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Preface

In the eukaryotic cells, DNA, histone proteins and associated macromolecules are tightly
packaged into chromatin. The basic unit of chromatin is the nucleosome – a DNA fragment
wrapped around an octamer core of histone proteins. During the past two decades the field
of chromatin research has advanced at an incredible pace due to the development of novel
techniques. It has become increasingly clear that, rather than simply representing packaged
DNA, chromatin organization undergoes dynamic changes and plays a key role in control‐
ling genome activities throughout life, from the onset of embryonic development to cell, tis‐
sue and organ differentiation. The term “chromatin remodelling” is widely used to describe
changes in chromatin structure which is controlled by histone-modifying enzymes, chroma‐
tin remodelling complexes, non-histone DNA-binding proteins and noncoding RNAs. Many
human diseases such as cancer, various genetic syndromes, autism and infectious disease
have been linked to the disruption of these control processes by genetic, environmental or
microbial factors. Therefore, to unravel the mechanisms by which they operate is one of the
most exciting and rapid developing fields of modern biology and will contribute to new
ways in treatment of these diseases.

The chapters in this book will focus on recent advances in our understanding of the mecha‐
nisms that govern the dynamic structural of chromatin, thereby providing important in‐
sights into gene regulation, DNA repair, and human diseases.

The book begins with the section “Molecular basis for chromatin structure and regulation”
dealing with the molecular mechanisms underlying chromatin dynamics. In the first chapter
“Chromatin Remodelers and Their Way of Action“ written by Laura Manelyte and Gernot
Langst, the authors give an overview of four major families of chromatin remodelers includ‐
ing SWI/SNF, ISWI, CHD and INO80 family. The domain compositions, components and
basic functions of these remodelers have been described and the following three aspects re‐
lated to the functions of chromatin remodelers have been highlighted: 1) Mechanisms of nu‐
cleosome positioning in vitro and in vivo; 2) Targeting of remodelling machines to genomic
loci and their specific interaction with the modified substrate and histone variants; 3) Regu‐
lation of remodeler activity. This chapter provides an excellent knowledge in understanding
the mechanisms of chromatin remodelling by ATP-dependent chromatin remodelers.

Sumoylation is a post-translational modification of proteins by attachment of the small poly‐
peptide SUMO (small ubiquitin-like modifier), which plays an important role in various cel‐
lular processes, such as nuclear-cytosolic transport, transcriptional regulation, apoptosis,
protein stability, signal transduction, cell cycle progression and differentiation. In the second
chapter “SUMO Tasks in Chromatin Remodeling“ written by Mario Garcia-Dominguez, the
prominent function of SUMO in transcriptional regulation, in the context of chromatin struc‐
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In the eukaryotic cells, DNA, histone proteins and associated macromolecules are tightly
packaged into chromatin. The basic unit of chromatin is the nucleosome – a DNA fragment
wrapped around an octamer core of histone proteins. During the past two decades the field
of chromatin research has advanced at an incredible pace due to the development of novel
techniques. It has become increasingly clear that, rather than simply representing packaged
DNA, chromatin organization undergoes dynamic changes and plays a key role in control‐
ling genome activities throughout life, from the onset of embryonic development to cell, tis‐
sue and organ differentiation. The term “chromatin remodelling” is widely used to describe
changes in chromatin structure which is controlled by histone-modifying enzymes, chroma‐
tin remodelling complexes, non-histone DNA-binding proteins and noncoding RNAs. Many
human diseases such as cancer, various genetic syndromes, autism and infectious disease
have been linked to the disruption of these control processes by genetic, environmental or
microbial factors. Therefore, to unravel the mechanisms by which they operate is one of the
most exciting and rapid developing fields of modern biology and will contribute to new
ways in treatment of these diseases.

The chapters in this book will focus on recent advances in our understanding of the mecha‐
nisms that govern the dynamic structural of chromatin, thereby providing important in‐
sights into gene regulation, DNA repair, and human diseases.

The book begins with the section “Molecular basis for chromatin structure and regulation”
dealing with the molecular mechanisms underlying chromatin dynamics. In the first chapter
“Chromatin Remodelers and Their Way of Action“ written by Laura Manelyte and Gernot
Langst, the authors give an overview of four major families of chromatin remodelers includ‐
ing SWI/SNF, ISWI, CHD and INO80 family. The domain compositions, components and
basic functions of these remodelers have been described and the following three aspects re‐
lated to the functions of chromatin remodelers have been highlighted: 1) Mechanisms of nu‐
cleosome positioning in vitro and in vivo; 2) Targeting of remodelling machines to genomic
loci and their specific interaction with the modified substrate and histone variants; 3) Regu‐
lation of remodeler activity. This chapter provides an excellent knowledge in understanding
the mechanisms of chromatin remodelling by ATP-dependent chromatin remodelers.

Sumoylation is a post-translational modification of proteins by attachment of the small poly‐
peptide SUMO (small ubiquitin-like modifier), which plays an important role in various cel‐
lular processes, such as nuclear-cytosolic transport, transcriptional regulation, apoptosis,
protein stability, signal transduction, cell cycle progression and differentiation. In the second
chapter “SUMO Tasks in Chromatin Remodeling“ written by Mario Garcia-Dominguez, the
prominent function of SUMO in transcriptional regulation, in the context of chromatin struc‐



ture and dynamic, has been discussed. The author describes in detail the different ways by
which SUMO is involved in chromatin remodeling: 1) histone modification; 2) modulation of
transcription factors activity, and 3) architecture of protein complexes associated to the chro‐
matin, especially those associated to the heterochromatin. This chapter provides a versatile
view on molecular mechanisms of chromatin remodeling regulated by sumoylation.

Chapters 3 to 5 are classified into section 2 “Chromatin remodeling in regulating gene ex‐
pression”. It is clear that SW/SNF chromatin remodeling complex plays an important role in
the process of RNA polymerase II-mediated transcription. SWI/SNF complex not only as‐
sists transcription events by remodeling nucleosomes but also participates in early event in
transcription through interaction with transcription factors and the recruitment of RNA pol‐
ymerase II. Recent studies have suggested that this complex has an activity beyond tran‐
scription initiation as it can regulate the transcription elongation rate with a consequence on
alternative splicing. In particular, this complex has been shown to be associated with pre-
mRNP. dSWI/SNF complex contains two subcomplexes PBAP and BAP. Which of them is
involved in transcription elongation? This question is answered in chapter 3 “SWI/SNF
Chromatin Remodeling Complex Involved in RNA Polymerase II Elongation Process in
Drosophila Melanogaster” written by authors Nadezhda E. Vorobyeva, Marina U. Mazina
and Semen A. Doronin. Chapter 3 is presenting results of an original research. In this article,
the authors generated two specific antibodies against OSA and BAP 170, respectively. The
OSA is the specific subunit of BAP and the BAP 170 is the specific subunit of PBAP. Using
chromatin immunoprecipitation assay, the authors found that both BAP and PBAP subcom‐
plexes bind to the promoter but not to the coding region of ftz-f1 gene before transcription
induction. Interestingly, in response to transcription induction, only PBAP but not BAP is
found to be accumulated at the coding region of this gene. Similar results are observed
when performing the same experiments using another gene (hsp70 gene). Based on these
results, the authors suggest that PABP subcomplex is involved in the transcription elonga‐
tion mediated by RNA polymerase II.

In chapter 4 titled “Condensins, Chromatin Remodeling and Gene Transcription”, authors
Laurence O.W. Wilson and Aude M. Fahrer discuss the role of condensins in the regulation
of gene transcription. Condensins belong to an ancient family of protein complexes capable
of manipulating chromatin structure. In eukaryotes, condensin I and condensin II are vital
for the proper formation and resolution of sister chromosomes. In recent years, evidence has
gradually demonstrated that condensins are much more than architects of chromatin struc‐
ture; they are also important regulators of gene transcription. However, the vital role of con‐
densins makes the study of these complexes difficult. In this chapter, the authors introduce
several different methods to investigate the roles of condensins in chromatin structure
change and gene regulation. A special focus is placed on two particular examples of conden‐
sin in regulating gene transcription: dosage compensation in C. elegans and thymocyte de‐
velopment in mice.

Id2 (inhibitor of DNA binding 2, dominant-negative helix-loop-helix protein) belongs to a
family of helix-loop-helix proteins which plays a central role in the regulation of cell growth
and differentiation and cancer. In chapter 5 “The Role of Id2 in the Regulation of Chroma‐
tin Structure and Gene Expression” written by Elena R. Garcia-Trevijano, Luis Torres, Rosa
Zaragozá and Juan R. Viña, the authors give a broad introduction to the topic. This chap‐
ter begins with description of the structure and functions of Id2 protein followed by the
molecular mechanisms underlying the role of Id2 as a proliferative factor in normal cell
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cycle progression, in cancer and in G0-G1 transition in response to mitogenic stimuli are
discussed. Id2 is involved in regulation of gene expression as a switch to open or close
chromatin structure through modulation of chromatin protein complex at target genes. Fi‐
nally, the molecular regulation of Id2 activity and expression by phosphorylation and GSH
depletion are also discussed.

In section 3 “Chromatin remodeling in DNA damage, development and human disease”,
four chapters are presented, dealing with the molecular mechanisms underlying the in‐
volvement of chromatin remodeling in controlling key physiological or pathological events
such as differentiation, development, DNA damage response, tumorigenesis and microbial
infection.

Polycomb group (PcG) proteins are highly conserved regulatory factors that were initially
discovered in Drosophila. They constitute a global silencing system and play key roles in
embryonic development and stem cell maintenance. Deregulation of PcG members contrib‐
ute to defects in stem cell fates and to tumorigenesis. In mammals, PcG proteins form two
main complexes: polycomb-repressive complex 1 and 2 (PRC1, PRC2). They act by modify‐
ing chromatin structure and by regulating deposition and recognition of posttranslational
histone modifications.

Chapter 6 “Role of Enhancer of Zeste Homolog 2 Polycomb Protein and Its Significance in
Tumor Progression and Cell Differentiation” by Irene Marchesi and Luigi Bagella give an
overview of molecular biology and function of PCR2 with special emphasis on EZH2, the
catalytic subunit of PRC2. The content covers PCR2-mediated silencing mechanism, PCR2
activity regulation, including expression regulation, posttranscriptional modification and re‐
cruitment to target genes, as well as the mechanisms underlying the role of EZH2 in neuro‐
genesis, skeletal myogenesis and tumorigenesis.

Cells are inescapably and constantly exposed to a variety of environmental and endogenous
agents which can cause DNA damage such as single-strand breaks, double-strand breaks,
mismatches and base modifications. To maintain genome stability, cells have developed a
global signaling network, known as DNA damage response (DDR) to sense and repair DNA
damages. Chromatin remodeling is critical during this process, as chromatin constitutes a
natural barrier to associated enzymes and regulatory factors to reach DNA. Aging is a com‐
plex process that has long been thought to be a consequence of unprogrammed deleterious
events and accumulation of random gene mutation. However, in recent years, DNA damage
has been shown to play a central role in premature aging and DNA damage theory of aging
has been developed although there are still several unresolved controversies that require
further clarification.

In chapter 7 “Chromatin Remodeling in DNA Damage Response and Human Aging” by Lili
Gong, Edward Wang and Shiaw-Yih Lin, the authors summarize the current knowledge on
DNA damage repair mechanisms, the role of chromatin remodeling in DDR, DDR in hetero‐
chromatin and the interplay between DNA damage, chromatin remodeling and human ag‐
ing. Intracellular pathogens, through a long-standing coexistence with host cells, have
evolved mechanisms that provide pathogens with the amazing capacity to adapt and sur‐
vive in variable and often hostile environments encountered in their hosts. The concept of
chromatin modification as a mechanism by which pathogens affect host immune responses
to facilitate infection has emerged in recent years.

Preface IX
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main complexes: polycomb-repressive complex 1 and 2 (PRC1, PRC2). They act by modify‐
ing chromatin structure and by regulating deposition and recognition of posttranslational
histone modifications.

Chapter 6 “Role of Enhancer of Zeste Homolog 2 Polycomb Protein and Its Significance in
Tumor Progression and Cell Differentiation” by Irene Marchesi and Luigi Bagella give an
overview of molecular biology and function of PCR2 with special emphasis on EZH2, the
catalytic subunit of PRC2. The content covers PCR2-mediated silencing mechanism, PCR2
activity regulation, including expression regulation, posttranscriptional modification and re‐
cruitment to target genes, as well as the mechanisms underlying the role of EZH2 in neuro‐
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global signaling network, known as DNA damage response (DDR) to sense and repair DNA
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natural barrier to associated enzymes and regulatory factors to reach DNA. Aging is a com‐
plex process that has long been thought to be a consequence of unprogrammed deleterious
events and accumulation of random gene mutation. However, in recent years, DNA damage
has been shown to play a central role in premature aging and DNA damage theory of aging
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further clarification.
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In chapter 8 “Chromatin Remodeling During Host-Bacterial Pathogen Interaction” written
by Yong Zhong Xu, Cynthia Kanagaratham and Danuta Radzioch, the chromatin modifica‐
tions in host cells induced by bacterial pathogens and their effects on host gene expression
and infection are introduced. MAPK, IFN- and transcription factor NF-κB signaling path‐
ways are common targets for bacteria-induced posttranscriptional modifications. These sig‐
nal pathways selectively affect histone modifications at host target genes therefore affecting
the expression of target genes. In this chapter, the potential role of HDAC inhibitors to be
used as therapeutic immunomodulators in treatment of infections is also discussed. Defects
in epigenetic mechanisms can give rise to several neurological and behavioral phenotypes.
Rett syndrome is a pervasive neurodevelopmental disorder that is primarily caused by mu‐
tations in MECP2 gene encoding methyl-CpG-binding protein 2 (MeCP2 protein). The func‐
tions of this protein are related to DNA methylation process, a key epigenetic mechanism
which plays a critical role in gene silencing during chromatin remodeling. Rett syndrome is
the first human disorder that shows a link between epigenetic modifications/ chromatin re‐
modeling and neuronal dysfunction.

In chapter 9 ”Rett Syndrome”, the author Daniela Zahorakova gives a detailed description
of the clinical features, diagnosis, as well as the molecular mechanism of Rett syndrome that
arises as a consequence of MECP2 gene mutations and disordered chromatin remodeling

I would like to thank Ms. Mirna Cvijic of InTech publisher for helping me on this project, to
all the authors of the chapters for their time and effort to contribute to this book. I hope
readers will enjoy reading this collection of reviews and research papers, leaving with a
sense of anticipation for what lies ahead in the field of chromatin remodeling.

Dr. Danuta Radzioch
Professor, McGill University

Department of Medicine and Department of Human Genetics
Montreal, Canada
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Chapter 1

Chromatin Remodelers and Their Way of Action

Laura Manelyte and Gernot Längst

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55683

1. Introduction

Chromatin is the packaged form of the eukaryotic genome in the cell nucleus, presenting the
substrate for all DNA dependent processes. The basic packaging unit of chromatin is the
nucleosome core, a nucleoprotein structure consisting of 8 histone proteins and 147 bp of DNA.
Two of each H2A and H2B, H3 and H4, form an octameric, disc like particle on which 1.65
turns of DNA is wrapped [1]. Nucleosomal cores are separated by a linker DNA, with a varying
length of 7 bp to 100 bp, with distinct lengths in different organisms and tissues. Even within
one cell type the linker length can vary about 40 bp between the actively transcribed and
repressed genes [2].

Binding of the DNA to the histone octamer and the bending of the molecule on the protein
surface present a strong barrier to sequence specific recognition of the nucleosomal DNA
molecule. That’s why the packaging of DNA into nucleosomes and higher order structures is
generally inhibitory to all kind of DNA dependent processes. To overcome DNA sequence
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translocate them on DNA, thereby exposing or protecting underlying DNA sequences to
regulatory factors that control the DNA dependent processes [4].
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are DNA translocases that apply an ATP-dependent torsional strain to DNA, providing the
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activities. In other words, the remodelers interpret the DNA sequence/structure information
in different ways, establishing target site-specific nucleosome positioning patterns. The exact
nucleosome positions at a given site depends on both, the type of the ATPase motor protein
and the composition of the multiprotein complex where it is integrated [6]. The specialized
functions of remodeling enzymes may result from their different nucleosome positioning
behavior and the distinct targeting to genomic sites.

