% and 
5.3%, PECAM 10.9% and 44.5%, and VE-Cadherin 5.2% and 6.4%, respectively. These results 
demonstrate that the expressions of endothelial cell markers at the mRNA and protein levels 
were greater in cells grown in EGM-2 medium than in DMEM containing 10% FBS medium.  
 

 
Fig. 4. Kinetics of the expressions of FLK-1, PECAM and VE-cadherin during the 
differentiation of mES cells according to flow cytometric analysis. Numbers indicate the 
percentages of target antibody-positive cells 

5.2.2 Formation of capillary structures by differentiated mES cells on matrigel  
Mouse ES cells cultured in EGM-2 medium for 10 days differentiated into the endothelial 
cell lineage. Thus, we used gelatin coated dishes and a Matrigel system to confirm whether 
the mES cells cultured EGM-2 medium effectively construct capillary structures. We 
cultured mES derived endothelial cells in EGM-2 medium on gelatin coated dishes and 
Matrigel. After 5 days, we found that mES cells on the gelatin coated dishes could not 
construct capillary-like structures (Figure 5A), on the other hand, mES cells on Matrigel 
rapidly formed capillary-like structures, which resembled those formed by HUVEC and 
other endothelial cell populations (Figure 5B).  
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Fig. 5. Formation patterns of vascular-like structures of mES cells. Morphologies of mouse 
ES cell-derived endothelial cells on a gelatin-coated plate (A) and a matrigel-coated plate (B) 
(×100). Arrow indicates vascular-like structure derived from mouse ESCs 

5.2.3 Differentiated mouse ES cells were more sensitive than mouse endothelial cells 
(C166) to 5-Fluorouracil  
In the sensitivity to expose 5-FU in mouse ES cells, the respective concentrations of 5-FU for 
50% reduction (IC50) in early stage (day 3) and late stage (day 9) assays for 24hr were 126 uM 
and 7.9 uM, respectively (data not shown). This data suggests that the sensitivity of 
differentiated endothelial cells to toxicity of 5-FU are more sensitive than undifferentiated 
endothelial cells. In order to confirm the usefulness of the vasculogenesis model produced 
from differentiated mouse ESCs using EGM-2 medium, we performed vasculogenesis 
cytotoxicity assays, by treating cells with 5-fluorouracil, a strong inhibitor of vessel  
 

 
Fig. 6. Illustration of the effects of 5-Fluorouracil on the 72-hour survival of mouse 
embryonic stem cells and C166 mouse endothelial cells as determined by MTT assays (A). 
The inhibitory concentrations (IC50) of 5-Fluorouracil in mES cells and C166 cells were 0.72 
µM and 1.04 µM, respectively. The morphology and PECAM expression of mouse ES cells 
exposed to 5- Fluorouracil (1 µM) (B). The expression of PECAM was decreased by 5-
fluorouracil treatment in mouse ES cells 
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formation, to both mouse ES cells and C166 cells. Generally, the growth rates of mouse ES 
and C166 cells were inhibited in a dose-dependent manner by 5-fluorouracil (Figure 6A). 
However, the concentrations 5-fluorouracil that caused a 50% reduction in mouse ES and 
C166 cells were 0.72 and 1.04 uM, respectively. In addition, the expression of PECAM 
significantly decreased in mouse ES derived endothelial cells which are exposed 5-FU 
(Figure 6B). From these results, we confirm that differentiated mouse ES cells are sensitive to 
5-fluorouracil comparing traditional screening systems (C166) for cell toxicity, so that 
endothelial cells derived mES can use as an in vitro model for vasculogenesis and toxicity 
screening. 

5.2.4 Effect of 5-FU on the endothelial differentiation of cells derived from mouse ESCs    
To study the role of 5-FU in endothelial differentiation, mouse ESCs were differentiated into 
endothelial precursor cells and treated with 5-FU (10 µM). Oct-4 expression and cell viability 
were analysed. The expression of Oct-4 gradually decreased, with 100%, 90.6%, 81.3%, 50.5%  
 

 
Fig. 7. The expression of Oct4 and the cytotoxicity of 5-Fluorouracil in endothelial precursor 
cells, derived from mouse embryonic stem cells. The expression of Oct4 gradually decreased 
during endothelial differentiation (A). After inducing endothelial differentiation for 9 days 
with EGM-2 medium, the cells were exposed to 5-fluorouracil (10 µM) with/without 
probucol (50 µM) for 24 hrs. Analysis of the cell viability of the endothelial differentiated 
cells exposed to 5-fluorouracil were assessed by MTT assays (B). The experiments were 
performed in 3 independent runs (n = 6). Standard error bars are shown. Significance was 
tested by the student t-test (* p < 0.01). Numbers indicate the percentages of target antibody-
positive cells 
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expression on differentiation days 0, 4, 7, and 10, respectively (Figure 7A). In a previous 
study, we found that the percentage of PECAM expression increased by up to 44.5% in 
mouse ES-derived endothelial precursor cells, grown in EGM-2 medium for 10 days. There 
is a strong correlation between the decreased Oct-4 expression and increased PECAM 
expression during the endothelial differentiation of cells derived from mouse ESCs. Next, 
we examined the viability of endothelial precursor cells when they were exposed to 5-FU (10 
µM), using MTT assays. As shown in the supplemental data, cells exposed to various 
concentrations of 5-FU and probucol for 24 hours displayed a decrease in cell viability in a 
concentration dependent manner. The IC50 of 5-FU and the concentration of probucol 
needed to avoid affecting cell viability were 10 µM, 50 µM, respectively. The viability was 
significantly decreased to 49.8% of the control in the endothelial differentiated cells exposed 
to 5-FU (10 µM) for 24 hours. The viability was significantly recovered to 65.7% in cells 
exposed to 5-FU (10 µM) combined with probucol (50 µM) (P < 0.01) (Figure 7B). 

5.2.5 5-FU inhibits cell proliferation in endothelial differentiated cells derived from 
mouse ESCs. 
The morphology of mouse ES-derived endothelial precursor cells after treatment with the 
IC50 values of 5-FU (10 µM) for 24 hours was changed and detached, compared to the  
 

 
Fig. 8. Anti-proliferative affect of 5-fluorouracil in endothelial precursor cells. Morphology (A, 
top panel) and PCNA expression (A, bottom panel) of control and cells exposed to 5-
fluorouracil (10 µM) with/without probucol (50 µM) for 24hrs. Cell nuclei were stained with 
DAPI. The percentages of cells with PCNA expression were analysed by FACS (B). Numbers 
indicate the percentages of target antibody-positive cells. Original Magnification: × 40 for (A) 
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expression on differentiation days 0, 4, 7, and 10, respectively (Figure 7A). In a previous 
study, we found that the percentage of PECAM expression increased by up to 44.5% in 
mouse ES-derived endothelial precursor cells, grown in EGM-2 medium for 10 days. There 
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control cells which grew as confluent aggregates with rounded and polygonal cell 
morphology. However, probucol (50 µM) treatment to the 5-FU treatment groups for 24 
hours induced a morphology similar to that of the control cells (Figure 8A, top panel). In 
order to investigate the effects of 5-FU on the proliferation of endothelial precursor cells 
derived from mouse ESCs, PCNA expression was assessed by immunocytochemistry and 
FACS analysis. After inducing endothelial differentiation for 9 days, we observed that the 
endothelial precursor cells exposed to 5-FU (10 µM) for 24 hours had decreased PCNA 
expression, whilst the probucol (50 µM) treated group had recovered its PCNA expression 
(Figure 8A, bottom panel). These results correlated with the PCNA expression of the 
endothelial precursor cells exposed to 5-FU (47.7%), as shown by FACS analysis (Figure 8B). 

5.2.6 Expression of PECAM in endothelial differentiated cells is down-regulated by 5-FU  
To test whether the treatment of mouse ES-derived endothelial precursor cells with 5-FU 
can influence endothelial differentiation through expression of endothelial specific genes, 
the expression levels of PECAM were analysed by immunocytochemistry and RT-PCR. The 
expression of PECAM was dramatically decreased in the 5-FU treatment group, compared 
to the control group. However, the expression of PECAM was maintained in the probucol 
treatment group (Figure 9). These findings demonstrate that, in accordance with the 
morphological differentiation analysis, 5-FU decreases endothelial-specific mRNA levels 
and so inhibits the expression of genes involved in endothelial differentiation. 
 
 

 
Fig. 9. PECAM expression of endothelial precursor cells, derived from mouse embryonic 
stem cells. Expression of PECAM in control and cells exposed to 5-fluorouracil (10 µM) 
with/without probucol (50 µM) for 24hrs were analysed by immunocytochemistry. Cell 
nuclei were stained with DAPI (A). mRNA levels of PECAM and GAPDH were evaluated 
by RT-PCR (B). GAPDH used as internal standard. Original Magnification: × 40 for (A) 
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5.2.7 Gene profiling of mouse embryonic stem cells exposed to 5-FU using Microarray 
analysis 
In order to determine gene expression changes in cells exposed to 5-FU (10 µM), the RNA 
contained in both the control cells, and the cells exposed to 5-FU treatment for 24 hours at 
differentiation day 9 was collected. As shown a Fig. 4, a total of 11,668 genes out of 32,996 
 

 
Fig. 10. Gene expression profiling of endothelial precursor control and cells exposed to 5-
fluorouracil using microarray analysis. Hierarchical clustering analysis was conducted using 
control (n=5) and 5-FU treated samples (n=5). The black bars on right side of A illustrate the 
location of clusters shown. The dendrogram in B shows the samples identified as being in 
the cell cycle category, between control and 5-FU treated cells. The intensity of red and 
green colour is proportional to the relative up-regulation (red) or down-regulation (green) of 
gene expression in the differentiated samples, compared to that in the undifferentiated 
reference. Gene names and accession numbers are from Unigene 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene) 
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cDNAs were selected as differentially expressed genes by the ANOVA test (p < 0.001). A 
hierarchical cluster analysis yielded major clusters in the 11,668 expressed genes (Figure 10). 
These gene expression patterns were classified into functional groups, based on their 
biological process as defined by the Gene Ontology (GO) annotation system. Most of the 
observed genes were related to physiological processes, including apoptosis, cell cycle, 
developmental processes, and signal transduction in all clusters (Table 2). These results 
suggest that 5-FU treatment affects the expression of numerous genes via the alteration of 
several processes. Notably, expression of 58 genes out of the 1,439 genes in the cell cycle 
category was modulated by more than 2-fold, between the control cells and endothelial 
differentiated cells exposed to 5-fluorouracil (data not shown). 
 