There is plenty of data available on the remodeling mechanism in vitro, however not much is
known about the targeting and regulation of the remodelers in vivo. It remains unclear whether
these complexes form a dynamic chromatin environment or a rather static chromatin structure
with defined nucleosome positions in the cell nucleus. Many chromatin remodelers are
believed to bind DNA and nucleosomes in a sequence independent manner in vitro, however
there is mounting evidence for specific chromatin signals that are recognized by chromatin
remodelers. This is best demonstrated by the recognition of histone variants, modified histone
tails, the preferential binding to nucleosome free regions of DNA and binding to specific DNA
and RNA structures and sequences. In addition, interacting proteins and/or accessory domains
of the remodeling complexes may serve as an additional layer of signal recognition and
recruitment of remodelers to the right place at the right time.

2. Remodeler families

The catalytic subunit of the remodeling enzymes consists of a conserved ATPase domain and
unique flanking domains, used for a simplified separation into four distinct families (Fig. 1). The
ATPase domain consists of two tandem RecA-like folds (DExx and HELICc), containing seven
conserved helicase-related sequence motifs that classify the enzymes as part of the Superfami‐
ly 2 grouping of helicase-like proteins [7,8]. Chromatin remodelers are lacking the ability to
separate nucleic acid strands, so they are not bona fide helicases. However, they are DNA
translocases that use the energy of ATP to create a necessary force to reposition nucleosomes.

In a qualitative and quantitative study, the Snf2 family members were further subdivided into
24 distinct subfamilies based on similarities within the Snf2-specific motifs. Increased genomic
complexity is paralleled by an increasing number of subfamilies and members of a given
subfamily: the S.cerevisiae genome encoding some 6000 genes has 17 Snf2 family members
belonging to 13 subfamilies, and the human genome encoding some 21000 genes has 53 Snf2
family genes from 20 subfamilies [8].

2.1. SWI/SNF family

The SWI/SNF complex was first described in Saccharomyces cerevisiae. In 1984 genetic screens
revealed that the mutations in sucrose non-fermenting (SNF) genes caused defects in expres‐
sion of the SUC2 gene, which is required for growth on sucrose and raffinose as a carbon
sources [9]. Similarly, mutations in SWI genes were identified as defective for expression of
the HO gene, which is required for mating type switching (the name Swi is derived from
switching defective). Mutations in both SNF and SWI genes cause pleiotropic phenotypes,
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suggesting a global role for Swi/Snf in gene expression. However, recent whole-genome
expression studies have shown that Swi/Snf controls transcription of a small percentage of all
S. cerevisiae genes [10]. The SWI/SNF family members are defined by the presence of an N-
terminally located HSA (helicase-SANT) domain, which is known to recruit actin and actin-
related proteins, and a C-terminally located bromo domain, suggested to bind to the
acetylated-lysines of histones. This family of remodeling enzymes was shown to slide and to
evict nucleosomes from DNA, but lacking chromatin assembly activities. Remodelers belong‐
ing to this family are large, multi-subunit complexes containing 8 or more proteins. Most
eukaryotes utilize two related SWI/SNF family remodelers, built around the two related
catalytic subunits Swi2/Snf2 or Sth1 in yeast, and BRM or BRG1 in humans (Table 1). Although
SWI/SNF is not essential for yeast growth, a genome-wide analysis demonstrated that ~3 to
6% of yeast genes are regulated by SWI/SNF, with functions that contribute to both gene
activation and repression [10,11]. On the other hand, RSC complex containing the Sth1 ATPase
is essential for growth and about 10-fold more abundant than the SWI/SNF complex. RSC
function is required for normal cell cycle progression [12]. Human BAF and PBAF complexes
share eight identical subunits and are distinguished by the presence of only several unique
subunits: BAF180, BAF200 and BRD7 for PBAF and BAF250a for BAF [13]. Variant subunits
are thought to contribute to targeting, assembly and regulation of lineage-specific functions
of those complexes. For example only PBAF, but not BAF, is capable of facilitating ligand-
dependent transcriptional activation by nuclear receptors in vitro and to mediate expression
of an interferon-responsive genes [14,15]. Both appear to be associated with lung cancer, as
90% of non-small cell lung carcinomas stained positively for BRG1 and BRM [16]. BRG1

Figure 1. Classical organization of remodeler families defined by their catalytic domain. All remodeling enzymes con‐
sist of a shared ATPase domain and unique flanking domains.
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possesses tumor suppressor functions, whereas BRM loss is a contributing factor and potential
marker of tumorigenesis in lung, prostate and gastric cancers [17].

Complex Catalytic subunit Auxillary subunits Organism

SWI/SNF Swi2/Snf2

Swi1/Adr6, Swi3, Swp73, Snf5, Arp7,

Arp9, Swp82, Snf11, Taf14, Snf6,

Rtt102
Yeast

RSC Sth1

Sth1, Rsc8/Swh3, Rsc6, SfhI, Arp7,

Arp9, Rsc1,2 or 4, Rsc7, Rsc30, Rsc3,

Rsc5, Rtt102, Rsc14/Ldb7, Rsc10, Rsc9

BAF BRM or BRG1

BAF250, BAF155, BAF170,BAF60(A,B or

C), SNF5, BAF57, BAF53(A or B), β-actin,

BAF45(A,B,C or D)

Human

PBAF BRG1

BAF180, BAF200, BRD7, BAF155,

BAF45(A,B,C or D), BAF170,BAF60(A, B

or C), SNF5, BAF57, BAF53(A or B), β-

actin

Table 1. Selected SWI/SNF family remodelers from yeast and human.

2.2. ISWI family

The ISWI (imitation switch) family ATPases harbour a C-terminal SANT domain adjacent to
a SLIDE domain (SANT-like ISWI), which together form a nucleosome recognition module
that binds to DNA and unmodified H4 tails [4]. The ISWI remodeling enzyme in Drosophila,
is known to be present in several chromatin remodeling complexes such as NURF, CHRAC
and ACF. Snf2H and Snf2L are the mammalian homologues of ISWI, which can act on their
own or in the presence of one or more auxilary subunits forming different remodeling
complexes with different properties. For example, Snf2H is known to interact with Tip5, RSF1
and WSTF proteins to form NoRC, RSF and WICH complexes. Specialized accessory proteins
contain many chromatin binding domains, including histone fold motifs (in CHRAC), plant
homeodomain (in Tip5), bromodomains (in BPTF, ACF1, Tip5) and additional DNA-binding
motifs (HMGI(Y) in NURF301; AT hooks in Tip5). Many ISWI family complexes (ACF,
CHRAC, NoRC) catalyze nucleosome spacing, promote chromatin assembly and confer
transcriptional repression. However, NURF escapes theses general rules by disturbing
nucleosome spacing and assisting ecdysone dependent transcriptional activation, showing
that functional diversity is determined by the additional subunits [4]. The steroid hormone
ecdysone directly modulates germline stem cells maintenance, activates transcription and
proliferation in a cooperation with the NURF remodeler [18]. In Drosophila, loss of ISWI causes
global transcriptional defects and results in dramatic alterations of the higher-order structure
of chromatin, especially on the male X chromosome [19]. NoRC action correlates with specific
changes in nucleosome positioning at the rDNA promoter region, causing heterochromatin
formation and gene silencing [20].
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Complex Catalytic subunit Auxillary subunits Organism

NURF

ISWI

NURF301, NURF55/p55, NURF38

FlyACF ACF1

CHRAC ACF1, CHRAC 14, CHRAC 16

ISWI1a
ISWI1

loc3

YeastISWI1b loc2, loc4

ISWI2 ISWI2 Itc1

NURF Snf2L BPTF, RbAp46 or RbAP48

Human

ACF

Snf2H

ACF1

CHRAC ACF1, CHRAC17, CHRAC15

NoRC Tip5

RSF Rsf1

WICH Wstf

Table 2. Selected SWI/SNF family remodelers.

2.3. CHD family

The CHD (Chromodomain-Helicase-DNA binding) family is defined by the presence of two
chromodomains, arranged as a tandem, N-terminal of the ATPase domain. Additional
structural motifs are used to further divide the CHD family into the subfamilies CHD1, Mi-2
and CHD7 [8,21].

Members of the CHD1 subfamily contain a C-terminal DNA-binding domain that preferen‐
tially binds to AT-rich DNA in vitro (members are Chd1 and Chd2 proteins in higher eukar‐
yotes) [22,23]. Recently, the crystal structure of the DNA binding domain of Chd1, revealed a
SANT-SLIDE like fold. This domain was shown to be required for the remodeling activity of
Chd1 in vitro and in vivo [24].

The Mi-2 subfamily members contain a pair of PHD domains (plant homeodomain) in their
N-terminal part (human Chd3 and Chd4, also known as Mi-2α and Mi-2β in Drosophila,
respectively), implicated in nucleosome binding [25].

The CHD7 subfamily members have additional C-terminal domains, like the SANT or BRK
domains (Chd5 to Chd9 proteins).

The biological properties of CHD family members are highly heterogenous. Some exist as
monomers in vivo; others are subunits of multiprotein complexes, many of which have not yet
been fully characterized [26]. The best studied is the NURD (nucleosome remodeling and
deacetalase) complex, containing Chd3/Chd4, histone deacetylases (HDAC1/2) and methyl
CpG-binding domain (MBD) proteins. It was shown to be involved in transcriptional repres‐
sion of a specific set of genes during C.elegans, D.melanogaster and mammalian development
[26]. Chd1 together with Isw1 are also termed nucleosome-spacing enzymes that are required
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to maintain nucleosomal organization in yeast [27]. To date, Chd3, Chd4, Chd5 and Chd7 have
been implicated in human disease processes. Chd3 and Chd4 have been identified as autoan‐
tigens in patients with dermatomyositis, a connective-tissue disease characterized by inflam‐
mation of both muscles and skin. Chd3 is associated with Hodgkin's lymphoma and Chd5 is
associated with neuroblastoma, a malignant neoplasm of the peripheral sympathetic nervous
system frequently affecting infants and children [28]. Haploinsufficiency of Chd7 in humans
results in the CHARGE syndrome. Chd7 is essential for the develompment of multipotent
migratory neural crest cells, which contribute to the formation of many tissues affected in
CHARGE syndrome [29].

Complex Catalytic subunit Auxillary subunits Organism

Chd1 Chd1

FlyChd2 Chd2

NuRD Mi-2 MBD2/3, MTA, RPD3, p55, p66/68

Chd1 Chd1

Human

Chd2 Chd2

NuRD Chd3/Chd4
MBD3, MTA1/2/3, HDAC1/2,

RbAp46/48, p66α/β, DOC-1?

Chd5 Unknown

Chd7 PARP1, PBAF complex

Table 3. Selected CHD family remodelers.

2.4. INO80 family

The specific feature of the remodeling enzymes belonging to the INO80 (inositol requiring 80)
family is the split ATPase domain. This unique module retains ATPase activity, and acts as a
scaffold for the association with the RuvB-like proteins, Rvb1 and Rvb2. RuvB is a bacterial
ATP-dependent helicase that forms a double hexamer around Holliday junctions to promote
their migration during homologous recombination [30]. Unlike remodelers of other families,
the INO80 complex exhibits DNA helicase activity and binds to specialized DNA structures
in vitro. These DNA structures resemble Holliday junctions and replication forks consistent
with the function of the complex in homologous recombination and DNA replication [31,32].
Yeast INO80 was shown to control the genome-wide distribution and dynamics of the histone
variant H2A.Z. INO80 and SWR1 were shown to exhibit histone-exchange activity, being
capable to replace nucleosomal H2A.Z/H2B with free H2A/H2B dimers [33,34]. Both remod‐
eling complexes can slide nucleosomes in vitro on a reconstituted chromatin template and evict
histones from DNA [35-37]. In addition to the role of INO80 in recombination and DNA
replication, it is suggested to regulate the transcription level of about 20% of the yeast genes
and to participate in DNA double-strand break repair via the interaction with γ–H2AX and
recruit the MRX and Mec1 complexes to the DNA damage site [33].
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Complex Catalytic subunit Auxillary subunits Organism

INO80 Ino80

Rvb1, Rvb2, Arp5, Arp8, Arp4, Act1,

Taf14, les1, Ies2, les3, les4, les5, Ies6,

Nhp10
Yeast

SWR1 Swr1

Rvb1, Rvb2, Arp6, Arp4, Act1, Yaf9,

Swc4/Eaf2, Swc2, Swc3, Swc4, Swc5,

Swc6, Yaf9, Bdf1, Swc7, H2AZ, H2B

Table 4. Selected INO80 family remodelers.

3. Translocation mechanism of chromatin remodelers

Chromatin remodelers use the energy of ATP hydrolysis to assemble, reposition or evict
histones from DNA. Nucleosome repositioning by remodelers can be described as a 3-step
mechanism: 1) initiation step that requires the recognition and specific binding to the substrate,
2) several translocation steps with varying step-lengths and kinetics depending on the
particular remodeling enzyme and on the properties of the underlying DNA sequence, 3)
release step, which occurs at energetically favourable positions depending on the combination
of remodeler and DNA sequence/structure at this site [6,38]. This chapter will focus on the
mechanisms of the translocation step.

Proposed models for nucleosome remodeling suggest that only a minor fraction of the 358
direct and indirect histone-DNA interactions are disrupted at a given time of the reaction, as
the energy of ATP hydrolysis would not be sufficient to fully disrupt the nucleoprotein
structure [39,40]. One of the first mechanisms proposed, is the ’’twist diffusion model’’
describing moving of the DNA over the histone octamer surface in 1 bp intervals. Thus, a single
base pair distortion is continuously propagated through the nucleosome, transiently storing
one additional basepair in the realm of the nucleoprotein structure. This model is supported
by nucleosomal crystal structures exhibiting such a single-basepair “twist defect” [39,41].
However, several studies could not confirm such a translocation model. Experiments using
nicked or gapped DNA substrates that uncouple DNA rotation mediated processes still
allowed SWI/SNF and ISWI dependent nucleosome remodeling, arguing against a sole twist-
diffusion mechanism [42-44].

Alternatively, it was suggested that nucleosomes are repositioned according to the ’’loop
recapture model’’, proposing a detachment of a DNA segment from the histone octamer
surface at the entry site of the nucleosome. The exposed octamer surface would interact with
more distant regions of the DNA molecule, resulting in the formation of a DNA loop on the
histone octamer surface. This DNA loop would translocate over the octamer surface in an
energy-neutral process, by releasing and rebinding adjacent sequences on the protein surface.
DNA loop propagation would change the translational position of the nucleosome, according
to the size of the DNA loop [45]. This model is strengthened by biochemical and recent single
molecule studies. ACF remodeling complex was shown to cause the unwrapping of DNA,
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to maintain nucleosomal organization in yeast [27]. To date, Chd3, Chd4, Chd5 and Chd7 have
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2.4. INO80 family
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surface at the entry site of the nucleosome. The exposed octamer surface would interact with
more distant regions of the DNA molecule, resulting in the formation of a DNA loop on the
histone octamer surface. This DNA loop would translocate over the octamer surface in an
energy-neutral process, by releasing and rebinding adjacent sequences on the protein surface.
DNA loop propagation would change the translational position of the nucleosome, according
to the size of the DNA loop [45]. This model is strengthened by biochemical and recent single
molecule studies. ACF remodeling complex was shown to cause the unwrapping of DNA,
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roughly 20 and 40 bp, from the nucleosomal border [46]. ATP dependent translocation of SWI/
SNF and RSC on DNA and nucleosomal templates produces DNA loops and nucleosome
remodeling by RSC was shown to produce a remodeled intermediate containing internal DNA
loops [47].

Nucleosomal translocation and its step-size depend on the size of the DNA loop, a parame‐
ter that depends on the nature of the remodeling enzyme. Single molecule studies with the
remodeling complex ACF suggested an initial step size of 7 bp and subsequent steps of 3-4
bp [48], whereas RSC was shown to exhibit a step size of 2 bp [49]. Within a strong nucleo‐
somal positioning sequence both recombinant Drosophila Mi-2 and native RSC from yeast
repositioned the nucleosome at 10 bp intervals, which are intrinsic to the positioning sequence.
Furthermore, RSC-catalysed nucleosome translocation was noticeably more efficient when
beyond the influence of this sequence. Interestingly, under limiting ATP conditions RSC
preferred to position the nucleosome with 20 bp intervals within the positioning sequence,
suggesting that native RSC preferentially translocates nucleosomes with 15 to 25 bp DNA
steps [38]. Lately, it was proposed that loops do not freely diffuse about the exterior of the
nucleosome  but  rather  feed  through  specific  restriction  points  by  threading  past  fixed
constrictions [47].

4. Targeting remodelers: Signals

One of the enigmas is the cellular requirement for 53 types of remodeling enzymes in humans
that are capable to form hundreds to thousands of different remodeling complexes [6]. Such
high numbers already suggest specialized functions for individual complexes and that
remodeling enzymes mobilize nucleosomes in a specific manner. Many chromatin remodelers
bind to DNA and nucleosomes in a sequence independent manner in vitro, albeit they exhibit
complex specific features in nucleosome positioning and many of the complex subunits
recognize specific chromatin features, targeting the complexes to defined genomic regions in
vivo. The redundancy of enzymes and remodeling complexes suggest that they establish local
and context specific chromatin structures and thereby regulate the DNA dependent processes.
This chapter addresses the known and potential targeting mechanisms via DNA binding
factors, the recognition of local chromatin features via functional RNA molecules and the
impact of sequence context on the local chromatin structures (Fig. 2).

4.1. Direct chromatin targets

4.1.1. DNA and RNA sequence/structure

Mechanistical analysis of the nucleosome remodeling process revealed that binding of a
remodeling complex to a mononucleosomal substrate results in a specific and ATP-dependent
repositioning of the nucleosome on the DNA [50,51]. An in vitro study compared 7 different
remodelers on different nucleosomal templates [6]. It appeared that each enzyme placed the
nucleosomes at distinct positions and that even the same remodeling enzyme present in a
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different complexes with various non-catalytic subunits, changed the outcome of the remod‐
eling reaction (Fig. 3). Additionally, recent genome-wide studies compared 4 different
remodeling complexes and similarly, it was observed that each remodeler exhibits a unique
set of genomic targets correlating with distinct chromatin signatures [52]. Thus, these data
suggest that the remodelers are capable to recognize the underlying DNA sequence/structure
and accordingly establish specific chromatin structures.

The remodeling complexes contain DNA-binding motifs that are present in the catalytic
or/and in accessory subunits (Fig. 1). For example, catalytic subunit Snf2H contains a SANT-
SLIDE domain and in addition the WAC and AT hook motifs in the Acf1 and Tip5 proteins [4,
53-57]. These modules allow the specific recognition of DNA sequences and determine the
outcome of a remodeling reaction, as it was shown by exchanging such domains between
remodeling enzymes [38,58-60]. Nucleosome positioning is most probably affected by the

Figure 2. Targeting signals for chromatin remodeling complexes.
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different binding affinities of those motifs to the non-remodeled and remodeled substrates and
the sequence dependent flexibility and stability of the particle, impacting the final outcome of
the reaction. The role of specific DNA sequences in nucleosome positioning was shown for the
ISWI-containing complex ACF, which positions a nucleosome relative to an intrinsically
curved DNA sequence element [6].

Not only individual positions, but also internucleosomal distances depend on the DNA
binding domains of the enzymes. ACF interacts with linker DNA and is capable to sense its
length [61]. This structural element appears to play a key role in the positioning of nucleosomes
in regular arrays, as the remodeler-induced mobility of the nucleosome is biased towards the
longer flanking DNA [62]. Similarly, the Chd1 remodeler was described to sense the length of
linker DNA [63].

Moreover, unusual DNA structures like quadruplexes could represent specific targeting
signals. ATRX recognises G-rich repeat sequences, which are prevalent in telomeres [64]. These
repeat sequences likely to form G-quadruplex (G4) structures, and ATRX preferentially binds
to such a G4 structure in vitro. Such alternative DNA structures are believed to destabilize the
genome and it is enticing to think that ATRX is responsible for stabilizing G-rich regions of
the genome by remodeling G4 DNA and incorporating H3.3-containing nucleosomes [64].

Methylated CpG islands in the DNA were shown to be recognized by MBD (methyl-binding
domain) domains, so it can serve as a targeting signal for particular remodelers. For example,
MBD2 recruits the NuRD complex to methylated promoters [65]. The related TAM domain
(MBD-like) in Tip5, the noncatalytic subunit of the NoRC complex, does not recognise

Figure 3. Bandshift assay showing that the chromatin remodelers position nucleosomes in a DNA sequence-specific
manner. The 350 bp DNA, containing the hsp70 promoter sequence, was assembled into the nucleomes via salt dialy‐
sis. Five different single-nucleosomes were observed in the bandshift assay (mapped as N1, N2, N3, N4 and N4’) and
this was used as a substrate for seven recombinant chromatin remodelers (lane 1). Brg1, Chd1, ISWI, Snf2H, Mi-2, ACF
and NURF in the presence of ATP repositioned nucleosomes in a remodeler-specific manner (lanes 2-8) [6].
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methylated DNA, but binds to the pRNA (promoter RNA). The pRNA is folded into the
hairpin-like structure which is bound by NoRC and participates in the recruitment NoRC to
the rRNA gene promoter region [56,66-68].

4.1.2. Histone modifications

The histone code hypothesis suggests that individual covalent modifications of histones or
combinations of these modifications are recognized by specific readers which determine
downstream events [3]. Chromatin remodeling complexes contain histone code reader
domains, allowing the targeting to specifically modified chromatin domains and thereby
enabling the establishment of a remodeler dependent nucleosomal positioning landscape.

The SWI/SNF type of remodelers contain bromodomains, interacting specifically with
acetylated lysines on the histone tails [69]. Acetylation of the histone H3 N-terminal tail
facilitated the recruitment and nucleosome mobilization by SWI/SNF and RSC. Tetra-acety‐
lated H3 tails, but not tetra-acetylated H4 tails, increased the affinity of RSC and SWI/SNF for
nucleosomes, which is dependent on the SWI/SNF bromodomain, but is not further enhanced
by additional bromodomains present in RSC [70]. By contrast, the SANT domain of the ISWI
type of remodelers is known to interact with unmodified histone tails. The H4 tail has been
shown to play a decisive role in ISWI remodeling, in that both, the complete removal of the
H4 tail [71,72] and its site-specific acetylation suppress the remodeling action of ISWI [73].
Human Chd1 protein interacts with H3K4me2/3 via its double chromodomains, which fold
into a functional unit. On the other hand, nucleosomal H3K4 methylation reduces the affinity
of the NuRD complex for H3 tail binding. It was shown that the second PHD finger of Chd4
preferentially interacts with unmodified H3K4 and H3K9me3 [74,75]. Full-length NURF301
the large subunit of the ISWI containing NURF complex contains a C-terminal bromodomain
and a juxtaposed PHD finger that bind H3K4me3 and H4K16Ac, respectively. However, a
NURF301 isoform lacking these C-terminal domains is also detected in cells, suggesting that
alternative splicing can change targeting signals and localisation of the complexes within the
genome. It was concluded, that the specific recognition of the posttranslational marks by NURF
is important for the regulation of primary spermatocyte differentiation in Drosophila [76].

4.1.3. Histone variants

Non-canonical histone variants differ from the canonical histones at the level of their primary
sequence, which can range from a few amino acid changes to large domains. These variants show
distinct regulatory mechanisms for their expression and deposition, resulting in the establish‐
ment of chromatin domains with specific properties. The exchange of canonical histones for the
variant ones is an active process, requiring the activity of remodeling enzymes and the action of
RNA and DNA polymerases that actively displace the histones from DNA [77].

Analyzing the dynamic changes in the composition of histone variants in nuclear-transferred
embryos revealed that the donor cell-derived histone H3 variants H3.1, H3.2, and H3.3, as well
as H2A and H2A.Z, were rapidly eliminated from the chromatin of nuclei transplanted into
enucleated oocytes. In parallel to this removal, oocyte-stored histone H3 variants and H2A.X
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were incorporated into the transplanted nuclei, while the incorporation of H2A and H2A.Z
was minimal or not detected. The incorporation of these variant histones was independent of
DNA replication suggesting an active process depending on the remodeling complexes [78].

An ATRX (α-thalassemia X-linked mental retardation protein) – Daxx (death domain associ‐
ated protein) complex can effectively assemble H3.3-containing nucleosomes in murine
embryonic stem cells. It was shown that ATRX recruits Daxx to telomeres, and both complex
subunits are required for H3.3 deposition at telomeric chromatin [79]. Chd1 in Drosophila
embryos is required for the incorporation of the H3.3 variant into the male pronucleus,
enabling the paternal genome to participate in zygotic mitosis [80]. The exchange of H2A.Z
for H2A by the yeast SWR1 complex is in mechanistical terms the best described model system.
H2A.Z replacement studied in vitro occurs in a stepwise and unidirectional fashion, exchang‐
ing one H2A.Z-H2B dimer at a time. Thereby heterotypic nucleosomes, containing one H2A.Z
and one H2A molecule are established as intermediates and the homotypic H2A.Z nucleo‐
somes as end products are generated in a second exchange step. The ATPase activity of SWR1
is specifically stimulated by H2A-containing nucleosomes without active displacement of
histone H2A. Remarkably, the addition of free H2A.Z-H2B dimers results in a further stimu‐
lation of its ATPase activity and the combined eviction of nucleosomal H2A-H2B and depo‐
sition of H2A.Z-H2B. These results suggest that the combination of H2A-containing
nucleosome and the presence of free H2A.Z-H2B dimer act as effector and substrate for SWR1
to govern the specificity and outcome of the replacement reaction [81]. Chromatin remodeling
enzymes are also involved in the modification and dynamics of the histone variant H2A.X,
which is phosphorylated upon DNA damage and repair. The WICH (WSTF-Snf2H) chromatin
remodeling complex exhibits a novel kinase domain capable to phosphorylate Y142 on H2A.X.
Both proteins, WSTF and Snf2H were also shown to bind to H2A.X in co-immunoprecipitation
experiments [82]. In addition, it was recently shown that the activity of the Lsh remodeling
enzyme is necessary for the efficient phosphorylation of H2A.X at DNA double-strand breaks
and the successful repair of DNA damage [83].

4.2. Indirect chromatin targets

4.2.1. Sequence specific DNA binding proteins

The DNA-sequence dependent recruitment of remodelers is not necessarily mediated by the
remodeling complex subunits themselves but can also occur via transient interactions with
other sequence specific DNA binding proteins. For example, the NuRD complex is recruited
to the various promoters of the target genes via interaction with several transcription factors
and co-regulators such as NAB2, Ikaros, FOG1, BCL11B and several other factors described
by Brehm and colleagues [26]. Genome wide expression, genetic and biochemical analysis
established that TramTrack69, MEP1, and the Drosophila remodeling enzyme Mi-2 cooperate
to control transcription levels of target genes [84]. It was also shown that Mi-2 binds to SUMO
and to SUMO-ylated proteins giving rise to the hypothesis that this is a common signal for the
Mi-2 recruitment. Similarly, Brg1 containing complexes are targeted via Sox10 to two key target
genes in the Schwann cells [85]. Recruitment of SWI/SNF to the target genes of ERα requires
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the nuclear receptor co-activator protein Flightless-I, which then directly binds to both, the ER
and the BAF53 subunit of the SWI/SNF complex [86]. The ISWI subfamily containing remod‐
eling complex NoRC is directly recruited to the rRNA gene by the transcription factor TTF-I,
inducing gene silencing and heterochromatin formation [56].

4.2.2. Poly(ADP-ribose) polymer

Several studies demonstrated the targeting of Chd4 to sites of DNA double strand breaks in a
PARP dependent manner [87]. The enzyme was shown to bind to the poly(ADP-ribose)
polymer in vitro. Also ALC1 binds to PAR via its macrodomain and is recruited to sites of DNA
damage [88].

5. Targeting remodelers: Search mechanism

The human genome is packaged into some 30 millions of nuclesosomes that have to be
organized into functional chromatin domains with specific local structures. In order to identify
target sites or to detect nucleosomes that have to be repositioned, the remodeling complexes
have to detect such sites in chromatin very quickly. Potential genome screening mechanisms
by the remodelers are discussed in this chapter.

5.1. Release/termination model

In the seventies, JJ Hopfield introduced the kinetic proofreading mechanism for reducing
errors in biological systems. He used Michaelis Menten kinetics to explain how enzymes
discriminate between different substrates [89]. A similar kinetic proofreading mechanism can
be used to describe the action of remodelers, where “good” substrates are characterized by a
high affinity of the remodeler for the nucleosome substrate (low value of Michaelis-Menten
constant KM) and a high catalytic conversion rate kcat, efficiently moving the nucleosome to the
end position of the translocation reaction. Thus, the kcat/KM ratio is high as expected for an
efficient catalytic process. The opposite would be true for “bad” nucleosomal substrates, i. e.
having a low kcat/KM ratio. According to this model, remodeler bind to “good” substrates and
move them as long, as they are converted to “bad” substrates, exhibiting a lower affinity for
the remodeler. The remodelers are released from the low affinity substrates, a mechanism
termed “release model” (Fig. 4). In an alternative ’’arrest model”, all nucleosomal substrates
are recognized with similar affinities, but remodeler has a slow translocation rate on a ’’bad’’
substrate. In vitro binding assays showed that the Chd1 and ACF complexes were bound with
lower afiinity to the nucleosomes at positions that reflected the end points of the remodeling
reaction, suggesting that those enzymes function according to the release model (Fig. 4) [6].

5.2. The continuous sampling mechanism

Many proteins in the nucleus, including several remodelers are highly mobile as revealed by
fluorescence recovery after photobleaching (FRAP) experiments. For proteins that do not
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the nuclear receptor co-activator protein Flightless-I, which then directly binds to both, the ER
and the BAF53 subunit of the SWI/SNF complex [86]. The ISWI subfamily containing remod‐
eling complex NoRC is directly recruited to the rRNA gene by the transcription factor TTF-I,
inducing gene silencing and heterochromatin formation [56].
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polymer in vitro. Also ALC1 binds to PAR via its macrodomain and is recruited to sites of DNA
damage [88].
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have to detect such sites in chromatin very quickly. Potential genome screening mechanisms
by the remodelers are discussed in this chapter.

5.1. Release/termination model

In the seventies, JJ Hopfield introduced the kinetic proofreading mechanism for reducing
errors in biological systems. He used Michaelis Menten kinetics to explain how enzymes
discriminate between different substrates [89]. A similar kinetic proofreading mechanism can
be used to describe the action of remodelers, where “good” substrates are characterized by a
high affinity of the remodeler for the nucleosome substrate (low value of Michaelis-Menten
constant KM) and a high catalytic conversion rate kcat, efficiently moving the nucleosome to the
end position of the translocation reaction. Thus, the kcat/KM ratio is high as expected for an
efficient catalytic process. The opposite would be true for “bad” nucleosomal substrates, i. e.
having a low kcat/KM ratio. According to this model, remodeler bind to “good” substrates and
move them as long, as they are converted to “bad” substrates, exhibiting a lower affinity for
the remodeler. The remodelers are released from the low affinity substrates, a mechanism
termed “release model” (Fig. 4). In an alternative ’’arrest model”, all nucleosomal substrates
are recognized with similar affinities, but remodeler has a slow translocation rate on a ’’bad’’
substrate. In vitro binding assays showed that the Chd1 and ACF complexes were bound with
lower afiinity to the nucleosomes at positions that reflected the end points of the remodeling
reaction, suggesting that those enzymes function according to the release model (Fig. 4) [6].

5.2. The continuous sampling mechanism

Many proteins in the nucleus, including several remodelers are highly mobile as revealed by
fluorescence recovery after photobleaching (FRAP) experiments. For proteins that do not
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interact with any cellular structures, FRAP kinetics are a direct reflection of their translational
motion properties. In contrast, proteins that bind to immobile structures such as chromatin,
exhibit a slower overall mobility. The mobility of ISWI family remodelers Snf2H, Snf2L and
Snf2L+13 (an ATPase inactive variant of the Snf2L) was studied in living U2OS cells. During
G1/2 phase only 1-4% of the enzymes were immobilized [90], whereas the rest could be fitted
by the free-diffusion model, suggesting only transient binding events. Additionally, chip-seq
experiments with remodeling enzymes support the transient binding events. These experi‐
ments revealed that the localization pattern of wild-type Isw2p did not correlate with known
sites of Isw2 function in vivo. In contrast, the catalytically inactive Isw2p–K215R was prefer‐
entially enriched at the known Isw2 target sites. This suggests, that in the absence of ATP
hydrolysis the target sites remain high affinity binding sites, whereas the ATPase active
enzyme does not bind to the remodeled nucleosomes [91]. These results indicate a continuous
sampling mechanism (Fig. 5), by which the remodeler continuously screens the genomic
nucleosomes for “good” substrates, converting them into the “bad” ones. Most of the binding

Figure 4. Model describing the affinity of remodelers to nucleosomes at different positions on the DNA. A) In the re‐
lease model, the remodeling complex has a weaker binding affinity to the end-positioned nucleosome in comparison
to any other nucleosome. In the arrest model, the remodeler binds all nucleosomes with similar affinity, but the trans‐
location rate constant is much slower on a nucleosome present in the final position. B) Chd1 positions nucleosomes
according to the release mechanism. Nucleosome position-dependent differences in the affinity of the remodeling
complexes to the nucleosomal substrate were analyzed by bandshift assays. Remodeling reaction of Chd1 on mono‐
nucleosomal substrates reconstituted on a 350 bp DNA fragment containing hsp70 promoter region. Chd1 positions
nulceosomes to the N3 and N2 positions. C) Binding reaction of Chd1 to the nucleosomes. The position of the DNA–
Chd1 (D/C) and the nucleosome–Chd1 (N/C) complexes are indicated. The position of the N3 nucleosome is shown by
a black box. Nucleosomes positioned at this site are bound by Chd1 with the lowest affinity. This position is at the
same time the preferred endpoint of the remodeling reaction [6].
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events seem to be unproductive, meaning that the remodeling reaction does not occur. From
the experimentally determined relatively high remodeling enzyme concentrations (in the
range of μM) and short chromatin bound residence times around 100 ms, average sampling
times of tens of seconds to minutes were calculated for Snf2H containing remodelers to probe
99% of all genomic nucleosomes. Thus, a combination of high remodeler concentrations, short
residence times in the chromatin bound state and fast 3D diffusive translocations in the
intervening periods appears to be an efficient mechanism to keep nucleosomes in place [90,92].