Function (Panther classcification system) Number 

Angiogenesis 4 

Apoptosis 30 

Cell adhesion 22 

Cell cycle 58 

Cell proliferation and differentiation 9 

Cell structure and motility 36 

Developmental processes 80 

Homeostasis 7 

Immunity and defence 45 

Signal transduction 126 

Cell adhesion molecule 20 

Cell junction protein 8 

The others 994/1439 

Table 2. Gene content list of the AB 1700 mouse chip 

5.2.8 5-FU induces arrest of G1/S phase in endothelial-like cells derived from mouse 
ESCs 
To confirm the effects of 5-fluorouracil (10 µM) with and without probucol (50 µM) in the 
cell cycle, the cell cycle distribution was analysed by flow cytometry (Figure 11). Generally, 
the frequencies of G0/G1 phase and S-phase were 62.7% and 33.5% in mouse ESCs, 
respectively. In contrast, mouse ES-derived endothelial precursor cells exposed to 5-FU (10 
µM) for 24 hours showed a decrease to 31.1% in G0/G1 phase and an increase to 60.6% in S 
phase. Treatment with 50 µM probucol for 24 hours showed 35.0% of cells in G0/G1 phase 
and 62.8% in S-phase (Figure 11A). These data suggest that 5-FU arrests cells at the G1/S 
phase boundary in endothelial precursor cells, derived from mouse ESCs. This was followed 
by decreased proliferation of mouse ES-derived endothelial precursor cells, similar to that 
reported previously with other cell types (Vittet et al., 1996).To determine whether the 
expression levels of cell cycle related proteins were changed, we analysed Cyclins, CKDs, 
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CKDIs, and p53 expression after treatment with 5-FU (10 µM), with and without probucol 
(50 µM), by Western blot analysis. The expression of Cyclin E, CDK2, p21WAF1/CIP1, and p53 
was up-regulated in ES-derived endothelial precursor cells exposed to 5-FU, compared to 
those in the control group and cells treated with 5-FU (10 µM) and probucol (50 µM) (Figure 
11B). Although the expression of cyclin D1 remained constant in control cells and mouse ES-
derived endothelial precursor cells exposed to 5-FU, they were remarkably decreased by 
probucol treatment. Otherwise, there were no differences in the expression of CKD4 and 
p27Kip1, the tumour suppressor and inhibitors of Cyclin E / CDK2 in mouse ES-derived 
endothelial precursor cells, according to 5-FU and probucol treatments (Figure 11B). From 
these results, we suggest that 5-FU might inhibit G1-related Cyclin/CDK activities through 
the augmentation of p21WAF1/CIP1 expression and by binding to cyclin D/CDK complexes. 
 

 
Fig. 11. Cell cycle arrest in endothelial precursor cells after 5-Fluorouracil exposure. DNA 
distribution histogram, using PI labelling (x-axis) and total number of cells in each channel (y-
axis) in control and cells treated with 5-fluorouracil (10µM) with/without probucol (50 µM) 
(A). Western blot analysis of the expression of G1/S phase-related Cyclins, CDKs, and CDKIs 
in control and cells exposed to 5-fluorouracil (10µM) with/without probucol (50 µM) (B) 
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cDNAs were selected as differentially expressed genes by the ANOVA test (p < 0.001). A 
hierarchical cluster analysis yielded major clusters in the 11,668 expressed genes (Figure 10). 
These gene expression patterns were classified into functional groups, based on their 
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suggest that 5-FU treatment affects the expression of numerous genes via the alteration of 
several processes. Notably, expression of 58 genes out of the 1,439 genes in the cell cycle 
category was modulated by more than 2-fold, between the control cells and endothelial 
differentiated cells exposed to 5-fluorouracil (data not shown). 
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6. Conclusion  
In toxicological research, the development of alternative in vitro toxicity screening systems 
to replace in vivo screening methods using animal experiments and conventional 
screening systems is important. Although applications using primary cells derived from 
rodent embryo or tissue-specific cell lines originating from humans have been tried, the 
validation of cytotoxicity during cellular biological processing must be improved in order 
to establish new and alternative in vitro screening methods, and to increase the efficiency 
of toxicological analysis through these methods (Tiffany-Castiglioni et al., 1999). So, 
toxicity screening using stem cells is highlighted as an alternative cell source for in vitro 
toxicity screening because of several limitations of traditional in vitro assays using 
primary cells or cell lines. For examples, they couldn’t demonstrating the biological 
process involved in a toxic response to xenobiotics comparing to in vivo toxicity testing 
using animal model. In comparison to in vivo studies, the screening system using 
embryonic stem cell is highly accurate at predicting cellular toxicity, and outperforms 
classical assays, such as, the fetal limb micromass and post-implantation whole rat 
embryos culture assays (Scholz et al., 1999).  
Embryonic stem cell testing (EST) using the EB system provides a useful tool for 
analyzing the embryotoxic effects of chemical compounds (Spielmann et al., 1997; Scholz 
et al., 1999; Huuskonen, 2005). Whole embryo culture showed the best concordance 
between in vivo classification and in vitro test results with 80% correct classifications 
versus 78% for EST and 71% for limb bud micromass. Moreover, strong embryotoxicants 
showed a predictivity of 100% in each of the test systems (Genschow et al., 2002). The 
powerful advantages of ESCs when they are applied to toxicology come as a result of their 
unique properties compared to primary cells: self-renewal, plasticity to generate various 
cells types, and that they are a readily available alternative source to replace primary cells. 
Therefore, stem cell based screening systems for toxicants offer a very promising 
technology; it is possible to obtain large numbers of cells for consistent analysis and the 
study at the different stages of differentiation. In addition, toxicity screenings using ESCs 
have been validated as a reliable source for in vitro developmental toxicology studies 
(Rohwedel et al., 2001).  
In the present study, we developed a vasculogenesis model for the effective 
differentiation of mES cells into the endothelial lineage using EGM-2 medium. In 
addition, the availability of differentiated mouse embryonic bodies was confirmed by 
examining vascular toxicity using 5-Fluorouracil. Since Hirashima and colleagues 
reported that mES cells are important for studies for murine development, several 
systems for mES cell differentiation have been reported (Hirashima et al., 1999; Feraud & 
Vittet, 2003; Davila et al., 2004; Wobus & Boheler, 2005). The majority of reports issued 
during the past decade have focused on murine ES cells derived embryoid body (EB) 
formation assays. Differentiation system using embryoid bodies that have the potential to 
generate various embryonic cell lineages spontaneously induce differentiation 
(Doetschman et al., 1985; Risau et al., 1988; Wang et al., 1992). These studies show that the 
differentiation of ES derived EBs is more effective than ES cells in studies of 
vasculogenesis alone (Risau et al., 1988; Wang et al., 1992; Vittet et al., 1996; Bloch et al., 
1997; Wartenberg et al., 1998; Hirashima et al., 1999). Many strategies have been used for 
endothelial differentiation, i.e., the suspension method (Risau et al., 1988; Wang et al., 
1992), a method using semisolid medium (Vittet et al., 1996), and ES cell aggregation by 
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the hanging drop method (Goumans et al., 1999). Vittet and colleagues confirmed that ES-
derived endothelial cells acquire cell-specific markers in a time-dependent manner after 
LIF removal, which suggests that endothelial markers are expressed in sequential steps, 
which closely resemble endothelial cell differentiation in vitro during embryonic 
development (Vittet et al., 1996). In the present study, when mEBs formed by the hanging 
drop method for 3 days were cultured in EGM-2 medium containing 5% FBS and 
cocktailed cytokines for 10 days, the mRNA expressions of endothelial markers were 
found to show patterns similar to Vittet’s groups. However, the expression levels of 
endothelial markers of PECAM by FACS analysis were higher in the early stage than 
reported by Vittet. In addition, the expression levels of these markers were maintained to 
day 10. Although the proliferation activity of mES cells cultured in EGM-2 medium was 
lower than that of cells cultured in DMEM containing 10% FBS, the differentiation activity 
of those grown in EGM-2 medium was higher. These results suggest that serum contained 
potent stimulators of cell growth, such as, amino acids, growth factors, vitamins, proteins, 
hormones, lipids, and minerals can affect both proliferation and differentiation. Of these 
components, albumin protein has been previously reported to stimulate the proliferation 
of cells and to suppress their differentiation (Ishida & Yamaguchi, 2004). Therefore, we 
suggested that factors that stimulate differentiation were more abundant in EGM-2 
medium than in DMEM medium containing 10% FBS.  
A tyrosine kinase receptor for VEGF (FLK-1) is the marker of the lateral plate mesoderm and 
the earliest differentiation marker of endothelial cells and blood cells (Eichmann et al., 1997). 
Thus, an early stage defined by FLK-1 and PECAM expression might reflect commitment 
towards the endothelial lineage. PECAM is a member of the immunoglobulin superfamily 
expressed by endothelial cells and a subset of hematopoietic cells in the adult organism 
(Watt et al., 1995; DeLisser et al., 1997). It also was recently reported that undifferentiated ES 
cells express PECAM (Vittet et al., 1996; Ling & Neben, 1997). Because ES cells resemble the 
inner cell mass of the blastocyst, this suggested that PECAM may be expressed 
embryonically earlier than the described post-implantation stages. From these results, we 
confirmed that undifferentiated ES cells express PECAM, and we showed for the first time 
that this early expression mirrors PECAM expression in the mouse blastocyst. PECAM is 
expressed continuously during ES cell differentiation and characterizes a population of cells 
that are PECAM+ but not part of patent blood vessels. These cells have a possible 