Figure 5. Genome-wide search for nucleosomal targets by remodeling enzymes. A) Continuous sampling mechanism.
It is a diffusion-driven, rapid sampling of nonspecific sites with the remodeling enzymes binding only transiently to the
nucleosomes. Most binding events are non-productive, as the nucleosomes are well positioned. B) Immobilization
mechanism. Remodelers are recruited to the particular sites where they change nucleosomal positions. Targeting is
achieved upon recognition of specific signals like histone modifications, chromatin-associated proteins, structural fea‐
tures of the chromatin environment or even by small molecules such as hormones.

5.3. Immobilization

In parallel with the continuous sampling mechanism, remodeling complexes are engaged by
specific recruitment or immobilization at specific target sites. The respective mechanisms are
described in chapter 4. For example, when cells were treated with dexamethasone, BRG1 and
BRM were concentrated in a single spot in the nucleus, as revealed by immunofluorescence. The
site coincided with the multimerized MMTV DNA and RNA FISH signals, showing that the
enzymes are recruited to the MMTV array in a hormone-dependent manner. In this case the
recruitment of the SWI/SNF machine results in the maintenance of an active chromatin struc‐
ture that is compatible with transcription [93]. In other cases, like the nucleolar remodeling
complex NoRC recruitment to the rRNA genes, continuous targeting results in gene repres‐
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sion via changes of the promoter nucleosome positioning that are incompatible with transcrip‐
tion initiation factor binding and further leads to the heterochromatin formation [20,94].

5.4. Nuclear dynamics of chromatin remodeling enzymes

Cells express a plethora of different remodeling complexes that act simultaneously on the
cellular chromatin. The remodeler complexes diffuse freely through the nucleus, searching for
“good” nucleosomes. “Good” nucleosomal substrates for the one machine may represent
“bad” substrates for the other machine, suggesting that an active, free diffusing pool of
remodeling complexes continuously changes the local chromatin structure. Upon specific
signals individual machines are recruited to the specific sites to establish local chromatin
structures correlating with a persistent activation or repression of certain DNA dependent
processes. We hypothesize that the mixture of remodeling complexes in the cell, with their
complex-specific remodeling patterns would continuously changes local chromatin structures,
depending on complex that is currently recruited to such sites. Overall the action of the diverse
remodeling complexes suggests that chromatin is continuously switching local nucleosome
positions according to the levels, activity and set of remodeling complexes in a given cell [95].

6. Regulation of remodeler activity

As mentioned above, the individual accessory proteins of the remodeling complexes contain
a diverse set of histones, DNA and nucleosome recognition motifs and these proteins change
the outcome of nucleosome remodeling reactions. Accordingly, these proteins significantly
determine the targeting to genomic regions and the qualitative outcome of a remodeling
reaction. In this chapter, we want to focus on the regulation of the overall activity of remodeling
enzymes by metabolites and modifications. Subunits of chromatin remodeling complexes
often contain domains capable of recognizing specific posttranslational modifications on
histone tails. However, significantly less is known about the functions of posttranslational
modifications on remodeling complexes themselves and our understanding of its role is only
beginning to emerge.

Phosphorylation. The first example of phosphoregulation of a remodeler was the mitotic
phosphorylation of human SWI/SNF, which inhibits remodeling activity, with subsequent
dephosphorylation by hPP2A restoring remodeling activity. It was suggested that the phos‐
phorylated form would promote global repression of chromatin remodeling during mitosis
[96]. In Drosophila, Mi-2 undergoes constitutive phosphorylation at N-terminus and CK2 was
identified as a major kinase. Dephosphorylated Mi-2 displays increased affinity for the
nucleosomal substrate, which in turn leads to an increased nucleosome-stimulated ATPase
and remodeling activity. It was even postulated that it might be a common regulatory
mechanism for CHD family remodelers [97]. Whether and how the phosphorylation alters the
biochemical activity of INO80 is not known, but upon exposure to DNA damage, it was found
that yeast INO80 complex is phosphorylated on the Les4 subunit in a Mec1/Tel1-dependent
manner [98].
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Acetylation. The acetyltransferase MOF acetylates TIP5, the largest subunit of NoRC, at
position K633, adjacent to the TIP5 RNA-binding domain, and that the NAD(+)-dependent
deacetylase SIRT1 removes the acetyl group. Acetylation regulates the interaction of NoRC
with pRNA, which in turn affects heterochromatin formation, nucleosome positioning and
rDNA silencing. Significantly, NoRC acetylation is responsive to the intracellular energy status
and fluctuates during S-phase. Activation of SIRT1 on glucose deprivation leads to deacety‐
lation of K633, enhanced pRNA binding and an increase in heterochromatic histone marks [99].
The acetylation of yeast Rsc4 does not significantly affect RSC catalytic activity or its ability to
recognize acetylated nucleosomes, but K25 acetylation mark plays a key role in resistance to
DNA damage, in a manner that appears to be regulated by its interaction with bromodomain
1. Moreover, Rsc4 acetylation acts in parallel with the INO80-remodeling complex to promote
S-phase progression in cells subject to replication stress [100]. Drosophila ISWI is acetylated at
position K753 in vivo and in vitro by the histone acetyltransferase GCN5. The acetylated form
of ISWI represents a minor species presumably associated with the nucleosome remodeling
factor NURF and may contribute during metaphase chromosome condensation [101]. Human
Brm was shown to be acetylated at multiple locations, but two sites, clustered in the C-terminal
region, appear to play a central role in the regulation. Mutation of these sites into non-
acetylatable versions creates a Brm protein with increased activity in terms of inhibition of
colony formation and transcriptional activation [102].

PARylation. In Drosophila, ISWI is poly-ADP-ribosylated (PARylated) by the enzyme PARP.
PARylated ISWI binds weaker to the nucleosomes and DNA and displays weak nucleosome-
stimulated ATPase activity. Moreover, the amount of ISWI bound to chromatin is affected by
PARP activity, suggesting that PARP and ISWI might compete for common chromatin target
sites and antagonize on chromosome condensation [103]. A different scenario is reported in
the nucleolus of human embryonic kidney cell line, where PARP1/ARTD1-mediated paryla‐
tion of TIP5, a noncatalytic subunit of NoRC complex, promotes the silencing of rDNA
chromatin during replication. It is reported that upon of pRNA binding TIP5 undergoes

Figure 6. Different regulation possibilities of remodeler activity.
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conformational change [67] which might favour the association of PARP1 and subsequently
Tip5 is parylated. It was postulated that PARP1 enzymatic activity facilitates formation of silent
rDNA chromatin and transcriptional silencing [104].

7. Conclusion

Global chromatin structure is a result of the combination of chromatin remodelers present in
the cell. The ability to form various complexes with different activities and the concentration
of the remodelers influences the nucleosomal positions genome-wide. Much data have been
accumulated from in vitro experiments addressing the mechanistical questions of chromatin
remodelers, but the recent studies have begun to reveal how these proteins find their place of
action in the cell. From our current knowledge it seems that the local chromatin structures
undergo a continuous change due to a continuous and random binding of different remodeling
complexes. A large fraction of the remodeling complexes diffuse freely through the nucleus
and act on nucleosomal substrates. In addition, the specific cellular signals are responsible for
the fast recruitment of the individual machines to the specialized DNA sites correlating with
a persistent activation or repression of particular DNA dependent processes, establishing
persistent changes in chromatin structure.
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1. Introduction

Post-translational modifications implicate attachment of diverse molecules to proteins after
translation. These modifications are essential for many biological processes as they are
involved in their regulation. From relatively simple molecules to small polypetides are
common covalent modifiers of proteins. Sumoylation consists in the post-translational
modification of proteins by attachment of the small polypeptide SUMO (small ubiquitin-like
modifier). This post-translational modification was identified two decades ago and has been
very actively investigated to date. Sumoylation has consequences on protein structure and
regulation. This modification controls many processes in the eukaryotic cell and is essential
for viability of all the organisms studied so far.

From the discovery of ubiquitin in 1975, a number of ubiquitin-like proteins (UBLs) have been
identified in eukaryotes and it has been shown that many of them are able to covalently attach
to other proteins (reviewed in [1]). Several aspects are common to most UBLs: they are small
polypeptides (less than 200 amino acids) capable of attaching to other macromolecules in a
covalent way, present common structural features and use similar modification pathways.
These characteristics strongly support duplication and diversification during evolution as the
origin of the different pathways. Ubiquitin and UBLs are characterized by the presence of the
ß-grasp fold, which also appears in ubiquitin-like domains of several other proteins of the
ubiquitin system and in numerous non-related proteins (reviewed in [2]). The ß-grasp fold
seems to have emerged in prokaryotes as a translation-related RNA-binding module, which
diversified structurally and biochemically before to dramatically expand in eukaryotes [2].
Besides ubiquitin and SUMO, examples of UBLs are NEDD8, FUBI, FAT10, ISG15, UFM1,
Atg8, Atg12 and Urm1 (reviewed in [1]).

The first report of a protein being modified by SUMO occurred in the nineties and concerned
the mammalian nuclear pore-associated GTPase activating protein RanGAP1 [3, 4]. Subse‐
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quently, more than a hundred proteins have been identified as SUMO substrates. Although
similarities with ubiquitin are notable [5], SUMO plays many regulatory functions in the cell
that significantly differ from the major role displayed by ubiquitin: labeling proteins to target
them for proteasomal degradation [6]. A variety of consequences derived from protein
sumoylation (new interaction surfaces, modulation of protein affinity and binding capacities
to other molecules, modulation of protein activity, blocking of protein domains, steric
hindrance, crosstalk or interference with other post-translational modifications) account for
the many roles attributed to SUMO (reviewed in [7]). A major role of SUMO is associated with
RanGAP1 and thereby with the nuclear pore complex. Thus, involvement of SUMO in nucleo-
cytoplasmic transport of proteins has been well established [8]. SUMO has been also implicated
in chromosome dynamics in mitosis and meiosis (condensation, cohesion, separation) and
genome integrity, as many proteins involved in DNA replication, repair and recombination
are modulated by SUMO modification (reviewed in [7]). Other roles attributed to SUMO are
related to enzyme regulation, protein stability and cellular structure (reviewed in [9, 10]).
However, the most prominent function of SUMO concerns transcriptional regulation, and
specially transcription repression (reviewed in [11, 12]). The role of SUMO in transcription, in
the context of chromatin structure and dynamics, is analyzed in this chapter.

2. The modification pathway

2.1. Enzymes involved

Modification by SUMO involves the ATP-dependent activation of mature SUMO (C terminus
of SUMO needs to be excised by proteolysis) by the E1 enzyme, transfer to the E2 enzyme
UBC9 and conjugation to the target protein, often mediated by a SUMO ligase or E3 (Figure
1 and Table 1) (reviewed in [9]). Maturation of the SUMO precursor, as well as removal of
SUMO from targets is displayed by SUMO specific proteases.

Figure 1. The sumoylation pathway. Cleavage of the SUMO C terminus enables ATP-mediated activation and binding
to the E1 enzyme to be transferred to the E2 conjugating enzyme UBC9, which mediates target modification with the
concourse of an E3 SUMO ligase. Recycling of SUMO is performed by the same proteases involved in maturation.

SUMO E1 activity is performed by the SAE1/UBA2 heterodimer in human, in contrast to the
ubiquitination pathway where the E1 activity is displayed by a monomeric enzyme. However,
the SAE1 subunit is homologous to the N-terminal part of ubiquitin E1, while the UBA2 subunit
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is homologous to its C terminus [13]. Both monomers work together and are not found
separately [14]. E1 activation of mature SUMO involves ATP hydrolysis and formation of a
thiolester bond between E1 and the C terminus of SUMO before being transferred to the E2.
While several E2 have been described for ubiquitination, UBC9 is the only E2 known for
sumoylation [15, 16]. Thus, UBC9 is the conjugating enzyme directly involved in attachment
of SUMO to the different substrates. This second step of the sumoylation reaction involves the
formation of a thiolester bond between SUMO and UBC9 upon transfer from the E1. The region
surrounding the active site cysteine (C93 in mammals) in UBC9 is able to directly interact with
sumoylation consensus sequence (see below) in target proteins [17-19].

Enzyme Protein Activity References

E1 (activating) AOS1/UBA2 ATP-mediated activation of SUMO [13]

E2 (conjugating) UBC9 SUMO conjugation to target [15, 16]

E3 (ligase) PIAS1-4 Facilitates transfer to target [20, 21]

RanBP2 [22]

Polycomb-2 (Pc2) [23]

TOPORS [24]

Class IIa HDACs [25]

KAP-1 [26]

RHES [27]

Krox20 [28]

protease SENP1-3, 5-7 Maturation/recycling [29-31]

DeSI-1 [32]

Table 1. Enzymes involved in SUMO conjugation.

SUMO ligases are involved in facilitating the SUMO attachment to substrates (reviewed in
[33]). To date, few ligases have been described for sumoylation, in contrast to ubiquitination,
where lots of them are known to play an essential role and mediate substrate specificity. In
fact, SUMO ligases were undervalued at the beginning, since certain substrates are sumoylated
in vitro, provided that E1 and E2 are present at the adequate concentrations. Since UBC9 is
able to directly interact with sumoylation consensus sequence in substrates, it is able to render
sumoylation in the absence of a ligase. However, a number of proteins, which augmented the
efficiency of SUMO conjugation, were identified. The list of SUMO ligases progressively
increases and essential roles for these have been described in vivo (see [34]). Although
mechanisms of action of SUMO ligases have not been completely elucidated, it is obvious that
many ligases facilitate transfer of SUMO by bringing together SUMO-loaded UBC9 and the
target protein. Thus, similar to the RING domain-containing E3 ligases involved in ubiquiti‐
nation, SUMO ligases do not establish a covalent bond with SUMO. In this context, a SUMO
ligase should normally i) interact with the substrate, ii) interact with UBC9, iii) facilitate SUMO
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thiolester bond between E1 and the C terminus of SUMO before being transferred to the E2.
While several E2 have been described for ubiquitination, UBC9 is the only E2 known for
sumoylation [15, 16]. Thus, UBC9 is the conjugating enzyme directly involved in attachment
of SUMO to the different substrates. This second step of the sumoylation reaction involves the
formation of a thiolester bond between SUMO and UBC9 upon transfer from the E1. The region
surrounding the active site cysteine (C93 in mammals) in UBC9 is able to directly interact with
sumoylation consensus sequence (see below) in target proteins [17-19].

Enzyme Protein Activity References

E1 (activating) AOS1/UBA2 ATP-mediated activation of SUMO [13]

E2 (conjugating) UBC9 SUMO conjugation to target [15, 16]

E3 (ligase) PIAS1-4 Facilitates transfer to target [20, 21]

RanBP2 [22]

Polycomb-2 (Pc2) [23]

TOPORS [24]

Class IIa HDACs [25]

KAP-1 [26]

RHES [27]

Krox20 [28]

protease SENP1-3, 5-7 Maturation/recycling [29-31]

DeSI-1 [32]

Table 1. Enzymes involved in SUMO conjugation.

SUMO ligases are involved in facilitating the SUMO attachment to substrates (reviewed in
[33]). To date, few ligases have been described for sumoylation, in contrast to ubiquitination,
where lots of them are known to play an essential role and mediate substrate specificity. In
fact, SUMO ligases were undervalued at the beginning, since certain substrates are sumoylated
in vitro, provided that E1 and E2 are present at the adequate concentrations. Since UBC9 is
able to directly interact with sumoylation consensus sequence in substrates, it is able to render
sumoylation in the absence of a ligase. However, a number of proteins, which augmented the
efficiency of SUMO conjugation, were identified. The list of SUMO ligases progressively
increases and essential roles for these have been described in vivo (see [34]). Although
mechanisms of action of SUMO ligases have not been completely elucidated, it is obvious that
many ligases facilitate transfer of SUMO by bringing together SUMO-loaded UBC9 and the
target protein. Thus, similar to the RING domain-containing E3 ligases involved in ubiquiti‐
nation, SUMO ligases do not establish a covalent bond with SUMO. In this context, a SUMO
ligase should normally i) interact with the substrate, ii) interact with UBC9, iii) facilitate SUMO
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transfer to the substrate. Ligases of the PIAS family (PIAS1 to 4) have been extensively studied
[35]. They present a type of RING finger domain, the SP-RING (Siz/PIAS RING), for UBC9
interaction, although Ubc9 binding to a PHD domain in plant PIAS proteins has been also
described [36]. Other SUMO ligases described so far are RanBP2 [22], the Polycomb-2 (Pc2)
protein [23], class IIa histone deacetylases (HDACs) [25], topoisomerase I-binding RING finger
protein (TOPORS) [24], the PHD containing protein KAP-1 [26], Ras homologue enriched in
striatum (RHES) [27] and the transcription factor Krox20 [28]. In contrast to most ubiquitin
ligases, SUMO ligases may display significant promiscuity, as many of them enhance sumoy‐
lation of a variety of substrates.

SUMO proteases are involved in maturation of the SUMO precursor by exposing two glycine
residues at the C terminus for binding to E1 [37]. In addition, they are also involved in SUMO
recycling by excising the SUMO moiety from substrates. Yeast Ulp1p was the first SUMO
protease identified [29]. Sequence analysis revealed that it corresponded to a protease of the
C48 cysteine group, not related to deubiquitylating enzymes but similar to adenovirus
proteases. Mammalian SUMO proteases are represented by the SENP (sentrin-specific
protease) family. It comprises six members, SENP1 to 3, and SENP5 to 7 [38]. A seventh
member, initially identified as SENP4, resulted to actually correspond to SENP3. Besides
SENP1 to 7, an additional family member has been reported, SENP8. However, this protease
does not act on SUMO, but on another UBL, NEDD8 [39, 40]. Very recently, a new type of
SUMO protease has been described, the desumoylating isopeptidase 1 (DeSI-1) [32]. The
different SUMO proteases show diverse cellular localization and different specificities for the
various SUMO molecules and substrates (reviewed in [38]).

2.2. SUMO molecules

Four different SUMO molecules have been described in mammals: SUMO1 to 4. SUMO1 has
been implicated in regulation of many processes, while SUMO2 and SUMO3 are highly related
with the response to stress. Consequently, a significant pool of free SUMO2 and SUMO3 is
detected in the cell, which is rapidly mobilized after exposure to a variety of stress conditions.
In contrast, most of SUMO1 appears conjugated to proteins [41]. SUMO2 and SUMO3 are
usually referred as SUMO2/3, as they share 97% identity and antibodies hardly differentiate
the two forms. By contrast, SUMO1 only shares about 50% identity with SUMO2/3. Despite
the low similarity showed between ubiquitin and SUMO (about 18% identity with SUMO1),
structurally they are quite similar, excepting the N-terminal region of SUMO not present in
ubiquitin [42]. A remarkable difference between SUMO1 and SUMO2/3 is the ability of this
last to form poly-SUMO chains in vitro as well as in vivo, due to the presence of a sumoylation
consensus sequence in the molecule [43]. SUMO4 is the last SUMO molecule identified. It
shows a restricted expression pattern [44] and several data bring into question its capacity to
be conjugated to proteins [45]. However, a polymorphism found in human SUMO4 correlates
with type 1 diabetes [46]. The different SUMO molecules share a common modification
pathway and the existence of functional redundancy has been suggested. However, specific
modification by the different SUMO paralogs has been implicated in the regulation of a variety
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of processes. Thus, the modification pathway is able to differentially conjugate the various
SUMO molecules depending on the substrate or the regulatory process [47].

2.3. Sumoylation consensus motifs and SUMO interacting motifs

Covalent attachment of SUMO occurs through the ε-amino group of a lysine residue in target
proteins. In many cases the Lys (K) residue is the core of the consensus sequence ΨKxE, being
Ψ a large hydrophobic residue and x any amino acid. Extended consensus (phosphorylation-
dependent SUMO motif (PDSM) and negatively charged residues-dependent SUMO motif
(NDSM)) and variations have been described as well (Table 2) (reviewed in [34]). However,
sumoylation also occurs at non-consensus sequences. As mentioned above, the consensus
sequence is directly contacted by UBC9. Thus, it is possible that when sumoylation occurs at
non-consensus sequences, certain amino acid residues, otherwise dispersed in the primary
structure of the target protein, bring together in the three-dimensional structure to mimic a
consensus-like environment. It is worth noting that conversely, sumoylation consensus
sequences in a protein are not always substrate for SUMO attachment, indicating that addi‐
tional structural features regulate and enable modification by SUMO. Besides covalent
attachement of SUMO, many proteins can associate with SUMO in a different way involving
a non-covalent interaction (reviewed in [48]). This occurs through SUMO interacting motifs
(SIMs) in proteins. SIMs are usually characterized by the presence of a short hydrophobic
region surrounded by negatively charged residues (Table 2) [49]. The non-covalent interaction
of proteins with SUMO has been revealed essential in the regulation of several processes. In a
variety of cases function of the system relies in the combinatorial occurrence of sumoylation
sites and SIMs in a given protein or in different subunits of a complex, which determines its
macromolecular architecture (Figure 2 and see below). This situation is exemplified by the
promyelocytic leukaemia protein (PML), in which combination of sumoylation sites and SIMs
dictates the formation of PML nuclear bodies and the recruitment of additional proteins [48].

2.4. Regulation of sumoylation

Despite that certain SUMO targets appear constitutively sumoylated, it is obvious that
sumoylation, as a signaling pathway needs to be regulated. A striking feature of SUMO
modification consists in the so-called “SUMO enigma” [9]. It has been observed that many
SUMO targets are difficult to detect at the sumoylated state, but mutation of the acceptor lysine
has severe consequences in the process involved. In other words, at the steady state, only a
low proportion of the whole pool of a given target appears sumoylated, although sumoylation
results essential for function of the target. Thus, sumoylation has been suggested to be a highly
dynamic and transient modification that permanently marks targets for specific fates even
though the SUMO moiety has been removed [9]. This can be explained by viewing sumoylation
as a temporal facilitator for the establishment of protein interactions, other protein modifica‐
tions, or sub-cellular localization (Figure 2).

Sumoylation can be regulated at different levels (reviewed in [34, 50]). First level of regulation
in SUMO modification relies in the nature of target proteins, as target sequence, structural
features, and other protein modifications affect attachment of SUMO. The other way to
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transfer to the substrate. Ligases of the PIAS family (PIAS1 to 4) have been extensively studied
[35]. They present a type of RING finger domain, the SP-RING (Siz/PIAS RING), for UBC9
interaction, although Ubc9 binding to a PHD domain in plant PIAS proteins has been also
described [36]. Other SUMO ligases described so far are RanBP2 [22], the Polycomb-2 (Pc2)
protein [23], class IIa histone deacetylases (HDACs) [25], topoisomerase I-binding RING finger
protein (TOPORS) [24], the PHD containing protein KAP-1 [26], Ras homologue enriched in
striatum (RHES) [27] and the transcription factor Krox20 [28]. In contrast to most ubiquitin
ligases, SUMO ligases may display significant promiscuity, as many of them enhance sumoy‐
lation of a variety of substrates.

SUMO proteases are involved in maturation of the SUMO precursor by exposing two glycine
residues at the C terminus for binding to E1 [37]. In addition, they are also involved in SUMO
recycling by excising the SUMO moiety from substrates. Yeast Ulp1p was the first SUMO
protease identified [29]. Sequence analysis revealed that it corresponded to a protease of the
C48 cysteine group, not related to deubiquitylating enzymes but similar to adenovirus
proteases. Mammalian SUMO proteases are represented by the SENP (sentrin-specific
protease) family. It comprises six members, SENP1 to 3, and SENP5 to 7 [38]. A seventh
member, initially identified as SENP4, resulted to actually correspond to SENP3. Besides
SENP1 to 7, an additional family member has been reported, SENP8. However, this protease
does not act on SUMO, but on another UBL, NEDD8 [39, 40]. Very recently, a new type of
SUMO protease has been described, the desumoylating isopeptidase 1 (DeSI-1) [32]. The
different SUMO proteases show diverse cellular localization and different specificities for the
various SUMO molecules and substrates (reviewed in [38]).

2.2. SUMO molecules

Four different SUMO molecules have been described in mammals: SUMO1 to 4. SUMO1 has
been implicated in regulation of many processes, while SUMO2 and SUMO3 are highly related
with the response to stress. Consequently, a significant pool of free SUMO2 and SUMO3 is
detected in the cell, which is rapidly mobilized after exposure to a variety of stress conditions.
In contrast, most of SUMO1 appears conjugated to proteins [41]. SUMO2 and SUMO3 are
usually referred as SUMO2/3, as they share 97% identity and antibodies hardly differentiate
the two forms. By contrast, SUMO1 only shares about 50% identity with SUMO2/3. Despite
the low similarity showed between ubiquitin and SUMO (about 18% identity with SUMO1),
structurally they are quite similar, excepting the N-terminal region of SUMO not present in
ubiquitin [42]. A remarkable difference between SUMO1 and SUMO2/3 is the ability of this
last to form poly-SUMO chains in vitro as well as in vivo, due to the presence of a sumoylation
consensus sequence in the molecule [43]. SUMO4 is the last SUMO molecule identified. It
shows a restricted expression pattern [44] and several data bring into question its capacity to
be conjugated to proteins [45]. However, a polymorphism found in human SUMO4 correlates
with type 1 diabetes [46]. The different SUMO molecules share a common modification
pathway and the existence of functional redundancy has been suggested. However, specific
modification by the different SUMO paralogs has been implicated in the regulation of a variety
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of processes. Thus, the modification pathway is able to differentially conjugate the various
SUMO molecules depending on the substrate or the regulatory process [47].

2.3. Sumoylation consensus motifs and SUMO interacting motifs

Covalent attachment of SUMO occurs through the ε-amino group of a lysine residue in target
proteins. In many cases the Lys (K) residue is the core of the consensus sequence ΨKxE, being
Ψ a large hydrophobic residue and x any amino acid. Extended consensus (phosphorylation-
dependent SUMO motif (PDSM) and negatively charged residues-dependent SUMO motif
(NDSM)) and variations have been described as well (Table 2) (reviewed in [34]). However,
sumoylation also occurs at non-consensus sequences. As mentioned above, the consensus
sequence is directly contacted by UBC9. Thus, it is possible that when sumoylation occurs at
non-consensus sequences, certain amino acid residues, otherwise dispersed in the primary
structure of the target protein, bring together in the three-dimensional structure to mimic a
consensus-like environment. It is worth noting that conversely, sumoylation consensus
sequences in a protein are not always substrate for SUMO attachment, indicating that addi‐
tional structural features regulate and enable modification by SUMO. Besides covalent
attachement of SUMO, many proteins can associate with SUMO in a different way involving
a non-covalent interaction (reviewed in [48]). This occurs through SUMO interacting motifs
(SIMs) in proteins. SIMs are usually characterized by the presence of a short hydrophobic
region surrounded by negatively charged residues (Table 2) [49]. The non-covalent interaction
of proteins with SUMO has been revealed essential in the regulation of several processes. In a
variety of cases function of the system relies in the combinatorial occurrence of sumoylation
sites and SIMs in a given protein or in different subunits of a complex, which determines its
macromolecular architecture (Figure 2 and see below). This situation is exemplified by the
promyelocytic leukaemia protein (PML), in which combination of sumoylation sites and SIMs
dictates the formation of PML nuclear bodies and the recruitment of additional proteins [48].

2.4. Regulation of sumoylation

Despite that certain SUMO targets appear constitutively sumoylated, it is obvious that
sumoylation, as a signaling pathway needs to be regulated. A striking feature of SUMO
modification consists in the so-called “SUMO enigma” [9]. It has been observed that many
SUMO targets are difficult to detect at the sumoylated state, but mutation of the acceptor lysine
has severe consequences in the process involved. In other words, at the steady state, only a
low proportion of the whole pool of a given target appears sumoylated, although sumoylation
results essential for function of the target. Thus, sumoylation has been suggested to be a highly
dynamic and transient modification that permanently marks targets for specific fates even
though the SUMO moiety has been removed [9]. This can be explained by viewing sumoylation
as a temporal facilitator for the establishment of protein interactions, other protein modifica‐
tions, or sub-cellular localization (Figure 2).

Sumoylation can be regulated at different levels (reviewed in [34, 50]). First level of regulation
in SUMO modification relies in the nature of target proteins, as target sequence, structural
features, and other protein modifications affect attachment of SUMO. The other way to
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regulate sumoylation depends on the modification pathway. Availability of the different
SUMO paralogs when sumoylation is required, or acting on the E1 and E2 enzymes, represents
a global way to regulate sumoylation. For instance, stress conditions normally leads to
SUMO2/3 conjugation, as SUMO2/3 is freely available in the cell [41]. On the other hand, it has
been shown that expression of the Gam1 protein by the CELO adenovirus leads to E1 and E2
degradation and thereby to inhibition of sumoylation [51]. Finally, a more selective way of
regulating sumoylation is given through the activity of SUMO ligases and proteases. Thus,
localization or spatiotemporal regulation of the expression of these proteins has consequences
in target sumoylation.

3. SUMO in transcription

3.1. Transcription repression

It is of significance that the sumoylation consensus sequence, before being established to be
the site for SUMO attachment, was initially identified as a negative regulatory sequence in
several transcription factors [52]. This scenario is exemplified by the transcription factor Elk-1
(Ets (E twenty-six)-like kinase 1), where a repressive domain, the R motif, was identified as an
acceptor region for SUMO attachment [53]. Targeting SUMO or the SUMO conjugation enzyme
UBC9 to promoters through a Gal4-based system efficiently represses transcription [54-56],

SUMO binding Type Sequence

Sumoylation site Consensus ΨKxE

Extended consensus PDSM ΨKxExxSP

NDSM ΨKxExx[D/E]n

Iverted consensus ExKΨ

Phosphorylated Ser ΨKxS

SIM ZNF198 DDDDDDD VVFI

PIAS1 VEVI DLTI DSSSDEEEEE

SP100 IIVI SSEDSEGSTDVD

PML EE R VVVI SSSEDSD

RanBP2 SDSPSDDD VLIV

CoREST1 EESEDELEE ANGNNP IDIEV

Table 2. Sumoylation sites and SUMO interacting motifs (SIMs). Ψ represents a large hydrophobic residue. Sumoylated
Lys (K) is frequently close to a hydrophobic residue and to negatively charged environment, either acidic residues
Asp/Glu (D/E) or phosphorylation sites (SP). SIMs usually consist in a stretch of 4 amino acids, containing at least 3
hydrophobic residues, close to an acidic region (Asp/Glu) (D/E) or putative phosphorylation sites (Ser/Thr) (S/T).
Examples of SIMs with acidic/phosphorylation region N-terminal to the hydrophobic core (ZNF198), C-terminal (with
spacer (PIAS1), without spacer (SP100)), at both sides (PML), SUMO1 specific (RanBP2) and SUMO2/3 specific
(CoREST1), are shown.
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indicating that sumoylation mainly associates with transcription repression. Examples from
different organisms have argued in favor of such a role. A characteristic of silenced genes is
that they correlate with low levels of histone acetylation, while active genes usually display
high histone acetylation. It has been described in yeast that temperature-sensitive mutation in
Ubc9 leads to an increase in global histone acetylation [57]. In addition, in fission yeast, it has
been shown that SUMO is required for the maintenance of heterochromatin stability [58]. Early
evidence of the involvement of the SUMO pathway in maintenance of the heterochromatin
came from Drosophila, as a PIAS mutant was identified as a suppressor of position effect
variegation, that is, as a mutant releasing heterochromatin-induced gene silencing [59]. A
mechanism that clearly account for the repressive role of SUMO is explained by the ability of
SUMO to recruit histone deacetylases [56]. For many transcription factors sumoylation has
been linked to transcription repression. Additional examples to Elk-1 are NAB proteins [28],
c-Jun [60], p53 [61], IκBα [62], C/EBP [63], Sp3 [64] and MEF2 [65]. It is worth noting that in
many cases sumoylation turns activators into repressors, as it is the case of p300 and CREB
binding protein (CBP) [66, 67]. However, beyond SUMO modification of transcription factors,
SUMO association with architecture and function of chromatin-associated repressor com‐
plexes is recently getting increased importance. This has been reviewed in [68, 69] and is
described below.