counterpart in vivo in the yolk sac mesodermal cells that express PECAM before blood island 
formation. These findings are consistent with the model that ES cell differentiation 
recapitulates yolk sac development. (Redick & Bautch, 1999). These results define PECAM as 
the first cell adhesion molecule to be ICM-specific and suggest a potential role for this 
molecule prior to vascular differentiation. (Robson et al., 2001). 
Otherwise, expression of VE-cadherin was observed in later maturation (Vittet et al., 
1996). VE-cadherin is expressed at the earliest stages (E7.5) of vascular development in the 
mesodermal cells of the yolk mesenchyme. At later embryonic stages, VE-cadherin 
expression is restricted to the peripheral layer of blood islands that gives rise to 
endothelial cells and to the endothelium of most vessel types (Breier et al., 1996). 
According to our data, the mRNA expressions of Flk-1, PECAM, and VE-cadherin in mES 
cells cultured in EGM-2 medium were detected on day 4, day 4, and day 7, respectively. 
These results are similar to those of previous reports (Vittet et al., 1996; Hirashima et al., 
1999; Magnusson et al., 2004). 
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Festag and their colleagues reported that the exposed six test compounds such as all-
trans-retinoic acid (RA), 5-FU, diphenylhydantoin (DPH), valproic acid (Val), saccharin 
(Sacch), and penicillin G (Pen G), with known embryotoxic potential could disturb 
differentiation potential of murine embryonic stem cell as well as inhibit the 
differentiation of ES cells into endothelial cells (Festag et al., 2007). Because the sensitivity 
of differentiated murine embryonic stem cells to 5-FU comparing to endothelial cell line 
did not mentioned, the guideline as a correct mathematic model would not applied to a 
different evaluation of the experiments. However, we demonstrate that the differentiation 
of mES cells into endothelial cells as a measure of 5-FU, which is an anti-angiogenesis 
chemical toxicity is more sensitive than mouse endothelial cells (C166). In addition, we 
confirmed that the sensitivity to 5-FU for in the processing of endothelial differentiation 
from mouse embryonic bodies. These results suggest that EGM-2 medium is suitable to 
differentiate the endothelial cells from mES cells. In addition, the differentiated 
endothelial cells derived mES cells were more sensitive to vascular toxicity testing than 
traditional method. This devised system could be used as a tool for understanding of 
mechanism of vasculogenesis and for the screening of mesodermal-derived target organs 
toxicant.  
Furthermore, we demonstrate that 5-fluorouracil, an anti-cancer drug, can induce 
cytotoxicity in endothelial differentiation of mouse ESCs via inhibition of processes 
involved in cell viability, proliferation, and the cell cycle. During the induction of 
endothelial differentiation in cells derived from mouse ESCs, the expression of 
mesodermal lineage-related genes was up-regulated at 7 days after differentiation using 
EBs, followed by the up-regulation of endoderm lineage related genes at 14 days (Heo et 
al., 2005). Based on these reports, we induced endothelial differentiation from mouse 
ESCs for 10 days using EGM-2 to maximise endothelial differentiation, and confirmed the 
expression patterns of Oct-4 and PECAM. The frequencies of cells undergoing endothelial 
differentiation gradually increased through subsequent differentiation days; the 
expression of Oct-4 was 50.5% at endothelial differentiation day 10. These findings show 
that the characteristics of cells at endothelial differentiation day 10 are similar to 
endothelial precursor cells and endothelial-like cells. Because of this, these models can be 
used to evaluate the cytotoxicity of 5-FU at different stages of endothelial differentiation.  
A number of anti-cancer agents have been implicated in vascular toxicity and their effects 
have been attributed to direct toxicity to the endothelium, such as the HUVEC and C166 
cell lines. 5-FU gives an increase in the permeability of endothelial monolayers, as well as 
inducing vascular collapse and tumour necrosis (Watts et al., 1997). 5-FU, as a cytostatic 
agent with a strong embryotoxic potential, is known to have an effect in rapidly 
proliferating cells (Parker & Cheng, 1990; Shimizu et al., 2001). These reports are well 
matched with our results. The cytotoxicity of 5-FU in mouse ESCs was relieved by the 
addition of probucol (50 µM), an antagonist of 5-FU. This prevented the endothelial injury 
usually caused by 5-FU, but the rate of recovery for damaged endothelial cells did not 
completely return to normal (Kita et al., 1987; Kaneko et al., 1996). 
In order to understand the biological mechanism of target cell specific toxicants, DNA 
microarrays have been used to analyse gene profiling, to show the alteration of gene 
expression (Gunji et al., 2004; Mori et al., 2007; Fumoto et al., 2008). However, studies of 
gene profiling and the mechanisms within ESCs exposed to special toxicants, including 5-
FU, are still rare. Thus, we analysed expression patterns of genes involved in inducing 
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endothelial differentiation, using a DNA microarray with untreated and 5-FU-treated 
cells. As shown in the DNA microarray data, a huge number of changes in gene 
expression were identified by 5-FU treatment. Among these changes, we focused on genes 
involved in the cell cycle, as our data indicated that 5-FU induces cell proliferation 
inhibition. In contrast to the somatic cell cycle, ESCs have a unique feature, an abbreviated 
cell cycle (Becker et al., 2006). This is thought to be controlled through an unusual 
mechanism of CDK regulation, followed by a very short period of cell cycle. This allows 
ESCs to preserve their unlimited differentiation potential (Stead et al., 2002). In ESCs, the 
expressions of cyclin D1 and Cyclin D3 are low, and Cyclin D2 is not expressed, 
moreover, the expression of CDK-4 and the CDK 4-associated kinase activity is also weak, 
compared to somatic cells (Burdon et al., 2002). These previous reports lacked a consensus 
with our data, which showed increased expression of CDK4 and Cyclin D1 during 
endothelial differentiation. This discrepancy might originate from the differences between 
cell sources.  
Until now, the mechanism that has been reported to explain the cell cycle arrest by 5-FU 
treatment is a G1/S phase arrest in cancer cell lines, induced by blocking DNA synthesis 
through the inhibition of thymidylate synthase (Pinedo & Peters, 1988). When damaged 
by 5-FU treatment, in addition, the expression of the tumour suppressor p53 is increased 
p53 has been identified as a participant in the DNA damage response, resulting in either 
cell cycle arrest or death. It activates and regulates the transcription of cell cycle arrest or 
apoptosis related genes (Lane, 1992). The expression of p21, which a member of the 
WAF1/CIP1 family, and activates CKI which works as a linker with the p53-dependent 
pathway is up-regulated (Gartel et al., 1998). Once activated, the p53 gene product works 
together with the p21 WAF1/CIP1 protein, and binds to the cyclin D-CDK4 and cyclin E-CDK2 
complexes to inhibit their kinase activities (el-Deiry et al., 1993; Sherr & Roberts, 1999). 
Finally, increased expression of p21WAF1/CIP1 and p53 is involved in the G1/S-phase arrest 
of the cell cycle. These reports are in accordance with our data. In addition, the probucol 
treatment in ESCs, which blocks the cell cycle arrest by 5-FU, appears to aid the repair of 
damaged cells. Taken together, 5-FU affects endothelial differentiation by decreasing cell 
viability, proliferation and differentiation, as well as inducing the G1/S phase arrest. 
These toxicity screening are capable to use the mouse ESC system, therefore, mouse ESCs 
might be a useful model to use as a tool for screening the cytotoxicity of new compounds. 
However, there are still obstacles to overcome in toxicity screening using ESCs. For 
example, they do not grow as well and are more difficult to maintain and expand than 
other cell types and the procedures for directing them to differentiate are limited until 
now. Although stem cells allow for optimal preclinical evaluation of compounds directly 
on “relevant” human cells prior to clinical testing, it is important because relatively little 
information is usually obtained during preclinical development procedures on the 
manner in which novel drugs act on human tissues. Therefore, we should develop new 
sources of stem cells could be alternative to the use of ESCs in drug screening.  
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used to evaluate the cytotoxicity of 5-FU at different stages of endothelial differentiation.  
A number of anti-cancer agents have been implicated in vascular toxicity and their effects 
have been attributed to direct toxicity to the endothelium, such as the HUVEC and C166 
cell lines. 5-FU gives an increase in the permeability of endothelial monolayers, as well as 
inducing vascular collapse and tumour necrosis (Watts et al., 1997). 5-FU, as a cytostatic 
agent with a strong embryotoxic potential, is known to have an effect in rapidly 
proliferating cells (Parker & Cheng, 1990; Shimizu et al., 2001). These reports are well 
matched with our results. The cytotoxicity of 5-FU in mouse ESCs was relieved by the 
addition of probucol (50 µM), an antagonist of 5-FU. This prevented the endothelial injury 
usually caused by 5-FU, but the rate of recovery for damaged endothelial cells did not 
completely return to normal (Kita et al., 1987; Kaneko et al., 1996). 
In order to understand the biological mechanism of target cell specific toxicants, DNA 
microarrays have been used to analyse gene profiling, to show the alteration of gene 
expression (Gunji et al., 2004; Mori et al., 2007; Fumoto et al., 2008). However, studies of 
gene profiling and the mechanisms within ESCs exposed to special toxicants, including 5-
FU, are still rare. Thus, we analysed expression patterns of genes involved in inducing 
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endothelial differentiation, using a DNA microarray with untreated and 5-FU-treated 
cells. As shown in the DNA microarray data, a huge number of changes in gene 
expression were identified by 5-FU treatment. Among these changes, we focused on genes 
involved in the cell cycle, as our data indicated that 5-FU induces cell proliferation 
inhibition. In contrast to the somatic cell cycle, ESCs have a unique feature, an abbreviated 
cell cycle (Becker et al., 2006). This is thought to be controlled through an unusual 
mechanism of CDK regulation, followed by a very short period of cell cycle. This allows 
ESCs to preserve their unlimited differentiation potential (Stead et al., 2002). In ESCs, the 
expressions of cyclin D1 and Cyclin D3 are low, and Cyclin D2 is not expressed, 
moreover, the expression of CDK-4 and the CDK 4-associated kinase activity is also weak, 
compared to somatic cells (Burdon et al., 2002). These previous reports lacked a consensus 
with our data, which showed increased expression of CDK4 and Cyclin D1 during 
endothelial differentiation. This discrepancy might originate from the differences between 
cell sources.  
Until now, the mechanism that has been reported to explain the cell cycle arrest by 5-FU 
treatment is a G1/S phase arrest in cancer cell lines, induced by blocking DNA synthesis 
through the inhibition of thymidylate synthase (Pinedo & Peters, 1988). When damaged 
by 5-FU treatment, in addition, the expression of the tumour suppressor p53 is increased 
p53 has been identified as a participant in the DNA damage response, resulting in either 
cell cycle arrest or death. It activates and regulates the transcription of cell cycle arrest or 
apoptosis related genes (Lane, 1992). The expression of p21, which a member of the 
WAF1/CIP1 family, and activates CKI which works as a linker with the p53-dependent 
pathway is up-regulated (Gartel et al., 1998). Once activated, the p53 gene product works 
together with the p21 WAF1/CIP1 protein, and binds to the cyclin D-CDK4 and cyclin E-CDK2 
complexes to inhibit their kinase activities (el-Deiry et al., 1993; Sherr & Roberts, 1999). 
Finally, increased expression of p21WAF1/CIP1 and p53 is involved in the G1/S-phase arrest 
of the cell cycle. These reports are in accordance with our data. In addition, the probucol 
treatment in ESCs, which blocks the cell cycle arrest by 5-FU, appears to aid the repair of 
damaged cells. Taken together, 5-FU affects endothelial differentiation by decreasing cell 
viability, proliferation and differentiation, as well as inducing the G1/S phase arrest. 
These toxicity screening are capable to use the mouse ESC system, therefore, mouse ESCs 
might be a useful model to use as a tool for screening the cytotoxicity of new compounds. 
However, there are still obstacles to overcome in toxicity screening using ESCs. For 
example, they do not grow as well and are more difficult to maintain and expand than 
other cell types and the procedures for directing them to differentiate are limited until 
now. Although stem cells allow for optimal preclinical evaluation of compounds directly 
on “relevant” human cells prior to clinical testing, it is important because relatively little 
information is usually obtained during preclinical development procedures on the 
manner in which novel drugs act on human tissues. Therefore, we should develop new 
sources of stem cells could be alternative to the use of ESCs in drug screening.  
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1. Introduction     
Micro electrode array (MEA)-based platforms have been used to study neuronal networks 
for decades. The used cells have, for the most part, been rodent primary neurons. The 
gained knowledge has indeed increased the understanding of neuronal network 
development and maturation both in vitro and in vivo. If aiming to understand the 
development of human brain, however, the used cell type should preferably be of human 
origin due to difficult interpolation from the rodent cell data. In addition, the development 
of functional human neuronal networks would open up a new era for, e.g., toxicology 
testing, drug screening and disease modelling. 
The use of MEA with bioelectrically active cells was first reported by Thomas et al. 1972. 
Gross et al. (1977; 1979) extended the applicability of the MEA platform to long-term 
recordings of neuronal cells and Pine (1980) reported the first recordings from dissociated 
neurons. Interestingly, although the solutions related to the MEA fabrication and design 
were similar in the above mentioned papers, all three groups came to their conclusions 
independently demonstrating the drive and need to record neurons in vitro. MEAs have 
been successfully tested in several species and cell types using organotypic and primary 
dissociated cell cultures. Due to their ease of use, the long-term survival of the cultures and 
vast possibilities of manipulation of the culture, MEAs provide an attractive tool to explore 
basic neuroscience as well as for pharmacology and toxicology.  
Functional neuronal networks have been derived from mouse embryonic stem cells (Evans 
& Kaufman 1981; Martin 1981), but the invention of culturing human embryonic stem cells 
(Thomson et al., 1998) and human induced pluripotent stem cells (Takahashi et al., 2007) 
have enabled the researchers to build up human cell-derived neuronal cells and networks 
(Ban et al., 2006; Carpenter et al., 2001; Heikkilä et al., 2009; Karumbayaram et al., 2009; Nat 
et al., 2007). These studies have proved that human pluripotent stem cell-derived neuronal 
cells are indeed capable of forming functional neuronal networks which most likely 
resemble the networks in human brain. These human-derived neuronal networks have 
increased and will further increase the understanding of human brain development and 
functions. More importantly, with these networks it is possible to model the “normal” brain 
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by using human embryonic stem cell-derived neuronal cells and various diseases can be 
modelled when using patient specific induced pluripotent stem cell-derived neuronal cells. 
In addition, these cell types are suitable for drug screening and neurotoxicological studies. 
This chapter will shortly introduce the neuronal differentiation of both human embryonic 
stem cells and human induced pluripotent stem cells. Also, MEA platforms will be 
discussed concentrating especially on the use of MEAs with human pluripotent stem cell-
derived neuronal networks. Finally, some future aspects will be discussed. 

2. MEA technology 
The structure of the MEAs is simple. They consist of a glass slide that has wire electrodes 
photo-etched onto it. Each electrode is insulated from each other (e.g. by silicon nitrate) and 
only the tip of the electrode is coated with conductive material, such as titanium, platinum, 
or indium-tin oxide. Typically, the electrode size is 10 – 30 µm and they are aligned in a grid 
with 50 – 500 µm separation from the centres of the electrodes (Johnstone et al., 2010; Pine 
2006), MEAs measure the potential difference between a common ground electrode and the 
measurement electrodes. Because the measured voltage differences between the ground and 
the measurement electrodes are small and the locations of the electrodes are static, the 
reduction of noise and the amplification of the recorded signals are crucial. Often, the whole 
MEA chip is placed inside of the amplifier to ensure minimal distance between the 
electrodes and the amplifiers. 
To make hydrophobic MEA surface more appealing to neurons, the surface is often coated 
with different protein solutions like extracellular proteins (e.g. laminin, fibronectin, 
polylysines). Surfaces can be also pre-treated with Poly(ethyleneimine) (PEI) that enhances 
the coating procedure  (Heikkilä et al., 2009; Illes et al., 2007; Wagenaar et al., 2006).    
Cells grown on MEAs can be continuously perfused with fresh medium, but because this is 
a cumbersome and laborious task, the medium is usually replaced on a weekly basis. 
Different laboratories have different routines for medium replacement depending on the 
available staff and type and amount of the cells used in the experiments. Sensitive cells, such   
 

 
Fig. 1. A typical MEA setup. The Array is located inside an amplifier that is connected to an 
analog to digital converter on a computer. Bidirectional information transfer allows timing 
of the stimulations and more sophisticated study designs.  
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as hESC-derived neuronal cells, require fresh medium at least three times a week (Heikkilä 
et al., 2009). Typically, only one third or half of the medium is replaced in order to maintain 
more stable culturing conditions. Change of full medium would generate a massive change 
in the cellular microenvironment due to differences in the ionic and osmotic concentrations 
in the fresh and used growth media. Frequent change of the growth medium requires 
continuous handling of the MEAs and exposes the cultured neurons to an additional stress 
and contaminants in the laboratory. Thus, there is always a trade-off between the optimal 
medium composition and risk of contamination. After the introduction of the semi-
permeable transparent hydrophobic membrane (Potter & DeMarse 2001) that seals the MEA 
from the surroundings allowing only gas exchange it has been possible to record and 
maintain neuronal cultures on MEAs for months or even years without evaporation or 
contamination problems (Heikkilä et al., 2009; Illes et al., 2009; Potter & DeMarse 2001). 
These long and stable experiments are a prerequisite e.g. for chronic toxicology experiments.   

2.1 Functional MEA studies 
One of the first functional MEA studies was performed by Corner & Ramkers (1991) who 
evaluated the activity changes of maturing neurons grown on MEAs using tetrodotoxin and 
picrotoxin in long-term culture. After inclusion of the stimulation electrode into the MEA 
design (Gross et al., 1993), the applicability of MEAs to conduct functional studies improved 
significantly. Modern imaging methods, such as gated neurotransmitters, calcium imaging 
and voltage sensitive dyes (Mennerick et al., 2010) have further enhanced the usability of the 
MEA platform.  
Although neurons grown on a MEA chip form 2-dimensional networks that lack 
physiological input from the environment, they form functional spontaneously active 
networks that typically develop in 3 phases. First, activity is detected as single spiking that 
can reflect both axonal and dendritic signalling in the developing network. Second, as 
network maturates, it starts to express a train-like spiking activity that can further mature 
into burst -like activity that is considered as mature signalling activity of the network 
(Heikkilä et al., 2009; Wagenaar et al., 2006). The described types of signalling are 
represented in Figure 2. These functional networks can interact with the environment by 
selectively responding to the artificial cues presented by the stimulation apparatus. Jimbo 
and co-workers demonstrated that repetitive stimulation reinforces the synchronicity on 
MEA grown networks (Jimbo et al., 1998). However, firing of the neurons is pathway-
specific and stimulation may either promote or suppress the network firing activity 
depending on the stimulation location (Jimbo et al., 1999).  Stimulations can also be used to  
 

 
Fig. 2. Development of signalling in MEA. (A) First, after the neuronal cells have grown few 
days on MEA, first signals are detected. They are individual single spikes. (B) Then, about 
after 1-2 weeks of culturing spiking activity matures into training phase. There are several 
spikes organised together.  (C) Finally, bursting activity occurs. Burst is a complex signal 
package that happens in several channels at the same time.  
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tune network firing activity. Shahaf & Marom (2001) introduced a method of learning by 
stimulus removal on MEA grown dissociated cortical neuronal networks. It seems that MEA 
grown neurons can communicate in an activity-dependent manner that resembles the 
behaviour of intact neurons in vivo. On MEAs, this communication typically occurs in bursts 
of synchronous spikes, whose pathways (Jimbo et al., 1999), timing (Shahaf & Marom 2001), 
type (Wagenaar et al., 2006) and initiation (Eytan & Marom 2006) can be considered as 
variables for systemic activity changes.   

2.2 MEA analyses 
Most commonly, routines of MEA research follow the paths of decades of research in in vivo 
and in vitro electrophysiology. Due to the ease of use of MEAs and the benefits of 
dissociated culturing, the speed of the experiments is, however, much faster. Furthermore, 
due to elevated control over experimental conditions and variables in culture, the 
reproducibility of the experiments is more reliable and large sample sizes easily attainable.   
Raw data is usually high-pass filtered to extract spikes from the raw data. Additional 
sorting may be applied to obtain unit data. Although many laboratories have in-house 
MATLAB scripts to do the task, commercial softwares also exist. Traditional scatter plots, 
time histograms and time-frequency analyses are commonly used as analysis tools for MEA 
data. As in psychology and medicine, stimulus averaged methods are common for triggered 
data. On a network scale, separation of activity regimes (Tanskanen et al., 2005), analysis of 
bursts (Mazzoni et al., 2007) and pattern clustering (Madhavan et al., 2007) are challenging 
the traditional estimations of network cross-correlations. Synfire chains (Abeles 1982; 
Tetzlaff et al., 2002), avalanches (Beggs & Plenz 2003; 2004) and unitary events (Gruen et al., 
2002; Gruen 2009) are emerging as computational tools for more complex MEA network 
analysis. MEA data presentation can be found in Figure 3. 

3. Human pluripotent stem cells and their neural differentiation 
Short-term in vitro culturing of the inner cell mass of human blastocysts was first reported 
on 1994 (Bongso et al., 1994), but the successful isolation, culturing and characterization of 
human embryonic stem (hES) cells was reported 4 years later (Thomson et al., 1998). These 
cells are referred as human pluripotent stem cells due to their capability to form every cell 
type of the human body. After the discovery, hES cell research was intensively conducted 
for almost 10 years before remarkable progress took place with the invention of human 
induced pluripotent stem (hiPS) cells. These cells are formed from somatic cells by viral 
reprogramming (Takahashi et al., 2007; Yu et al., 2007) and they closely resemble hES cells 
by their characteristics. Thus, currently term human pluripotent stem cells includes both 
hES and hiPS cells (Figure 4). Most of the work cited here have been conducted using hES 
cells and their neural derivatives. 
Originally hES cells were cultured in their undifferentiated stage on mouse embryonic 
fibroblasts as feeder cells (Thomson et al., 1998) but shortly after also on human foreskin 
fibroblasts (Hovatta et al., 2003). Several feeder-free systems have also been studied with 
success on maintaining hES cells in undifferentiated form (Benzing et al., 2006; Gerrard et 
al., 2005; Hakala et al., 2009). There are clear indications, however, that hES cells cultured 
without feeder cells exhibit more abnormalities caused by suboptimal culture conditions 
and enzymatic passaging in long-term cultures (Imreh et al., 2006; Mitalipova et al., 2005).  
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Fig. 3. MEA data and its analysis. A) Typical recorded MEA signal streams on 60 electrodes. 
Each small window represents a signal from one MEA electrode. Note the noisy electrodes 
41 and 67 which appear all black. B) MEA activity plotted as a channel wise scatter plot. 
Each vertical line represents an electrode and each dot marks a spike recorded on that 
electrode. The easiest way to separate spikes is to draw a threshold based on standard 
deviation of the signal (e.g. 5*SD) and accept all crossings of the threshold as spikes. Note 
the stimulus responses and artefacts present on all the channels from 600 s to 1200 s. C) Peri-
stimulus time histogram of the selected channels in B. This histogram sums stimulus aligned 
responses and thus presents an average response to a given stimulus. Arrows below the 
figures show the timing of individual stimulus in a train of stimuli. Note the elevation of the 
spike rate in response to repetitive stimulus. D) Rate plot of the whole MEA recording. This 
3D plot clarifies the parameters of time, electrode channels and spikes/sec in a single figure.  



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

462 

tune network firing activity. Shahaf & Marom (2001) introduced a method of learning by 
stimulus removal on MEA grown dissociated cortical neuronal networks. It seems that MEA 
grown neurons can communicate in an activity-dependent manner that resembles the 
behaviour of intact neurons in vivo. On MEAs, this communication typically occurs in bursts 
of synchronous spikes, whose pathways (Jimbo et al., 1999), timing (Shahaf & Marom 2001), 
type (Wagenaar et al., 2006) and initiation (Eytan & Marom 2006) can be considered as 
variables for systemic activity changes.   

2.2 MEA analyses 
Most commonly, routines of MEA research follow the paths of decades of research in in vivo 
and in vitro electrophysiology. Due to the ease of use of MEAs and the benefits of 
dissociated culturing, the speed of the experiments is, however, much faster. Furthermore, 
due to elevated control over experimental conditions and variables in culture, the 
reproducibility of the experiments is more reliable and large sample sizes easily attainable.   
Raw data is usually high-pass filtered to extract spikes from the raw data. Additional 
sorting may be applied to obtain unit data. Although many laboratories have in-house 
MATLAB scripts to do the task, commercial softwares also exist. Traditional scatter plots, 
time histograms and time-frequency analyses are commonly used as analysis tools for MEA 
data. As in psychology and medicine, stimulus averaged methods are common for triggered 
data. On a network scale, separation of activity regimes (Tanskanen et al., 2005), analysis of 
bursts (Mazzoni et al., 2007) and pattern clustering (Madhavan et al., 2007) are challenging 
the traditional estimations of network cross-correlations. Synfire chains (Abeles 1982; 
Tetzlaff et al., 2002), avalanches (Beggs & Plenz 2003; 2004) and unitary events (Gruen et al., 
2002; Gruen 2009) are emerging as computational tools for more complex MEA network 
analysis. MEA data presentation can be found in Figure 3. 