3.2. Transcription activation

Despite the clear association of SUMO with gene repression, several reports illustrate the
involvement of sumoylation in transcription activation. Examples of transcription factors
whose activity is stimulated by SUMO are TCF4 [70], GATA4 [71], Pax6 [72], p45 [73], Smad4

Figure 2. Sumoylation and SIMs are involved in complex architecture and function. Schematic representation of some
examples for SUMO-SIM interactions involved in recruiting proteins to a particular subcellular localization, in the archi‐
tecture of PML aggregates and association to Daxx, and in recruitment of different repressor complexes to the chro‐
matin through sumoylated Sp3 for transcription repression.

SUMO Tasks in Chromatin Remodeling
http://dx.doi.org/10.5772/55395

35
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SUMO2/3 conjugation, as SUMO2/3 is freely available in the cell [41]. On the other hand, it has
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indicating that sumoylation mainly associates with transcription repression. Examples from
different organisms have argued in favor of such a role. A characteristic of silenced genes is
that they correlate with low levels of histone acetylation, while active genes usually display
high histone acetylation. It has been described in yeast that temperature-sensitive mutation in
Ubc9 leads to an increase in global histone acetylation [57]. In addition, in fission yeast, it has
been shown that SUMO is required for the maintenance of heterochromatin stability [58]. Early
evidence of the involvement of the SUMO pathway in maintenance of the heterochromatin
came from Drosophila, as a PIAS mutant was identified as a suppressor of position effect
variegation, that is, as a mutant releasing heterochromatin-induced gene silencing [59]. A
mechanism that clearly account for the repressive role of SUMO is explained by the ability of
SUMO to recruit histone deacetylases [56]. For many transcription factors sumoylation has
been linked to transcription repression. Additional examples to Elk-1 are NAB proteins [28],
c-Jun [60], p53 [61], IκBα [62], C/EBP [63], Sp3 [64] and MEF2 [65]. It is worth noting that in
many cases sumoylation turns activators into repressors, as it is the case of p300 and CREB
binding protein (CBP) [66, 67]. However, beyond SUMO modification of transcription factors,
SUMO association with architecture and function of chromatin-associated repressor com‐
plexes is recently getting increased importance. This has been reviewed in [68, 69] and is
described below.

3.2. Transcription activation

Despite the clear association of SUMO with gene repression, several reports illustrate the
involvement of sumoylation in transcription activation. Examples of transcription factors
whose activity is stimulated by SUMO are TCF4 [70], GATA4 [71], Pax6 [72], p45 [73], Smad4
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tecture of PML aggregates and association to Daxx, and in recruitment of different repressor complexes to the chro‐
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[74], Oct4 [75], p53 [76], myocardin [77], PEA3 [78], NFAT1 [79] and HSF1 and 2 [80, 81].
Intriguingly, p53 has been reported both to be activated and repressed by SUMO [76, 82]. Since
sumoylation may compete other post-translational modifications, a mechanism proposed for
SUMO-mediated activation of transcription consists in avoiding degradation, and thereby in
stabilization, of the transcription factor, as it has been proposed for Oct4 [83]. Otherwise,
SUMO modification may interfere with association of repressors with the transcription factor,
as occurs for Ikaros, whose sumoylation avoid interaction with histone deacetylase complexes
[84]. Recently, two publications have brought into consideration the general assumption that
SUMO globally associates with transcription repression. It has been reported in yeast that
SUMO is detected at all the constitutively transcribed genes tested and in inducible genes upon
activation [85]. However, Ubc9 inactivation results in increased transcription of inducible
genes, although sumoylation at promoters is reduced, suggesting a role for SUMO in the
silencing of inducible genes. In sum, authors conclude that while SUMO associates with
repression in some contexts, other properties of SUMO come into play under normal constit‐
utive transcription [85]. More recently, a study performed in HeLa cells has revealed that from
G1 to S phase of the cell cycle SUMO1 marks chromatin at the proximal promoter region on
many of the most active housekeeping genes [86]. SUMO1 depletion results in reduced
expression of these genes. However, this occurs for half of the active genes and the nature of
the sumoylated proteins at the promoters remains unknown [86]. Taken together, all these
data indicate that although SUMO may intrinsically associate with transcription repression,
many other general processes, including constitutive transcription, may also depend on
sumoylation, structurally or as a signaling pathway.

4. Histone modification and chromatin remodeling

4.1. Histone sumoylation

Regarding histone modification, sumoylation has been implicated in both, direct modification
of histones and deposition/recognition of other histone marks, such as acetylation and
methylation. Histone sumoylation has been demonstrated in both yeast and mammal cells [55,
57]. All core histones and the H2A.Z variant have been shown to be sumoylated in yeast [57,
87], while work on mammal cells has been centered on histone H4 [55]. The N-terminal tail of
canonical histones is the target for sumoylation, indicating that sumoylation may interplay
with other histone modifications at this region, like acetylation, methylation and phosphory‐
lation. Interfering with the sumoylation pathway significantly reduces the level of histone
sumoylation in yeast [57]. Histone sumoylation has been associated with transcription
repression. Indeed, mutation of sumoylation sites in histone H2B in yeast leads to increased
basal expression of several non-induced genes [57]. A more specific role in Rad51-labeling of
persistent DNA double strand breaks has been attributed to sumoylation of the histone variant
H2A.Z in yeast [87]. However, which is the real impact of histone sumoylation in transcription
in vivo and whether it is a common feature all along the genome need to be clarified.
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4.2. Involvement of SUMO in recognition of histone modifications

As explained before, sumoylation of histone tails may affect the way in which different proteins
recognize other histone modifications. Conversely, sumoylation of a chromatin-associated
factor may modulate its capacity to recognize a specific histone modification. For instance, it
has been reported that sumoylation of the bromodomain GTE3 protein, a BET (bromodomain
and extra terminal domain) family member, interferes with the capacity of this protein to
associate with acetylated histone tails [36]. A surprising link between the sumoylation pathway
and recognition of histone modifications is illustrated by a recent and intriguing report
describing the capacity of the PHD domain of plant PIAS proteins to directly recognize histone
modifications such as methylated Lys4 and Arg2 on histone H3 (methyl-H3K4 and methyl-
H3R2) [88].

Polycomb group (PcG) proteins are involved in regulation of gene transcription and chromatin
structure especially during development. These transcriptional repressors regulate lineage
choice during development and differentiation by establishing long-term heritable gene
silencing of relevant genes, for instance Hox genes. Thus, they are tightly linked to stem cell
biology and cancer [89]. Two main complexes assembling PcG proteins have been described
[90]. The polycomb repressive complex 2 (PRC2) contains the histone methyl transferase
Enhancer of Zeste (EZH2) and is involved in methylation of H3K27. The PRC1 complex
contains the Polycomb protein, which is involved in recognition of the repressive mark
trimethyl-H3K27 through a chromodomain. Recruitment of PRC1 to the chromatin results in
ubiquitination of histone H2A. Hence, coordinated action of both complexes is involved in the
establishment of a compact chromatin structure, which results in gene silencing. One of the
mammalian orthologs of Drosophila Polycomb is Polycomb-2 (Pc2), which has been shown to
display SUMO ligase activity, as previously mentioned [23]. Interestingly, two SIMs have been
described in Pc2, one of them has been shown to be relevant for the several functions attributed
to Pc2 [91]. Among the SUMO substrates identified for Pc2 are the kinase HIPK2 and the
corepressor CtBP1 (see also below), sumoylation of which results in enhanced transcription
repression [92-94]. CtBP has been shown to colocalize with Pc2 in nuclear foci called PcG
bodies, which contain several PcG proteins [95]. Other Pc2 substrates for sumoylation are
ZEB2, DNMT3A and centrin-2 [96, 97]. It has been recently reported that Pc2 mediates
sumoylation and recruitment of BMI1 at sites of DNA lesions, linking Pc2 ligase activity with
the DNA damage response [98]. Several polycomb subunits have been shown to be sumoy‐
lated, for instance SUZ12, EZH2 and YY1, although Pc2 has not been involved in the process
[99, 100]. A clear role of sumoylation in PcG proteins-mediated repression came from studies
in C. elegans. The SOP-2 protein is related to Drosophila and vertebrate PRC1-associated PcG
proteins Polyhomeotic and Sex combs on midleg (Scm). It has been shown that sumoylation
of SOP-2 is required for repression of Hox genes in C. elegans [101]. Indeed, impaired sumoy‐
lation leads to ectopic Hox gene expression and homeotic transformations, resulting in a
phenotype similar to that provoked by sop-2 mutations. Additional evidence of SUMO
involvement in PcG-mediated repression in vertebrates has been more recently reported. It
was previously shown that Pc2 is a target of SUMO [23]. Later, Kang et al demonstrated that
sumoylated Pc2 is a target for the SUMO protease SENP2 [102]. In Senp2 knockout mice,
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[74], Oct4 [75], p53 [76], myocardin [77], PEA3 [78], NFAT1 [79] and HSF1 and 2 [80, 81].
Intriguingly, p53 has been reported both to be activated and repressed by SUMO [76, 82]. Since
sumoylation may compete other post-translational modifications, a mechanism proposed for
SUMO-mediated activation of transcription consists in avoiding degradation, and thereby in
stabilization, of the transcription factor, as it has been proposed for Oct4 [83]. Otherwise,
SUMO modification may interfere with association of repressors with the transcription factor,
as occurs for Ikaros, whose sumoylation avoid interaction with histone deacetylase complexes
[84]. Recently, two publications have brought into consideration the general assumption that
SUMO globally associates with transcription repression. It has been reported in yeast that
SUMO is detected at all the constitutively transcribed genes tested and in inducible genes upon
activation [85]. However, Ubc9 inactivation results in increased transcription of inducible
genes, although sumoylation at promoters is reduced, suggesting a role for SUMO in the
silencing of inducible genes. In sum, authors conclude that while SUMO associates with
repression in some contexts, other properties of SUMO come into play under normal constit‐
utive transcription [85]. More recently, a study performed in HeLa cells has revealed that from
G1 to S phase of the cell cycle SUMO1 marks chromatin at the proximal promoter region on
many of the most active housekeeping genes [86]. SUMO1 depletion results in reduced
expression of these genes. However, this occurs for half of the active genes and the nature of
the sumoylated proteins at the promoters remains unknown [86]. Taken together, all these
data indicate that although SUMO may intrinsically associate with transcription repression,
many other general processes, including constitutive transcription, may also depend on
sumoylation, structurally or as a signaling pathway.

4. Histone modification and chromatin remodeling

4.1. Histone sumoylation

Regarding histone modification, sumoylation has been implicated in both, direct modification
of histones and deposition/recognition of other histone marks, such as acetylation and
methylation. Histone sumoylation has been demonstrated in both yeast and mammal cells [55,
57]. All core histones and the H2A.Z variant have been shown to be sumoylated in yeast [57,
87], while work on mammal cells has been centered on histone H4 [55]. The N-terminal tail of
canonical histones is the target for sumoylation, indicating that sumoylation may interplay
with other histone modifications at this region, like acetylation, methylation and phosphory‐
lation. Interfering with the sumoylation pathway significantly reduces the level of histone
sumoylation in yeast [57]. Histone sumoylation has been associated with transcription
repression. Indeed, mutation of sumoylation sites in histone H2B in yeast leads to increased
basal expression of several non-induced genes [57]. A more specific role in Rad51-labeling of
persistent DNA double strand breaks has been attributed to sumoylation of the histone variant
H2A.Z in yeast [87]. However, which is the real impact of histone sumoylation in transcription
in vivo and whether it is a common feature all along the genome need to be clarified.

Chromatin Remodelling36

4.2. Involvement of SUMO in recognition of histone modifications

As explained before, sumoylation of histone tails may affect the way in which different proteins
recognize other histone modifications. Conversely, sumoylation of a chromatin-associated
factor may modulate its capacity to recognize a specific histone modification. For instance, it
has been reported that sumoylation of the bromodomain GTE3 protein, a BET (bromodomain
and extra terminal domain) family member, interferes with the capacity of this protein to
associate with acetylated histone tails [36]. A surprising link between the sumoylation pathway
and recognition of histone modifications is illustrated by a recent and intriguing report
describing the capacity of the PHD domain of plant PIAS proteins to directly recognize histone
modifications such as methylated Lys4 and Arg2 on histone H3 (methyl-H3K4 and methyl-
H3R2) [88].

Polycomb group (PcG) proteins are involved in regulation of gene transcription and chromatin
structure especially during development. These transcriptional repressors regulate lineage
choice during development and differentiation by establishing long-term heritable gene
silencing of relevant genes, for instance Hox genes. Thus, they are tightly linked to stem cell
biology and cancer [89]. Two main complexes assembling PcG proteins have been described
[90]. The polycomb repressive complex 2 (PRC2) contains the histone methyl transferase
Enhancer of Zeste (EZH2) and is involved in methylation of H3K27. The PRC1 complex
contains the Polycomb protein, which is involved in recognition of the repressive mark
trimethyl-H3K27 through a chromodomain. Recruitment of PRC1 to the chromatin results in
ubiquitination of histone H2A. Hence, coordinated action of both complexes is involved in the
establishment of a compact chromatin structure, which results in gene silencing. One of the
mammalian orthologs of Drosophila Polycomb is Polycomb-2 (Pc2), which has been shown to
display SUMO ligase activity, as previously mentioned [23]. Interestingly, two SIMs have been
described in Pc2, one of them has been shown to be relevant for the several functions attributed
to Pc2 [91]. Among the SUMO substrates identified for Pc2 are the kinase HIPK2 and the
corepressor CtBP1 (see also below), sumoylation of which results in enhanced transcription
repression [92-94]. CtBP has been shown to colocalize with Pc2 in nuclear foci called PcG
bodies, which contain several PcG proteins [95]. Other Pc2 substrates for sumoylation are
ZEB2, DNMT3A and centrin-2 [96, 97]. It has been recently reported that Pc2 mediates
sumoylation and recruitment of BMI1 at sites of DNA lesions, linking Pc2 ligase activity with
the DNA damage response [98]. Several polycomb subunits have been shown to be sumoy‐
lated, for instance SUZ12, EZH2 and YY1, although Pc2 has not been involved in the process
[99, 100]. A clear role of sumoylation in PcG proteins-mediated repression came from studies
in C. elegans. The SOP-2 protein is related to Drosophila and vertebrate PRC1-associated PcG
proteins Polyhomeotic and Sex combs on midleg (Scm). It has been shown that sumoylation
of SOP-2 is required for repression of Hox genes in C. elegans [101]. Indeed, impaired sumoy‐
lation leads to ectopic Hox gene expression and homeotic transformations, resulting in a
phenotype similar to that provoked by sop-2 mutations. Additional evidence of SUMO
involvement in PcG-mediated repression in vertebrates has been more recently reported. It
was previously shown that Pc2 is a target of SUMO [23]. Later, Kang et al demonstrated that
sumoylated Pc2 is a target for the SUMO protease SENP2 [102]. In Senp2 knockout mice,
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sumoylated Pc2 accumulates, resulting in increased occupancy at promoters of PcG target
genes, such as Gata4 and Gata6. As a result, expression of these genes is reduced during
development, which leads to embryonic heart defects among other disorders [102]. Chromatin
occupancy by PRC2 subunits and levels of trimethyl-H3K27 seem not to be affected, suggesting
that Pc2 sumoylation has a role in recognition of H3K27 methylation, which is released by
SENP2.