3. Human pluripotent stem cells and their neural differentiation 
Short-term in vitro culturing of the inner cell mass of human blastocysts was first reported 
on 1994 (Bongso et al., 1994), but the successful isolation, culturing and characterization of 
human embryonic stem (hES) cells was reported 4 years later (Thomson et al., 1998). These 
cells are referred as human pluripotent stem cells due to their capability to form every cell 
type of the human body. After the discovery, hES cell research was intensively conducted 
for almost 10 years before remarkable progress took place with the invention of human 
induced pluripotent stem (hiPS) cells. These cells are formed from somatic cells by viral 
reprogramming (Takahashi et al., 2007; Yu et al., 2007) and they closely resemble hES cells 
by their characteristics. Thus, currently term human pluripotent stem cells includes both 
hES and hiPS cells (Figure 4). Most of the work cited here have been conducted using hES 
cells and their neural derivatives. 
Originally hES cells were cultured in their undifferentiated stage on mouse embryonic 
fibroblasts as feeder cells (Thomson et al., 1998) but shortly after also on human foreskin 
fibroblasts (Hovatta et al., 2003). Several feeder-free systems have also been studied with 
success on maintaining hES cells in undifferentiated form (Benzing et al., 2006; Gerrard et 
al., 2005; Hakala et al., 2009). There are clear indications, however, that hES cells cultured 
without feeder cells exhibit more abnormalities caused by suboptimal culture conditions 
and enzymatic passaging in long-term cultures (Imreh et al., 2006; Mitalipova et al., 2005).  
 

Human Pluripotent Stem Cell-Derived Neuronal Networks:  
Their Electrical Functionality and Usability for Modelling and Toxicology   

 

463 

 
Fig. 3. MEA data and its analysis. A) Typical recorded MEA signal streams on 60 electrodes. 
Each small window represents a signal from one MEA electrode. Note the noisy electrodes 
41 and 67 which appear all black. B) MEA activity plotted as a channel wise scatter plot. 
Each vertical line represents an electrode and each dot marks a spike recorded on that 
electrode. The easiest way to separate spikes is to draw a threshold based on standard 
deviation of the signal (e.g. 5*SD) and accept all crossings of the threshold as spikes. Note 
the stimulus responses and artefacts present on all the channels from 600 s to 1200 s. C) Peri-
stimulus time histogram of the selected channels in B. This histogram sums stimulus aligned 
responses and thus presents an average response to a given stimulus. Arrows below the 
figures show the timing of individual stimulus in a train of stimuli. Note the elevation of the 
spike rate in response to repetitive stimulus. D) Rate plot of the whole MEA recording. This 
3D plot clarifies the parameters of time, electrode channels and spikes/sec in a single figure.  



 Methodological Advances in the Culture, Manipulation and  
Utilization of Embryonic Stem Cells for Basic and Practical Applications 

 

464 

 
Fig. 4. Stem cells. Stem cells can be divided in groups in accordance to their differentiation 
capacity. Embryos in zygote and morula stages are defined as totipotent. In blastocyst stage 
the inner cell mass is capable of producing the three germ layers and primordial germ cells, 
thus defined as pluripotent embryonic stem cells (ESCs). Adult cells can be re-programmed 
to produce embryonic stem cell-like pluripotent cells (iPS cells). Original images prepared 
by Cathrine Twomey from the National Academies Understanding stem cells: An Overview of 
the Science and Issues, http://www.nationalacademies.org/stemcells. 

Thus, the culture conditions of hES cells have been systematically improved towards 
containing only human or synthetic components. Similarly, hiPS cells need to be cultured on 
top of a feeder cell layer to avoid the spontaneous differentiation of these cells. This aspect 
has been widely studied due to ultimate aim to elude the use of feeder cells altogether. 
Undifferentiated human pluripotent stem cells can not be used for disease modelling or 
regenerative medicine as such due to their massive teratoma formation capacity (Adewumi et 
al., 2007; Skottman et al., 2007; Thomson et al., 1998). Indeed, neuronal differentiation of 
human pluripotent stem cells has been widely studied. The first articles on neural 
differentiation of hES cells were published 2001 (Carpenter et al., 2001; Reubinoff et al., 2001; 
Zhang et al., 2001) and of hiPS cells 2009 (Chambers et al., 2009; Karumbayaram et al., 2009). 
All of these protocols relied on embryoid body (EB) formation and/or further replating of the 
cells on appropriately coated surfaces in neural differentiation medium. Regardless of the 
differentiation methods used, these studies all showed that neural progenitors, specific 
neuronal cells, astrocytes and, to a lesser extent, oligodendrocytes could be produced. Since 
then, several methods and protocols for neural differentiation of hES and also hiPS cells have 
been published. Some groups utilize co-culture method with e.g. PA-6 stromal cells (Aberdam 
et al., 2008; Pomp et al., 2008) whereas other groups differentiate the cells with medium 
including minimum amounts of animal material (Lappalainen et al., 2010; Nat et al., 2007) or in 
totally defined animal-component free medium (Erceg et al., 2008; Yao et al., 2006). 
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Methodologically hES cells can be differentiated towards neural lineages using adherent 
and suspension culture systems or their various combinations with the help of specific 
factors facilitating differentiation. These factors include basic fibroblast growth factor 
(bFGF) (Benzing et al., 2006; Lappalainen et al., 2010), bone morphogenic protein signalling 
blocker noggin (Gerrard et al., 2005; Itsykson et al., 2005; Li et al., 2008) or retinoic acid 
(Baharvand et al., 2007; Erceg et al., 2008). Thus, the production of neural progenitors and 
specific neuronal phenotypes from hES cells appears to be possible with many methods, 
growth factors and inducing agents. The functionality of the produced neuronal cells has 
not, however, been taken into consideration on a large scale in relation to the differentiation 
protocol. HiPS cells have been neurally differentiated with the same methods as hES cells 
but the electrical functionality of hiPS cell-derived neuronal cells has so far been studied 
only with patch clamp technology (Karumbayaram et al., 2009). 

4. MEA and pluripotent stem cell-derived neuronal networks 
In neural applications MEA setup has traditionally been used with rodent primary cells. 
With pluripotent stem cell-derived neural cells the research has been conducted just over a 
decade but for now only a few groups have reported the usage of MEA with neuronal 
networks derived from pluripotent stem cells (Ban et al., 2006; Heikkilä et al., 2009; Illes et 
al., 2007). To date, little is known about the electrical properties of the pluripotent stem cell-
derived neuronal cells, their maturation, and network development and function.  
The first articles describing the measurement of murine ES cell-derived neuronal networks 
were published 5 years ago  (Ban et al., 2006; Illes et al., 2007). Both of these studies showed 
that the cells were capable of forming spontaneously active networks. Further, the activity 
developed from single spikes into more complex trains and bursts over time (Ban et al., 2006; 
Illes et al., 2007). The first study reporting successful measurement of human ES cell-derived 
neuronal networks with MEA was reported two years later (Heikkilä et al., 2009). This is a 
vital step in human research (Table 1) due to possible interspecies differences of developed 
neuronal networks. Especially with toxicological and drug studies, the specific pathways play 
important role in evaluating results and the translation between different species have to be 
take into account. For example, mouse embryonic stem cell-derived neuronal cells need 
JAK/STAT pathway activation whereas for the human ones activin/nodal and FGF signalling 
are important. These differences may cause large variation to results in drug responses. Thus, 
it might be meaningful to test toxicological effects directly on human cells (Hardingham et al., 
2010). Indeed, we recently performed a neurotoxicological evaluation of methyl mercury in 
human neuronal cell-based MEA platform (Ylä-Outinen et al., 2010). In this study we reported 
that at subcytotoxic levels methyl mercury caused changes in functionality of neuronal 
networks whereas no alterations were detected with standard molecule biological analyses 
(Ylä-Outinen et al., 2010). 
MEAs with ES cell-derived neuronal networks can also be used for studying the 
fundamental properties of these networks by pharmaceutical modulation. It has been shown 
that these networks, from human or mouse origin, contain functional glutamate and GABA 
receptors as they respond to AMPA/kainate, NMDA and GABAA receptor blockers 
(Heikkilä et al., 2009; Illes et al., 2007). These results are similar to results from rodent 
dissociated primary cultures (Kamioka et al., 1996; Corner & Ramakers 1991). Thus, human 
cell-based MEA platforms offer intriguing possibilities to conduct large scale in vitro drug 
screening and testing thereby reducing the need to use experimental animals. In addition, 
usage of human cells makes the translation into clinical setting more direct. 
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Fig. 4. Stem cells. Stem cells can be divided in groups in accordance to their differentiation 
capacity. Embryos in zygote and morula stages are defined as totipotent. In blastocyst stage 
the inner cell mass is capable of producing the three germ layers and primordial germ cells, 
thus defined as pluripotent embryonic stem cells (ESCs). Adult cells can be re-programmed 
to produce embryonic stem cell-like pluripotent cells (iPS cells). Original images prepared 
by Cathrine Twomey from the National Academies Understanding stem cells: An Overview of 
the Science and Issues, http://www.nationalacademies.org/stemcells. 
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Research field Benefits of using MEA networks from human origin 

Basic research Cell-cell signalling  
Cellular and network connectivity  
Receptor expression and functionality 

Developmental studies Time course of development of cell types and networks  
Developmental disorders  
Intervention in development  

Toxicological studies Study of toxicological mechanisms  
On-site-sampling  
Continuous screening  
Acute and chronic responses  

Drug screening High throughput  
Standardized environment  
Animal-free testing   

Regenerative medicine Functionality of cell grafts 
Verification of uniform graft quality  
Graft-host tissue interactions  

Table 1. Research fields that benefit from the information gained with human cell-based 
MEA measurements. 

Dissociated neuronal networks have capacity and plasticity to learn in vitro. This has been 
shown by electrical stimulation of neuronal populations on MEA (e.g. Shahaf & Marom 
2001). Also, mES cell-derived neuronal networks have the ability to process information as 
shown by Ban and co-workers (Ban et al., 2006). They varied the intensity of the stimulus 
and showed that the neuronal networks responded to the intensity change. We have gained 
similar results with hES cell-derived neuronal cells (Heikkilä et al., 2009).  
The electrophysiological properties of hiPS cell-derived neuronal cells have not been 
extensively studied. So far, a few groups have described hiPS cell-derived neuronal cell 
functions with patch clamp on a single cell level (Karumbayaram et al., 2009; Swistowski et 
al., 2010). The ability of these cells to form spontaneously active networks has been 
somewhat questionable. Here, for the first time we show that neuronal cells derived from 
normal hiPS cell line, indeed, form functional neuronal networks. This functionality was 
evidenced on MEAs already two days after cell plating. The activity evolved from single 
spikes to complex burst patterns within four weeks similarly to hES cell-derived 
counterparts as shown in Figure 5. In future, neurological diseases with genetic background 
can be modelled with patient-specific hiPS cell lines as already published with e.g. inherited 
metabolic disorders in liver (Rashid et al., 2010) or long QT-syndrome in heart with patch 
clamp (Moretti et al., 2010). Because neuronal networks rely on electrical communication, 
especially the modelling of neurological diseases would crucially benefit from MEA 
platform. MEA-based disease models have already been introduced. For example, Otto et al. 
show that mES cell-derived neuronal networks respond by lowered signalling when 
cultured in cerebrospinal fluid of brain trauma patients (Otto et al., 2009). 
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Fig. 5. Comparison of electrical and molecular properties of hES and hiPS cell-derived 
neuronal networks. Array wide plots of spontaneous activity of hES and hiPS cell-derived 
neuronal networks on MEA. After one week single spiking and training activity is occurring 
in both hES and hiPS cell-derived cultures. After four weeks both cultures show developed 
bursting activity. The cells are verified as neuronal cells with immunostaining. 3D-histograms 
present the responses of the hES and hiPS cell-derived neuronal networks to pharmaceuticals. 
First, the baseline activity was measured. Thereafter, the addition of 30 µM CNQX and 20 
µM D-AP5 suppressed the activity. The activity of the networks reappeared when CNQX 
and D-AP5 were washed out. GABA-addition (100 µM) blocks the signalling whereas 30 µM 
bicuculline restored the signalling again. In 3D-histograms recording time [s] is represented 
by the y-axis and recorded channels in x-axis. The spike rate, spikes/second, is displayed on 
the z-axis. 

5. Future perspectives 
MEA-based platforms have been fairly satisfactorily established, yet several challenges still 
remain. For example, the large variation between individual MEA plates after cell seeding as 
well as the poor repeatability of connectivity in network development are areas that require 
improvement. One of the fruitful new approaches to reduce trial variability is a cell-cage 
(Erickson et al., 2008) where single cells on a network can be individually monitored. Future of 
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MEA technology will be 3-dimensional when moving towards stem cell technologies and cell 
therapies. It is essential to construct more in vivo-like environment where the whole culture 
can be screened in 3D. Similar approach is also important for toxicology and pharmacology to 
mimic tissues as accurately as possible. The current research has used mainly young, 
heterogeneous neuronal networks and in the future more efforts should be put into producing 
and measuring specific, well-characterized neuronal subtypes such as glutaminergic, 
GABAergic or dopaminergic neurons. This approach would bring MEA platforms closer to 
clinical relevance. For example, controlled co-cultures of various neuronal subtypes and glial 
cells would offer a tailored tool for clinical pharmacology and toxicology. 
Also more relevant, standardized and more robust data analysis protocols should be 
developed. In addition to existing analysis protocols, companies, such as NeuroProof GmbH 
(Rostock, Germany), have developed protocols where hundreds of different parameters are 
evaluated from the functional networks (Schröder, et al., 2010). In practice, it seems that 
analysis focusing on different parameters on overall spiking activity and burst amount, 
duration and mean frequency are quite good indicators of networks’ responses to different 
treatments (Hardingham, 2010), but these protocols are not standardised between laboratories.  
Clearly there is need for new kinds of analysis platforms as thousands of substances in EU 
area only should be screened for toxicological effects. Thus, MEA-based human cell platforms 
can offer new tools to take end point testing from animals (LD50, lethal dose for 50%) to cells 
(EC50, effective concentration in 50%) for testing more subtle and sensitive end points, such as 
alterations in neuronal activity patterns. Importantly, as there is a great need to reduce, replace 
and refine animal experiments, these functional level platforms will help to achieve this 
important goal. This goal requires that standardization and validation are seen as critical 
development points for the reproducibility and reliability of the MEA technology. 

6. Conclusions 
As MEA platforms have been shown to enable more accurate and refined analyses of for 
example developmental biology and neurotoxicity, the use of MEAs is expected to expand 
in the future. Some issues still, however, remain and efforts should be concentrated on 
improving e.g. the repeatability of the measurement platforms and setups. 
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1. Introduction 
To create new in vitro culture models for extrapolating the cell response in vivo, Takezawa et 
al. have attempted to devise culture substrata of anchorage-dependent cells (Takezawa et al., 
1990; Takezawa et al., 1992; Takezawa & Yoshizato, 1997; Takezawa et al., 2000; Takezawa et 
al., 2002; Takezawa, 2003; Takezawa et al., 2004; Takezawa et al., 2007a; Takezawa et al., 
2007b; Takezawa et al., 2008a; Takezawa et al., 2008b; Takezawa et al., 2010).  One model is a 
culture system utilizing substrata made of tissue/organ sections for histopathology 
(TOSHI), which was found to conserve both tissue components and microarchitecture in an 
in vivo environment (Takezawa et al., 2002; Takezawa, 2003). 
Meanwhile, it is reported that mouse embryonic stem (ES) cells injected into the tail veins of 
carbon tetrachloride (CCl4) liver-injured mouse were differentiated into hepatocyte-like cells 
in the host liver (Yamamoto et al., 2003).  Therefore, we investigated whether the ES cells 
could also be differentiated into hepatocyte-like cells when they were cultured on the 
TOSHI-substrata prepared from livers in various stages after CCl4 administration into mice.  
Consequently, it was found that the substrata derived from regenerating livers enhanced 
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expressing albumin, although the substrata from injured livers did not.  In particular, the 
cells cultured on the most proliferative regenerating liver-derived substratum reconstructed 
the hepatic cord-like structures with bile canaliculus-like aspects in which some binucleated 
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These data suggest two advantages based on the behavior of ES cells in a culture system 
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in TOSHI-substratum derived from injured livers after CCl4 administration into mice.  
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1. Introduction 
To create new in vitro culture models for extrapolating the cell response in vivo, Takezawa et 
al. have attempted to devise culture substrata of anchorage-dependent cells (Takezawa et al., 
1990; Takezawa et al., 1992; Takezawa & Yoshizato, 1997; Takezawa et al., 2000; Takezawa et 
al., 2002; Takezawa, 2003; Takezawa et al., 2004; Takezawa et al., 2007a; Takezawa et al., 
2007b; Takezawa et al., 2008a; Takezawa et al., 2008b; Takezawa et al., 2010).  One model is a 
culture system utilizing substrata made of tissue/organ sections for histopathology 
(TOSHI), which was found to conserve both tissue components and microarchitecture in an 
in vivo environment (Takezawa et al., 2002; Takezawa, 2003). 
Meanwhile, it is reported that mouse embryonic stem (ES) cells injected into the tail veins of 
carbon tetrachloride (CCl4) liver-injured mouse were differentiated into hepatocyte-like cells 
in the host liver (Yamamoto et al., 2003).  Therefore, we investigated whether the ES cells 
could also be differentiated into hepatocyte-like cells when they were cultured on the 
TOSHI-substrata prepared from livers in various stages after CCl4 administration into mice.  
Consequently, it was found that the substrata derived from regenerating livers enhanced 
cell attachment, supported growth as clusters, and induced differentiation into cells 
expressing albumin, although the substrata from injured livers did not.  In particular, the 
cells cultured on the most proliferative regenerating liver-derived substratum reconstructed 
the hepatic cord-like structures with bile canaliculus-like aspects in which some binucleated 
cells were involved, secreted albumin, and expressed cytochrome P450IA1 activity within a 
few days (Takeuchi et al., 2008; Takezawa et al., 2008; Takezawa et al., 2008b). 
These data suggest two advantages based on the behavior of ES cells in a culture system 
utilizing TOSHI-substrata; one is that TOSHI-substratum derived from regenerating livers 
with high proliferative potential efficiently induced the differentiation of ES cells toward 
hepatic lineage and another is that ES cells functioned as a sensor recognizing liver toxicity 
in TOSHI-substratum derived from injured livers after CCl4 administration into mice.  
Therefore, it is considered that the former would be available for the novel approach of drug 
discovery to find bioactive factors and the latter provide a new alternative method of animal 
experiments in toxicology to support drug development. 
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In this chapter, I propose a novel strategy for drug discovery and development by analyzing 
the behavior of ES cells cultured on TOSHI-substrata.  Section 2 describes the basics and 
advantages of a cell culture system utilizing TOSHI-substrata.  Section 3 presents behavior 
of mouse ES cells cultured on TOSHI-substrata derived from livers in various stages after 
CCl4 administration into mice.  Section 4 proposes a novel concept for drug discovery and 
development utilizing the behavior of ES cells cultured on TOSHI-substrata.  Section 5 
presents a discussion and summarizes the paper. 

2. The basics and advantages of a cell culture system utilizing TOSHI-
substrata 
In this section I describe the basic outline of a cell culture system utilizing TOSHI-substrata 
and the advantages of investigating cell behavior on TOSHI-substrata.  A novel idea for 
diagnosing characteristics of undefined cells and tissues will be introduced as applied 
concepts for “cellomics” and “histomics”, respectively. 

2.1 The basic outline of a cell culture system utilizing TOSHI-substrata 
A lot of cell culture substrata that control multicellular behaviors have been developed from 
natural or synthetic or their hybrid materials and are currently utilized for reconstructing 
organoids as cellular scaffold(s) in tissue/organ engineering (Takezawa et al., 2000).  
However, no one has succeeded in producing a culture substratum reflecting the complex 
architecture of various cellular microenvironments in tissues in vivo.  On the other hand, 
thin tissue/organ sections commonly prepared on a glass slide for histopathology retain 
many in vivo biochemical attributes related not only to structure but also function. We 
hypothesized that such tissue/organ sections might serve as novel cell culture substrata that 
would reflect conditions in vivo. 
In the beginning study, such novel culture substrata made of tissue/organ sections for 
histopathology (TOSHI-substrata) were prepared from a frozen bovine placenta embedded 
in an OCT compound, and subsequently four different types of cells were cultured on the 
substrata.  As the results, the labyrinth region of the substratum induced unique cell 
behaviors to form multicellular spheroids of BeWo cells (human choriocarcinoma cell line), a 
capillary network-like structure of CPAE cells (bovine pulmonary artery endothelial cell 
line), and a neuronal network-like structure of PC-12 cells (rat pheochromocytoma cell line).  
The substratum provided a microenvironment that maintained the viability of PC-12 cells 
under serum-free conditions.  Also, we succeeded in preparing a multicellular mass of 
NHDFs (normal human dermal fibroblasts) with acellularized section-derived components 
(Takezawa et al., 2002). 
The typical experimental procedure for a cell culture system utilizing TOSHI-substrata was 
shown in Figure 1. 