4.3. SUMO-mediated regulation of histone modifications

As previously mentioned, the major impact of sumoylation on histone modification is linked
to the role of SUMO in the architecture and function of several chromatin-associated complexes
involved in histone modification. Sumoylation by itself may condition the way other histone
marks are deposited. However, it has been unambiguously demonstrated that sumoylation is
essential for function of a variety of complexes implicated in histone modification, which
mostly associate with transcription repression [68, 69]. It has been previously indicated that
SUMO is required for the maintenance of constitutive heterochromatin in fission yeast [58].
However, increased evidence of SUMO involvement in the establishment of heterochromatin-
like structures in euchromatin loci (facultative heterochromatin) has emerged during the last
years. Facultative heterochromatin, besides displaying significant DNA methylation, is
characterized by low levels of histone acetylation and histone H3 methylated at Lys4 (H3K4),
and high levels of histone H3 methylated at Lys27 (H3K27) and Lys9 (H3K9, di- or tri-
methylated), and histone H4 methylated at Lys20 (H4K20, mono-, di- or tri-methylated) [103].
Some of the complexes involved in the establishment of these marks are compiled in Table 3
and described below.

4.3.1. Histone methylation

The histone methyltransferase SETDB1 is involved in tri-methylation of H3K9, a repressive
histone mark. The methyl CpG binding protein MBD1 and MCAF1 associate to SETDB1 in a
complex, linking DNA methylation to histone methylation. This complex is recruited to the
KAP-1 (KRAB associated protein-1) corepressor in a SUMO-dependent manner [26]. In its turn,
sumoylated KAP-1 recruits the SETDB1 complex to the chromatin through the zinc finger
protein KRAB. This is mediated by a SIM in SETDB1 [26]. In addition, another SIM has been
reported in MCAF1, and both MCAF1 and MBD1 are sumoylated [104, 105]. Interestingly, a
PHD domain in KAP-1 displays an E3 ligase activity, which promotes intramolecular sumoy‐
lation of the adjacent bromodomain [26]. The SETDB1 complex, as explained below, is also
recruited to the transcription factor Sp3 in a SUMO dependent manner for transcription
repression [106].

Recently, the SUMO ligase PIAS1 has been involved in maintaining an epigenetic repressive
state, as studied at the Foxp3 locus, that restricts differentiation of natural occurring thymus-
derived regulatory T cells [107]. Knocking down of PIAS1 leads to reduced DNA methylation
and loss of the repressive mark methyl-H3K9 on the Foxp3 promoter. A prominent role of
PIAS1 in recruitment and association to the DNA methyltransferases DNMT3A and DNMT3B
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is also reported. In correlation with loss of H3K9 methylation, HP1γ disappears from the Foxp3
promoter in the absence of PIAS1 [107].

Complex (subunits) Activity Recruiting factor

LSD1/CoREST

(LSD1, CoREST, BHC80, HDAC1/2,

BRAF35, ZEB1, ZNF217/198)

H3K4 demethylation (LSD1)

Histone deacetylation (HDAC1/2)
CtBP1

NurD

(CHD3/4, HDAC1/2, RbAp46/48,

MTA1/2, MBD3/2)

Nucleosome remodeling (CHD3)

Histone deacetylation (HDAC1)
KAP-1

SETDB1

(SETDB1, MBD1, MCAF1)
H3K9 tri-methylation (SETDB1)

KAP-1

Sp3

L3MBTL1

(L3MBTL1, HP1)
Methyl-histone recognition (L3MBTL1) Sp3

dMEC

(dMi-2, dMEP-1)
Nucleosome remodeling (dMi-2) Sp3

PCR2

(EZH2, EED, SUZ12, RbAp46/48)
H3K27 methylation (EZH2) various

PCR1

(Pc2, PHC, RNF1/2, SCMH)
trimethyl-H3K27 recognition (Pc2) –

Table 3. SUMO associated repressor complexes. Table summarizes some repressor complexes whose function
depends on sumoylation. Examples of different transcription factors involved in recruitment of these complexes are
also shown.

4.3.2. Histone demethylation

The histone demethylase LSD1 mediates gene repression by removing methyl groups from
mono- or di-methyl-H3K4, which are marks of active transcription [108]. LSD1 works in a
corepressor complex together with HDACs and CoREST1 [109, 110]. It has been shown that
the LSD1/CoREST complex mediates SUMO-dependent repression of neuronal-specific genes,
such as SCN1A and SCN3A, in non-neuronal cells [111]. Recruitment to the chromatin and
repression depends on SUMO2/3 and is mediated by a specific SIM in CoREST. SUMO
deconjugation by the SUMO protease SENP3 provokes increased levels of di-methyl-H3K4
and acetyl-H3, which leads to gene activation. Different subunits of the LSD1/CoREST complex
have been shown to be sumoylated and/or to contain SIMs (reviewed in [68]). It has been
recently shown that sumoylation of the LSD1/CoREST complex subunit BRAF35 controls
neuronal differentiation [112]. Overexpression of BRAF35, but not of a sumoylation mutant,
strongly impairs neuronal differentiation promoted by neurogenic factors in the vertebrate
neural tube. Interestingly, iBRAF, a paralogue of BRAF35 ocasionally associated to the LSD1/
CoREST complex, is not sumoylated but is able to dimerize with BRAF35, inhibiting BRAF35
sumoylation and binding to the LSD1/CoREST complex. The LSD1/CoREST complex usually
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sumoylated Pc2 accumulates, resulting in increased occupancy at promoters of PcG target
genes, such as Gata4 and Gata6. As a result, expression of these genes is reduced during
development, which leads to embryonic heart defects among other disorders [102]. Chromatin
occupancy by PRC2 subunits and levels of trimethyl-H3K27 seem not to be affected, suggesting
that Pc2 sumoylation has a role in recognition of H3K27 methylation, which is released by
SENP2.

4.3. SUMO-mediated regulation of histone modifications

As previously mentioned, the major impact of sumoylation on histone modification is linked
to the role of SUMO in the architecture and function of several chromatin-associated complexes
involved in histone modification. Sumoylation by itself may condition the way other histone
marks are deposited. However, it has been unambiguously demonstrated that sumoylation is
essential for function of a variety of complexes implicated in histone modification, which
mostly associate with transcription repression [68, 69]. It has been previously indicated that
SUMO is required for the maintenance of constitutive heterochromatin in fission yeast [58].
However, increased evidence of SUMO involvement in the establishment of heterochromatin-
like structures in euchromatin loci (facultative heterochromatin) has emerged during the last
years. Facultative heterochromatin, besides displaying significant DNA methylation, is
characterized by low levels of histone acetylation and histone H3 methylated at Lys4 (H3K4),
and high levels of histone H3 methylated at Lys27 (H3K27) and Lys9 (H3K9, di- or tri-
methylated), and histone H4 methylated at Lys20 (H4K20, mono-, di- or tri-methylated) [103].
Some of the complexes involved in the establishment of these marks are compiled in Table 3
and described below.

4.3.1. Histone methylation

The histone methyltransferase SETDB1 is involved in tri-methylation of H3K9, a repressive
histone mark. The methyl CpG binding protein MBD1 and MCAF1 associate to SETDB1 in a
complex, linking DNA methylation to histone methylation. This complex is recruited to the
KAP-1 (KRAB associated protein-1) corepressor in a SUMO-dependent manner [26]. In its turn,
sumoylated KAP-1 recruits the SETDB1 complex to the chromatin through the zinc finger
protein KRAB. This is mediated by a SIM in SETDB1 [26]. In addition, another SIM has been
reported in MCAF1, and both MCAF1 and MBD1 are sumoylated [104, 105]. Interestingly, a
PHD domain in KAP-1 displays an E3 ligase activity, which promotes intramolecular sumoy‐
lation of the adjacent bromodomain [26]. The SETDB1 complex, as explained below, is also
recruited to the transcription factor Sp3 in a SUMO dependent manner for transcription
repression [106].

Recently, the SUMO ligase PIAS1 has been involved in maintaining an epigenetic repressive
state, as studied at the Foxp3 locus, that restricts differentiation of natural occurring thymus-
derived regulatory T cells [107]. Knocking down of PIAS1 leads to reduced DNA methylation
and loss of the repressive mark methyl-H3K9 on the Foxp3 promoter. A prominent role of
PIAS1 in recruitment and association to the DNA methyltransferases DNMT3A and DNMT3B
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is also reported. In correlation with loss of H3K9 methylation, HP1γ disappears from the Foxp3
promoter in the absence of PIAS1 [107].

Complex (subunits) Activity Recruiting factor

LSD1/CoREST

(LSD1, CoREST, BHC80, HDAC1/2,

BRAF35, ZEB1, ZNF217/198)

H3K4 demethylation (LSD1)

Histone deacetylation (HDAC1/2)
CtBP1

NurD

(CHD3/4, HDAC1/2, RbAp46/48,

MTA1/2, MBD3/2)

Nucleosome remodeling (CHD3)

Histone deacetylation (HDAC1)
KAP-1

SETDB1

(SETDB1, MBD1, MCAF1)
H3K9 tri-methylation (SETDB1)

KAP-1

Sp3

L3MBTL1

(L3MBTL1, HP1)
Methyl-histone recognition (L3MBTL1) Sp3

dMEC

(dMi-2, dMEP-1)
Nucleosome remodeling (dMi-2) Sp3

PCR2

(EZH2, EED, SUZ12, RbAp46/48)
H3K27 methylation (EZH2) various

PCR1

(Pc2, PHC, RNF1/2, SCMH)
trimethyl-H3K27 recognition (Pc2) –

Table 3. SUMO associated repressor complexes. Table summarizes some repressor complexes whose function
depends on sumoylation. Examples of different transcription factors involved in recruitment of these complexes are
also shown.

4.3.2. Histone demethylation

The histone demethylase LSD1 mediates gene repression by removing methyl groups from
mono- or di-methyl-H3K4, which are marks of active transcription [108]. LSD1 works in a
corepressor complex together with HDACs and CoREST1 [109, 110]. It has been shown that
the LSD1/CoREST complex mediates SUMO-dependent repression of neuronal-specific genes,
such as SCN1A and SCN3A, in non-neuronal cells [111]. Recruitment to the chromatin and
repression depends on SUMO2/3 and is mediated by a specific SIM in CoREST. SUMO
deconjugation by the SUMO protease SENP3 provokes increased levels of di-methyl-H3K4
and acetyl-H3, which leads to gene activation. Different subunits of the LSD1/CoREST complex
have been shown to be sumoylated and/or to contain SIMs (reviewed in [68]). It has been
recently shown that sumoylation of the LSD1/CoREST complex subunit BRAF35 controls
neuronal differentiation [112]. Overexpression of BRAF35, but not of a sumoylation mutant,
strongly impairs neuronal differentiation promoted by neurogenic factors in the vertebrate
neural tube. Interestingly, iBRAF, a paralogue of BRAF35 ocasionally associated to the LSD1/
CoREST complex, is not sumoylated but is able to dimerize with BRAF35, inhibiting BRAF35
sumoylation and binding to the LSD1/CoREST complex. The LSD1/CoREST complex usually
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associates with the corepressor CtBP (C-terminal binding protein), which in turn is recruited
to the chromatin by a variety of transcription factors [113]. Two CtBPs have been reported in
vertebrates, CtBP1 and CtBP2. CtBP1 mediates repression by recruiting a number of repression
factors that in addition to LSD1 and HDACs, includes the H3K9 histone methyl-transferase
G9a. CtBP1-mediated repression depends on sumoylation [92]. Besides direct interaction of
CtBP1 with UBC9, CtBP1 sumoylation is also determined by the SUMO ligases PIAS1, PIAS2
and Pc2 [23, 92, 114]. One of the transcription factors recruiting CtBP1 to the chromatin is the
Krüpel-like zinc finger DNA-binding repressor ZEB1, which is also a target for sumoylation
[115]. Attachment of SUMO to ZEB1 is required for this factor to display full repression activity
[94]. Another zinc finger protein that has been associated with the LSD1/CoREST complex is
ZNF198. This factor is both able to be sumoylated and to non-covalently interact with SUMO
through a SIM [116-118]. Altogether, these data indicate that SUMO is involved on several
functional aspects of the LSD1/CoREST complex: it mediates recruitment of the complex to the
chromatin, but also is involved in the architecture of the complex, as different subunits
associate to the complex in a sumoylation/SIM-dependent manner.

4.3.3. Histone deacetylation

It has been indicated that repression activity of the LSD1/CoREST complex is in part displayed
through HDACs. Indeed, HDAC1 and HDAC2 are components of the LSD1/CoREST complex
[110]. Another complex involved in HDAC recruitment to the chromatin is the NuRD (nucle‐
osome remodeling and deacetylation) complex [119]. The core component of the mammalian
NuRD complex is the ATP-dependent nucleosome remodeling enzyme CHD3. In addition,
this complex includes one or two type I HDACs, histone binding proteins RbAp46 and
RbAp48, a methylated DNA-binding protein (MBD2 or MBD3), and members of the MTA and
p66 families of proteins [119]. A screening in Drosophila cell cultures identified the CHD3
homologue dMi-2, as a factor required for SUMO dependent repression by Sp3 [64]. dMi-2/
CHD3 both sumoylates and is able to interact with SUMO-modified transcription factors
through a SIM [26, 64]. Thus, CHD3 also interacts with sumoylated KAP-1 [26]. However, it
has been demonstrated that phosphorylation of Ser824 in the C terminus of KAP-1, directly
impairs interaction between the CHD3 SIM and the SUMO molecule attached to KAP-1 [120].
Therefore, KAP-1 sumoylation is not affected, but recognition of SUMO by the SIM in CHD3.
KAP-1 phosphorylation has a role in double-strand break repair, as displaces the chromatin
barrier imposed by CHD3-dependent nucleosome-remodeling activity. Additional compo‐
nents of the NuRD complex have been shown to be sumoylated and/or to contain SIMs:
MTA1/2, HDAC1, RbAp48 and p66 [111, 121-123]. Interestingly, phenotype of certain vulval
mutants in C. elegans, which associate with genes coding for NuRD components [124], is quite
similar to that of SUMO and UBC9 mutants [125], indicating that function of the NuRD
complex is linked to sumoylation.

SUMO directly associates with HDACs in a variety of ways. As previously indicated a well-
established link between SUMO and HDACs is  illustrated by the SIM-mediated recruit‐
ment of HDACs to sumoylated proteins [56,  121].  It  was first  demonstrated for HDAC2
recruitment to sumoylated Elk-1 [56], and subsequently for HDACs 1, 3, 4, 5 and 6, and
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class III SIRT1 deacetylases to several factors. Sumoylation of the coactivator p300 medi‐
ates  recruitment  of  class  II  HDAC6  and  class  III  SIRT1  deacetylases  [66,  126].  HDAC1
recruitment to sumoylated Groucho, p68 and reptin has also been described [121, 127, 128].
Moreover,  a  SUMO-histone  H4 fusion  has  been  shown to  precipitate  HDAC1 [55].  De‐
spite these data, it is not clear at present whether SUMO-dependent recruitment of HDACs
involves direct binding of HDAC to SUMO or whether HDACs associate through cofac‐
tors recruited in a SUMO-dependent manner, as indicated for the LSD1/CoREST and NuRD
complexes. Another example of SUMO-dependent recruitment of HDAC is depicted by the
Daxx-mediated recruitment of HDAC2 to sumoylated CBP [67]. In this context, it is worth
noting that in a variety of cases, HDAC recruitment does not account for full repression
activity mediated by SUMO, as inhibition of HDACs does not relieve SUMO-dependent
repression as expected. For instance, it has been shown in a reporter system that repres‐
sion mediated by a Gal4-SUMO fusion is  not sensitive to HDAC inhibition [56],  as also
occurs for SUMO-dependent Sp3-mediated repression [64,  129].  Despite HDAC2 recruit‐
ment by sumoylated Elk-1,  HDAC2 knockdown only partially alleviates SUMO-depend‐
ent Elk-1-mediated repression [56]. Therefore, histone deacetylases are recruited in a SUMO-
dependent  manner  through  repressor  complexes,  together  with  additional  repressor
components,  to  account  for  full  repression  activity  of  the  complex.  Conversely,  HDAC
displacement  by  target  sumoylation  has  been  less  reported,  but  examples  have  been
described. Thus, sumoylation of the Prospero-related homeobox 1 (Prox1) and the de novo
DNA methyltransferase DNMT3A disrupts association to HDAC3 and HDAC1/2, respec‐
tively [130,  131].  On the other hand, HDACs have also been shown to be substrates for
SUMO, which regulates HDAC activity. Then, mutation of the sumoylation sites in HDAC1
has been shown to dramatically reduce its repression activity in a reporter assay [122]. It
has  been  reported  that  the  protease  SENP1 is  able  to  remove  SUMO from sumoylated
HDAC1,  which leads to  enhanced transcription activity  by the androgen receptor  [132].
Interestingly, the viral protein Gam1 interferes with HDAC1 sumoylation [133]. The RanBP2
ligase has been demonstrated to promote sumoylation of HDAC4 [134], and a relevant role
for SUMO chain formation on HDAC4 has been attributed to the non-covalent interaction
between SUMO and UBC9 [135].  Paradoxically,  while HDAC1 sumoylation seems to be
essential  for  its  repression activity  [122],  SUMO attachment  to  HDAC1 impairs  associa‐
tion to the CoREST repressor [116]. As previously mentioned, class IIa HDACs have been
reported as SUMO ligases. HDAC4 and other class IIa HDACs promote SUMO2/3 attach‐
ment to the myocyte enhancer factor 2 family members MEF2D and MEF2C, which leads
to  repression  of  target  genes  [25].  Conversely,  ligase  activity  is  inhibited  by  HDAC4
sumoylation.  HDAC4  ligase  activity  has  been  also  demonstrated  on  liver  X  receptors
sumoylation  by  SUMO2/3  [136]  and  on  HIC1  sumoylation  by  SUMO1  [137],  while  en‐
hanced sumoylation of PML protein has been attributed to HDAC7 [138].