2.2 The advantages of investigating cell behavior on TOSHI-substrata 
TOSHI-substrata can be prepared various tissues and every cell line can be cultured on the 
TOSHI-substrata, and consequently we can analyze the behavior of each cell line induced by 
each TOSHI-substratum. Therefore, we consider that it will be available to construct the 
database cumulated diverse interactions between culture cells and tissues/organs of the 
substrata.  As the first step, we recently prepared TOSHI-substrata from normal rat mature 
organs (cerebrum, thymus, heart, liver, kidney and testis) in a frozen state and cultured two 
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Fig. 1. Schematic procedure for preparing TOSHI (tissue/organ sections for histopathology) 
-substrata and culturing cells on it.  Reproduced and partially-modified with permission of 
the publisher (Takezawa et al., 2008a). 
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different cell lines (RIN5F cells of rat insulinoma and HepG2 cells of human hepatoma) to 
compare their behaviors on the substrata. As the results, RIN5F cells showed high 
attachability onto the TOSHI-substrata derived from heart and kidney, standard growth on 
the substrata from heart, kidney, and liver, and high level of insulin secretion on the 
substratum from thymus.  Whereas HepG2 cells showed low attachability onto the TOSHI-
substrata derived from liver, and kidney and not only standard growth but also standard 
level of albumin secretion on the substrata from cerebrum, thymus, heart, liver, kidney and 
testis.  Also, the time-course profiles for cell growth and secretion level of insulin or albumin 
on each TOSHI-substratum were successfully converted into a three-dimensional graph 
chart, i.e. a mathematical model.  In conclusion, it was demonstrated that the mathematical 
profile describing cell behavior was specific for the combination of a cell line and a 
tissue/organ of the substrata   (Yanagihara et al., 2007).  These findings suggest that we can 
provide novel research concept for cellomics and histomics (Fig. 2).  Here, cellomics and 
histomics facilitate comprehensive analyses for various cell lines using one tissue/organ-
derived TOSHI-substratum and for various tissue/organ-derived TOSHI-substrata using 
one cell line, respectively.  In future, the database construction for cellomics and histomics 
would lead a new system for diagnosing characteristic-unknown cell line or a characteristic-
unknown TOSHI-substratum by feedback of the cell behavior profile obtained from the 
combinations of “a characteristic-unknown cell line and characteristic-known TOSHI-
substrata” or “characteristic-known cell lines and a characteristic-unknown TOSHI-
substratum” to the database. 
Further, applied researches such as induction of cell differentiation, serum-free culture, 
exploration and/or production of bioactive molecules, estimation of gene function, and 
reconstruction of tissues will be achieved by designing an appropriate combination of a cell 
line and a TOSHI-substratum. 

3. Behavior of mouse ES cells cultured on TOSHI-substrata derived from 
livers in various stages after CCl4 administration into mice 
In this section I mainly describe our previous study to differentiate mouse ES cells towards 
hepatic lineage utilizing TOSHI-substrata derived from regenerating livers after CCl4 
administration into mice (Takeuchi et al., 2008), then briefly introduce a new strategy for 
predicting the toxicity of chemicals. 

3.1 Background for the study to differentiate mouse ES cells towards hepatic lineage 
Embryonic stem (ES) cells differentiate into tissues of all the three germ layers, and the effort 
is to restrict or direct their development to specific cell type or lineage.  A number of studies 
have attempted to produce hepatocytes from ES cells and have successfully induced hepatic 
development in vitro  (Ishi et al., 2005; Lavon & Benvenisty, 2005; Novik et al., 2006; Teratani 
et al., 2005; Zhou et al., 2007).  However, all these studies have used culture systems 
supplemented by a temporal series of growth factors similar to those known to control 
embryonic liver development and therefore limited success, e.g. low efficacy of hepatic 
differentiation or it takes long period.  Meanwhile, mouse ES cells injected into the tail vein 
of carbon tetrachloride (CCl4) liver-injured mouse were differentiated into hepatocyte-like 
cells in the host liver  (Yamamoto et al., 2003).  Here, we aimed to investigate whether the ES 
cells could also be differentiated into hepatocyte-like cells when they were cultured on the 
TOSHI-substrata prepared from livers in various stages after CCl4-administration into mice. 
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Fig. 2. Novel research concept for cellomics and histomics.  Reproduced and partially-
modified with permission of the publisher (Takezawa et al., 2008a). 
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3.2 Preparation of TOSHI-substrata reflecting liver failure and regeneration after CCl4-
administration into mice 
Male mice (129SV) were purchased from CLEA. Light liver injury was caused by 
intraperitoneally injecting 100 μl of olive oil containing 10 μl of CCl4 into 8 week-old mice 
weighing between 18 and 23 g to induce liver regeneration. As a control, 100 μl of olive oil 
alone was intraperitoneally injected into other mice. The blood sera and livers of the mice at 
12, 24 and 48 h, 4, 7 and 15 days after CCl4-administration and at 24 h after olive oil-
administration were subjected to the measurement of aspartate aminotransferase (AST) 
leakage level and the preparation of TOSHI-substrata, respectively. Livers were excised 
immediately after sacrificing the mice, embedded in an OCT compound and rapidly frozen 
with liquid nitrogen. The frozen livers were cut into sections with a thickness of 5 μm.  The 
liver-derived sections were spread onto a glass slide and air-dried to yield TOSHI-substrata.  
All animal experiments were performed in accordance with the guidelines of the 
Experimental Animal Committee at the National Institute of Agrobiological Sciences. 

 
Fig. 3. Analytical protocol of liver failure and regeneration after CCl4-administration into 
mice. 
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To investigate the time-course changes of liver failure and regeneration, the AST leakage 
level in blood sera was measured by utilizing an assay kit for AST (Wako). Also, TOSHI-
substrata without culturing cells were subjected to standard hematoxylin and eosin (HE) 
staining and immuno-histological staining for proliferating cell nuclear antigen (PCNA), 
and observed by a light microscope.  Subsequently, the PCNA-positive cell number in a unit 
area of 1.31 mm2 on each substratum was counted from three independent 
microphotographs (Fig. 3). 
As a result, the serum AST level of liver-injured mice increased more than three times from 
12 to 48 h after CCl4-administration, then gradually decreased and finally recovered on day 
15 (Table 1). Meanwhile, immuno-histological observations of liver-derived TOSHI-
substrata revealed that the PCNA-positive cell number increased in mice from 24 h to 7 days 
after CCl4-administration and that the peak representing about 27-fold of the control mice 
was seen in mice on day 4 (Table 1). Also, this progression process of liver failure and 
regeneration was clearly confirmed by observation of the TOSHI-substrata stained with HE 
(Takeuchi et al., 2008). 

3.3 Culture of mouse ES cells on TOSHI-substrata reflecting liver failure and 
regeneration after CCl4-administration into mice 
Mouse ES cells, J1 cell clones of 129SV male origin, and pALB-EGFP/ES cells [a stable mouse 
ES J1 cell line carrying a plasmid vector of pALB-EGFP which drives expression of albumin 
promoter-induced green fluorescent protein (GFP)] were sub-cultured on feeder fibroblasts 
according to the previous method (Teratani et al., 2005; Yamamoto et al., 2003).  TOSHI-
substrata reflecting liver failure and regeneration after CCl4-administration, a control TOSHI-
substratum prepared from a liver of the mice at 24 h after olive oil-administration, and a 
TOSHI-free glass slide substratum were subjected to the optimization for cell culture.  Each 
substratum was inserted into a well of 4-well culture plates (Greiner), and immersed twice in 
phosphate buffered saline (PBS) containing 200 units/ml penicillin and 200 μg/ml 
streptomycin for 10 min and once in the culture medium for 5 min before use. 
To investigate cell attachability, growth, morphology and differentiation into the cells 
expressing albumin, the suspension of pALB-EGFP/ES cells prepared in a culture medium 
[Dulbecco's Modified Eagle Medium with 4.5 g/l glucose (DMEM) containing 20% heat-
inactivated fetal bovine serum (FBS), 1,000 units/ml leukemia inhibitory factor (LIF) (ESGRO; 
Chemicon), 100 μM 2-mercaptoethanol (2-ME), 0.1 mM non-essential amino acids, 30 μM 
Adenosine, 30 μM Guanosine, 30 μM Cytidine, 30 μM Uridine, 10 μM Thymidine, 100 
units/ml penicillin, 100 μg/ml streptomycin and 250 ng/ml Amphotericin B] was seeded on 
each substratum at an initial cell density of 1.0 x 105 cells/cm2 (Fig. 4).  The cells were cultured 
at 37oC in a humidified atmosphere of 5% CO2 in air and the culture media were once changed 
to basal media of a DMEM alone at 2 h in culture.  The morphology and GFP expression of 
pALB-EGFP/ES cells cultured on each substratum were observed over time by a phase-
contrast microscope and a fluorescent one under the same visual field, respectively.  For 
analyzing the attachability, growth and differentiation of pALB-EGFP/ES cells, the area of the 
regions occupied by cells in a unit area of 1.18 mm2 on each substratum at 2, 8, 16, 24 and 48 h 
in culture and that of their GFP-positive parts at 24 h were measured by applying NIH image 
software to computer images converted from three independent microphotographs, and 
consequently the ratio of the area occupied by cells and the appearance ratio of GFP-positive 
cells among the cells on each substratum were calculated, respectively.  Similarly, each area of 
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To investigate the time-course changes of liver failure and regeneration, the AST leakage 
level in blood sera was measured by utilizing an assay kit for AST (Wako). Also, TOSHI-
substrata without culturing cells were subjected to standard hematoxylin and eosin (HE) 
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ten cell colonies on the CCl4-4d substratum and the appearance ratio of GFP-positive cells in 
each colony were calculated at 2, 8, 16, 24, 48, 96 and 168 h in culture. 
As a result, the initial cell attachment onto the control TOSHI-substratum prepared from 
livers at 24 h after olive oil-administration into mice (cont.-substratum) was 1.7-hold higher 
than that onto the glass slide-substratum (glass-substratum). As compared to the cont.-
substratum, the TOSHI-substratum prepared from livers at 12 h after CCl4-administration 
into mice (CCl4-12h substratum) suppressed the attachment of ES cells whereas the CCl4-4d 
and CCl4-7d substrata promoted it (Table 1). The population of pALB-EGFP/ES cells 
cultured in the basal media gradually decreased on any substratum except for the CCl4-4d 
substratum as the culture period increased. Most colonies on the CCl4-4d substratum 
expanded their size until 16 or 24 h in culture, and subsequently reduced the size due to 
spontaneous detachment of the colony cells from the substratum. About 10 % of the colonies 
on the CCl4-4d substratum enlarged its size more than 4-fold at 24 h, suggesting the colony 
cells divided about 2 times within 24 h. Furthermore, GFP-positive cells indicating the 
albumin expression appeared in some colonies formed on the CCl4-4d substratum at 16 h in 
culture and were still observed at 168 h.  To the contrary, pALB-EGFP/ES cells cultured on 
the glass-, cont.-, CCl4-12h, CCl4-24h substrata did not express GFP. The extent of GFP 
positive cells on the CCl4-48h, CCl4-4d, CCl4-7d, CCl4-15d substrata was about 46, 70, 24, 
26% of the cells at 24 h in culture, respectively (Table 2). Morphological observation revealed  
 

 
Table 1. Ratio changes of AST leakage level in sera, PCNA-positive cells and cell 
attachability in TOSHI-substrata at 12h, 24h, 48h, 4d, 7d and 15d after CCl4-administration 
in comparison to the control serum and TOSHI-substratum at 24 h after olive oil-
administration. The initial cell attachability onto each substratum were examined after 
culturing the cells in a culture medium mainly supplemented with fetal bovine serum, 
leukemia inhibitory factor, and 2-mercaptoethanol for 2 h. 

 
Table 2. The ratio of GFP positive cells in the cells cultured on the indicated substrata for 
24h. 
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Fig. 4. Experimental protocol of investigating the behavior of pALB-EGFP/ES cells cultured 
on TOSHI-substrata reflecting liver failure and regeneration after CCl4-administration. 
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that pALB-EGFP/ES cells cultured for 24 h on the glass-, cont.-, CCl4-12h, CCl4-24h 
substrata were remarkably reduced in number due to spontaneous detachment from each 
substratum, and that the retained cells relatively small and round in shape were 
individually scattered on each substratum and entirely negative for GFP expression. In 
contrast, those on the CCl4-48h, CCl4-4d, CCl4-7d, CCl4-15d substrata mostly participated in 
forming clusters in which the cells tended to express GFP and relatively large colonies were 
observed on the sinusoidal capillary region of the CCl4-4d and CCl4-7d substrata. In 
particular, the colonies on the CCl4-4d substratum showed reconstruction of hepatic cord-
like structures with bile canaliculus-like aspects (Harada et al., 2003) between the cells in 
polygonal shape and most of the colony cells expressed GFP. 
Further, to investigate any changes in hepatic morphology and function ES cells were 
seeded and cultured on the CCl4-4d substratum (Fig. 5). The culture medium mainly 
containing FBS, LIF and 2-ME was changed to a basal medium without the supplements at 2 
h to estimate the effect of the substratum on cell growth and differentiation after inducing 
cell adherence under the presence of serum.  ES cells cultured on the CCl4-4d substratum for 
24 h were stained with HE and observed by a light microscope.  The albumin secretion level 
into a culture medium was measured by utilizing an assay kit for mouse albumin 
(Shibayagi). The cytochrome P450IA1 activity was analyzed by adding ethoxyresorufin (ER) 
into the culture media at a final concentration of 10 mM, incubating for 60 min and 
measuring the resorufin production level (Sakai et al., 2002). 
 

 
Fig. 5. Experimental protocol of investigating the hepatic differentiation of ES cells cultured 
on TOSHI-substratum derived from regenerating livers at 4 days after CCl4 administration. 
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Consequently, binucleated cells in a polygonal shape appeared in the colonies cultured for 
24 h. Albumin secretion into a culture medium and the cytochrome P450IA1 activity 
metabolizing ER to the dealkylated resorufin were confirmed at 48 and 62 h in culture, 
respectively (Fig. 6).  Also, the CCl4-4d substratum alone released albumin and reached to 
the plateau level of 0.1 ng/ml until 24 h, however it did not possess the cytochrome P450IA1 
activity. 

 
Fig. 6. Hepatic differentiation of ES cells cultured on TOSHI-substratum derived from 
regenerating livers at 4 days after CCl4 administration. 

In this study, we demonstrated that the CCl4-4d substratum had a high potential to 
efficiently differentiate ES cells into hepatocyte-like clonies with some functional and 
morphological characteristics of mature parenchymal hepatocytes within a few days.  Thus, 
we succeeded in directly differentiating ES cells into hepatic cells without the use of any 
soluble growth factor and also the process of embryoid body formation although either was 
essential for conventional methods (Ishi et al., 2005; Lavon & Benvenisty, 2005; Novik et al., 
2006; Teratani et al., 2005; Zhou et al., 2007).  Also, each TOSHI-substratum prepared from 
livers in various stages after CCl4-administration into mice had different activities for 
inducing behavior of ES cells.  It is quite interesting that the CCl4-15d substratum was 
different from the cont.-substratum and retained the induction activity of differentiation 
although the mice on 15 days after CCl4-administration showed the normal level of both 
serum AST and liver PCNA-positive cell index, suggesting that liver regeneration-related 
factor(s) was deposited in the CCl4-15d substratum. Such ES cell behavior-regulating 
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factor(s) that was sustained on each TOSHI-substratum prepared from CCl4-administrated 
mouse livers is unclear at present.  To investigate the molecular mechanism inducing the 
different profile of ES cell behavior on each TOSHI-substratum, we are planning to treat the 
TOSHI-substratum with antibody or enzyme in biological approach, fixation agent or 
detergent in chemical approach, and/or heat or ultra violet irradiation in physical approach. 

3.4 A new strategy for predicting the toxicity of chemicals 
In the above experiment, the serum AST level indicating liver injury and the number of 
PCNA-positive cells indicating liver regeneration increased more than twice of the control 
from 12 h to 4 d with the peak (about 3.4-fold of the control) at 24 h and from 24 h to 7 d 
with the peak (about 27-fold of the control) at 4 d after CCl4-administration, respectively 
(Table 1).  On the other hand, the initial cell attachability of pALB-EGFP/ES cells to TOSHI-
substrata prepared from livers after CCl4 administration into mice represented -31% on the 
CCl4-12h and -11% on CCl4-24h substrata whereas +20% on the CCl4-4d and CCl4-7d 
substrata in comparison to the control TOSHI-substratum (Table 1). Also, the CCl4-48h, 
CCl4-4d, CCl4-7d and CCl4-15d substrata showed the induction activity to differentiate the 
pALB-EGFP/ES cells to the cells expressing GFP (Table 2). These findings suggest that time-
dependent toxic changes of CCl4 in liver in vivo can be estimated by the cell behaviors of 
pALB-EGFP/ES cells cultured on the TOSHI-substrata prepared from livers after CCl4 
administration into mice. 
I think that an organ-specific toxicity level after drug administration or chemical exposure 
can be defined as not only injury intensity of differentiated cells composing the organ but 
also regeneration activity of stem cells in the organ. Here, the above study demonstrated 
that the injury intensity and regeneration activity was predicted by the initial cell 
attachability and differentiation efficiency of ES cells cultured on the TOSHI-substrata 
derived from livers after administrating chemical into mice, respectively. Therefore, I 
propose as a new strategy for predicting the toxicity of drugs or chemicals in human by 
utilizing the time-course cell behavior of human stem cells cultured on the TOSHI-substrata 
derived from various organs after exposing some chemical into experimental animals.  The 
human stem cells include ES cells, iPS (induced pluripotent stem) cells and somatic stem 
cells (e.g. mesenchymal stem cells), (Fig. 7). 

4. A novel concept for drug discovery and development utilizing the behavior 
of ES cells cultured on TOSHI-substrata 
In this section I describe the recent progress of ES cell-based assay systems for drug 
discovery and development, then introduce advantages of the ES cell-based assay system 
utilizing TOSHI-substrata in drug discovery and development. 

4.1 Recent progress of ES cell-based assay systems for drug discovery and 
development 
ES cells are pluripotent stem cells possessing the capacity for self-renewal of proliferating 
indefinitely and multilineage differentiation. Therefore, ES cells generally function as a 
ready source of large quantities of partially differentiated progenitors or terminally 
differentiated specialized cells, which serve as cell-based assay systems (Sartipy et al., 2007).  
Somatic stem cell marker prominin-1/CD133, a plasma membrane marker is expressed in  
 

A Novel Strategy for Drug Discovery and Development by Analyzing the Behavior of  
ES Cells Cultured on TOSHI (Tissue/Organ Sections for Histopathology)–Substrata   

 

485 

 
Fig. 7. A novel strategy for extrapolating the toxicity in vivo utilizing TOSHI–substrata. 

ES-derived progenitors but not in differentiated cells (Kania et al., 2005). ES-derived somatic 
stem cells such as hematopoietic and neural stem cells and also ES-derived differentiated 
mature cells such as cardiomyocytes and hepatocytes have been utilized for drug screening 
and toxicity assessment as ES cell-based assay systems in vitro (Kettenhofen & Bohlen, 2008; 
Kuegler et al., 2010; Ma et al., 2008; Sartipy et al., 2007).  Recently, various high-throughput 
cellular microarray platforms have been developed in a viewpoint for applying ES cells to 
drug discovery and development (Derda et al., 2007; Flaim et al., 2008).  Consequently, it has 
been realized that the ability to track stem cell fate decisions and to quantify specific stem 
cell markers on microarray platforms has the potential to increase our understanding of the 
cellular mechanisms involved. Here, signals emanating from the stem cell 
microenvironment, or niche, are crucial in regulating stem cell fate. These signals include 
physical cues (e.g. matrix elasticity, cell–cell and cell–ECM interactions) and soluble factors 
(e.g. growth factors and small molecules) (Fernandes et al., 2009). 

4.2 Advantages of the ES cell-based assay system utilizing TOSHI-substrata in drug 
discovery and development 
The greatest merit of utilizing TOSHI-substrata is to provide niches reflecting various 
conditions in tissue(s)/organ(s) in vivo towards ES cells, resulting in the generation of assay 
systems for estimating not only biological activity but also the drug efficacy and chemical 
toxicity remained in the TOSHI-substrata by analyzing the behavior of the ES cells.  
Therefore, it is available to propose new research strategies for exploring bioactive 
molecule(s) involved in the TOSHI-substrata and/or for extrapolating pharmacological and 
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toxicological effect(s) of chemicals in human. As the exploration research, bioactive 
molecules such as ligand, growth factor, growth inhibitor and differentiation-inducing 
factor would be isolated from specific regions in the TOSHI-substrata where ES cells 
revealed behaviors such as adhesion, proliferation, apoptosis and differentiation, 
respectively.  Also, as the pharmacological and toxicological research, the TOSHI-substrata 
would provide two applications.  One is means for efficiently differentiating human ES cells 
to sufficient amount of mature differentiated cells (e.g. hepatocytes) by utilizing the TOSHI-
substrata derived from a regenerating tissue/organ.  The other is a novel extrapolation 
system of the drug efficacy and/or toxicity by investigating the behavior of human ES cells 
cultured on the TOSHI-substrata derived from every tissue/organ of experimental animals 
after administrating drugs and/or exposing chemicals, respectively (Fig. 7). 

5. Conclusions 
I presented the basics and advantages of a cell culture system utilizing TOSHI (tissue/organ 
sections for histopathology)–substrata, and introduced a new platform for orienting 
differentiation of mouse ES cells towards hepatic lineage utilizing TOSHI-substrata derived 
from regenerating liver after CCl4-administration into mice. Also, I proposed a new strategy 
for applying the ES cell-based assay system utilizing TOSHI-substrata to the researches in 
drug discovery and development.  I hope that such a new strategy could contribute not only 
to expand the utility of ES cells but also to generate a high-throughput assay system 
utilizing TOSHI-substrata as a tissue/organ microarray useful for extrapolating drug 
efficacy and chemical toxicity in human body. 
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toxicological effect(s) of chemicals in human. As the exploration research, bioactive 
molecules such as ligand, growth factor, growth inhibitor and differentiation-inducing 
factor would be isolated from specific regions in the TOSHI-substrata where ES cells 
revealed behaviors such as adhesion, proliferation, apoptosis and differentiation, 
respectively.  Also, as the pharmacological and toxicological research, the TOSHI-substrata 
would provide two applications.  One is means for efficiently differentiating human ES cells 
to sufficient amount of mature differentiated cells (e.g. hepatocytes) by utilizing the TOSHI-
substrata derived from a regenerating tissue/organ.  The other is a novel extrapolation 
system of the drug efficacy and/or toxicity by investigating the behavior of human ES cells 
cultured on the TOSHI-substrata derived from every tissue/organ of experimental animals 
after administrating drugs and/or exposing chemicals, respectively (Fig. 7). 

5. Conclusions 
I presented the basics and advantages of a cell culture system utilizing TOSHI (tissue/organ 
sections for histopathology)–substrata, and introduced a new platform for orienting 
differentiation of mouse ES cells towards hepatic lineage utilizing TOSHI-substrata derived 
from regenerating liver after CCl4-administration into mice. Also, I proposed a new strategy 
for applying the ES cell-based assay system utilizing TOSHI-substrata to the researches in 
drug discovery and development.  I hope that such a new strategy could contribute not only 
to expand the utility of ES cells but also to generate a high-throughput assay system 
utilizing TOSHI-substrata as a tissue/organ microarray useful for extrapolating drug 
efficacy and chemical toxicity in human body. 
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