4.4. Multiple complexes contribute to SUMO-dependent Sp3-mediated repression

Sp3 belongs to the specificity protein (Sp) family of transcription factors, which regulate
multiple genes involved in housekeeping, development and cell cycle. Sp3 is expressed
ubiquitously and can act either as an activator or a repressor depending on the promoter
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associates with the corepressor CtBP (C-terminal binding protein), which in turn is recruited
to the chromatin by a variety of transcription factors [113]. Two CtBPs have been reported in
vertebrates, CtBP1 and CtBP2. CtBP1 mediates repression by recruiting a number of repression
factors that in addition to LSD1 and HDACs, includes the H3K9 histone methyl-transferase
G9a. CtBP1-mediated repression depends on sumoylation [92]. Besides direct interaction of
CtBP1 with UBC9, CtBP1 sumoylation is also determined by the SUMO ligases PIAS1, PIAS2
and Pc2 [23, 92, 114]. One of the transcription factors recruiting CtBP1 to the chromatin is the
Krüpel-like zinc finger DNA-binding repressor ZEB1, which is also a target for sumoylation
[115]. Attachment of SUMO to ZEB1 is required for this factor to display full repression activity
[94]. Another zinc finger protein that has been associated with the LSD1/CoREST complex is
ZNF198. This factor is both able to be sumoylated and to non-covalently interact with SUMO
through a SIM [116-118]. Altogether, these data indicate that SUMO is involved on several
functional aspects of the LSD1/CoREST complex: it mediates recruitment of the complex to the
chromatin, but also is involved in the architecture of the complex, as different subunits
associate to the complex in a sumoylation/SIM-dependent manner.

4.3.3. Histone deacetylation

It has been indicated that repression activity of the LSD1/CoREST complex is in part displayed
through HDACs. Indeed, HDAC1 and HDAC2 are components of the LSD1/CoREST complex
[110]. Another complex involved in HDAC recruitment to the chromatin is the NuRD (nucle‐
osome remodeling and deacetylation) complex [119]. The core component of the mammalian
NuRD complex is the ATP-dependent nucleosome remodeling enzyme CHD3. In addition,
this complex includes one or two type I HDACs, histone binding proteins RbAp46 and
RbAp48, a methylated DNA-binding protein (MBD2 or MBD3), and members of the MTA and
p66 families of proteins [119]. A screening in Drosophila cell cultures identified the CHD3
homologue dMi-2, as a factor required for SUMO dependent repression by Sp3 [64]. dMi-2/
CHD3 both sumoylates and is able to interact with SUMO-modified transcription factors
through a SIM [26, 64]. Thus, CHD3 also interacts with sumoylated KAP-1 [26]. However, it
has been demonstrated that phosphorylation of Ser824 in the C terminus of KAP-1, directly
impairs interaction between the CHD3 SIM and the SUMO molecule attached to KAP-1 [120].
Therefore, KAP-1 sumoylation is not affected, but recognition of SUMO by the SIM in CHD3.
KAP-1 phosphorylation has a role in double-strand break repair, as displaces the chromatin
barrier imposed by CHD3-dependent nucleosome-remodeling activity. Additional compo‐
nents of the NuRD complex have been shown to be sumoylated and/or to contain SIMs:
MTA1/2, HDAC1, RbAp48 and p66 [111, 121-123]. Interestingly, phenotype of certain vulval
mutants in C. elegans, which associate with genes coding for NuRD components [124], is quite
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SUMO directly associates with HDACs in a variety of ways. As previously indicated a well-
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ment of HDACs to sumoylated proteins [56,  121].  It  was first  demonstrated for HDAC2
recruitment to sumoylated Elk-1 [56], and subsequently for HDACs 1, 3, 4, 5 and 6, and
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class III SIRT1 deacetylases to several factors. Sumoylation of the coactivator p300 medi‐
ates  recruitment  of  class  II  HDAC6  and  class  III  SIRT1  deacetylases  [66,  126].  HDAC1
recruitment to sumoylated Groucho, p68 and reptin has also been described [121, 127, 128].
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tors recruited in a SUMO-dependent manner, as indicated for the LSD1/CoREST and NuRD
complexes. Another example of SUMO-dependent recruitment of HDAC is depicted by the
Daxx-mediated recruitment of HDAC2 to sumoylated CBP [67]. In this context, it is worth
noting that in a variety of cases, HDAC recruitment does not account for full repression
activity mediated by SUMO, as inhibition of HDACs does not relieve SUMO-dependent
repression as expected. For instance, it has been shown in a reporter system that repres‐
sion mediated by a Gal4-SUMO fusion is  not sensitive to HDAC inhibition [56],  as also
occurs for SUMO-dependent Sp3-mediated repression [64,  129].  Despite HDAC2 recruit‐
ment by sumoylated Elk-1,  HDAC2 knockdown only partially alleviates SUMO-depend‐
ent Elk-1-mediated repression [56]. Therefore, histone deacetylases are recruited in a SUMO-
dependent  manner  through  repressor  complexes,  together  with  additional  repressor
components,  to  account  for  full  repression  activity  of  the  complex.  Conversely,  HDAC
displacement  by  target  sumoylation  has  been  less  reported,  but  examples  have  been
described. Thus, sumoylation of the Prospero-related homeobox 1 (Prox1) and the de novo
DNA methyltransferase DNMT3A disrupts association to HDAC3 and HDAC1/2, respec‐
tively [130,  131].  On the other hand, HDACs have also been shown to be substrates for
SUMO, which regulates HDAC activity. Then, mutation of the sumoylation sites in HDAC1
has been shown to dramatically reduce its repression activity in a reporter assay [122]. It
has  been  reported  that  the  protease  SENP1 is  able  to  remove  SUMO from sumoylated
HDAC1,  which leads to  enhanced transcription activity  by the androgen receptor  [132].
Interestingly, the viral protein Gam1 interferes with HDAC1 sumoylation [133]. The RanBP2
ligase has been demonstrated to promote sumoylation of HDAC4 [134], and a relevant role
for SUMO chain formation on HDAC4 has been attributed to the non-covalent interaction
between SUMO and UBC9 [135].  Paradoxically,  while HDAC1 sumoylation seems to be
essential  for  its  repression activity  [122],  SUMO attachment  to  HDAC1 impairs  associa‐
tion to the CoREST repressor [116]. As previously mentioned, class IIa HDACs have been
reported as SUMO ligases. HDAC4 and other class IIa HDACs promote SUMO2/3 attach‐
ment to the myocyte enhancer factor 2 family members MEF2D and MEF2C, which leads
to  repression  of  target  genes  [25].  Conversely,  ligase  activity  is  inhibited  by  HDAC4
sumoylation.  HDAC4  ligase  activity  has  been  also  demonstrated  on  liver  X  receptors
sumoylation  by  SUMO2/3  [136]  and  on  HIC1  sumoylation  by  SUMO1  [137],  while  en‐
hanced sumoylation of PML protein has been attributed to HDAC7 [138].

4.4. Multiple complexes contribute to SUMO-dependent Sp3-mediated repression

Sp3 belongs to the specificity protein (Sp) family of transcription factors, which regulate
multiple genes involved in housekeeping, development and cell cycle. Sp3 is expressed
ubiquitously and can act either as an activator or a repressor depending on the promoter
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context [106, 139]. Sp3-mediated repression depends on Sp3 sumoylation, and as previously
indicated, this repression activity is not affected by HDAC inhibitors [129, 140].

A genome-wide RNAi screen in Drosophila cell cultures revealed that multiple complexes
were involved in SUMO-dependent repression by Sp3 [64]. Among the genes identified whose
knockdown impaired SUMO-dependent transcription repression were genes encoding the
ATP-dependent chromatin remodeler dMi-2, the Drosophila ortholog of the nematode protein
MEP-1 and the polycomb protein Sfmbt. Biochemical analyses indicated that dMi-2, MEP-1
and Sfmbt interacted with each other, bound to SUMO and were recruited to the chromatin in
a SUMO-dependent manner. In addition, chromatin immunoprecipitation experiments
showed that sumoylated Sp3 recruits a number of heterochromatin associated proteins,
including dMi-2, the H3K9 histone methyl transferase (HMT) SETDB1, the H4K20 histone
methyl transferase SUV4-20H, heterochromatin protein 1 (HP1) α, ß and γ, and MBT-domain
proteins [141].

It has been previously indicated that dMi-2 is the core component of NuRD complex, a complex
with associated HDACs. However, Sp3-SUMO-mediated repression is not sensistive to
HDACs inhibitors, indicating either that dMi-2 mediates repression outside the NuRD
complex or that there is a redundancy in the mechanisms driving Sp3-SUMO-mediated
repression. In fact, several data indicate that dMi-2 is also part of another complex lacking
HDAC activity. This complex, dMec, is composed by dMi-2 and the Drosophila homolog of
the C. elegans protein MEP-1 (dMEP-1), and works as a corepressor of proneural genes [142].
Knockdown of dMEP-1 leads to derepression of Sp3 target genes, which is in contrast to
functional redundancy among the different repression mechanisms recruited to Sp3 [64]. It is
worth noting that MEP-1 was previously shown to contribute to SUMO-dependent repression
in C. elegans [143]. Thus, sumoylated LIN-1 recruits MEP-1 for repression and inhibition of
vulval cell fate. As LIN-1 is homologous to the human Elk-1, it is tempting to speculate that a
similar mechanism may account for the SUMO-mediated HDAC-independent repression by
Elk-1, despite the absence of a clear MEP-1 homolog in vertebrates.

As formerly mentioned, two HMTs were also recruited to SUMO-Sp3: SETDB1 and SUV4-20H,
while the HMT SUV39H1 was not associated [141]. These HMTs were shown to be recruited
to the Dhfr promoter in a sumoylatable Sp3-dependent manner. Knocking down of SETDB1
and SUV4-20H resulted in reduced trimethylation of H3K9 and H4K20 at the Dhfr promoter.

Finally, polycomb protein Sfmbt and the corresponding mammalian orthologs L3MBTL1 and
L3MBTL2 also associate to sumoylated Sp3 [64, 141]. These proteins contain repeats of the
malignant brain tumor (MBT) domain, which is structurally related to the chromodomain and
the Tudor domain, and like these, is able to recognize methylated histones. However, MBTs
associate with higher affinity to mono- and di- than to trimethylated histones [144]. It has been
shown that L3MBTL1 binds HP1γ and compacts chromatin in a mono- and dimethylated
H4K20 and H1bK26-dependent manner [145]. Therefore, this association provides a way to
explain L3MBTL1-mediated repression. Binding of HP1α, ß and γ to Sp3 depends on sumoy‐
lation [141]. Sumoylated histone H4 recruits HP1γ [55], and HP1α has also been shown to
preferentially bind sumoylated SP100 [146], suggesting that, as occurs for HDACs, SUMO
mediates HP1 recruitment. As Sfmbt, the PRC2-associated PcG protein Scm also contains MBT
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repeats. In contrast to Scm, Sfmbt together with Pleiohomeotic, integrates in the polycomb
complex PhoRC. Thus, different polycomb complexes include MBT-containing subunits,
which might be involved in recognition of mono- and dimethylated histones to facilitate
trimethylation by recruiting other subunits with histone methyltransferase activity.

In sum, Sp3 constitutes a paradigm of SUMO-dependent transcription repression through a
variety of factors and chromatin-associated complexes. Clear evidence of SUMO involvement
in Sp3-mediated repression came from the generation of knock-in mice with a non-sumoylat‐
able version of Sp3 [147]. As Lys residues are targets for other modifications different of
sumoylation, for instance acetylation, authors, instead of mutating core Lys551 to Arg changed
the acidic residue at the sumoylation site. Interestingly, they substituted Glu by Asp, which
abrogated sumoylation, despite for may authors it is assumed the consensus ΨKxE/D.
Mutation did not affected Sp3 protein levels. However, spermatocyte-specific genes Dmc1 and
Dnahc8, and neuronal genes Paqr6, Rims3 and Robo3 appeared derepressed in non-testicular
and extra-neural tissues and in mouse embryonic fibroblasts [147]. This correlated with loss
of the repressive heterochromatin marks trimethyl-H3K9 and trimethyl-H4K20 and affected
recruitment of repressor proteins, such as HP1, SETDB1, CHD3, and L3MBTL1/2, to the
corresponding promoters. Surprisingly, homozygous knock-in mice born at expected mende‐
lian frequency, were fertile and exhibited no obvious phenotype, in contrast to mice lacking
Sp3 [148], suggesting that additional mechanisms may control protein expression from the
aberrantly induced transcripts.

5. Conclusions

Sumoylation results essential for development and growth of all the investigated eukaryotes.
In mice, embryos lacking the SUMO conjugating enzyme Ubc9 die at the early postimplanta‐
tion stage, highlighting the relevance of SUMO conjugation during development [149]. The
SUMO pathway is conserved from yeast to human and, together with ubiquitination, appears
to be the most utilized pathway in post-translational modifications by UBLs. Despite similar
structural features and a common evolutionary origin of SUMO and ubiquitin, they have
significantly diverged from a functional point of view. In fact, a complete machinery has
evolved around SUMO for specific conjugation/deconjugation of this molecule. Compared
with ubiquitin, about 20 N-terminal extra amino acids are present in SUMO, which should
account for the different and specific SUMO roles. From the many examples of protein
modification by SUMO, structural, regulatory, signaling, and scaffold roles are inferred for
this molecule. All these aspects convene to reveal SUMO modification as an important post-
translational modification involved in transcription repression. Therefore, SUMO prefigures
as an adaptor molecule essential for correct assembly and function of a variety of chromatin-
associated repressor complexes. This does not exclude that involvement of SUMO in various
systems results in transcriptional activation. A number of SUMO-dependent histone modifi‐
cations and chromatin remodeling activities have been summarized in this chapter (Table 3).
They include, HDACs, HMTs and histone demethylase activities, associated to the NuRD,
LSD1/CoREST, SETDB1, dMec, L3MBTL1 and Polycomb complexes, which result in chromatin

SUMO Tasks in Chromatin Remodeling
http://dx.doi.org/10.5772/55395

43
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Knockdown of dMEP-1 leads to derepression of Sp3 target genes, which is in contrast to
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vulval cell fate. As LIN-1 is homologous to the human Elk-1, it is tempting to speculate that a
similar mechanism may account for the SUMO-mediated HDAC-independent repression by
Elk-1, despite the absence of a clear MEP-1 homolog in vertebrates.

As formerly mentioned, two HMTs were also recruited to SUMO-Sp3: SETDB1 and SUV4-20H,
while the HMT SUV39H1 was not associated [141]. These HMTs were shown to be recruited
to the Dhfr promoter in a sumoylatable Sp3-dependent manner. Knocking down of SETDB1
and SUV4-20H resulted in reduced trimethylation of H3K9 and H4K20 at the Dhfr promoter.
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L3MBTL2 also associate to sumoylated Sp3 [64, 141]. These proteins contain repeats of the
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shown that L3MBTL1 binds HP1γ and compacts chromatin in a mono- and dimethylated
H4K20 and H1bK26-dependent manner [145]. Therefore, this association provides a way to
explain L3MBTL1-mediated repression. Binding of HP1α, ß and γ to Sp3 depends on sumoy‐
lation [141]. Sumoylated histone H4 recruits HP1γ [55], and HP1α has also been shown to
preferentially bind sumoylated SP100 [146], suggesting that, as occurs for HDACs, SUMO
mediates HP1 recruitment. As Sfmbt, the PRC2-associated PcG protein Scm also contains MBT
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repeats. In contrast to Scm, Sfmbt together with Pleiohomeotic, integrates in the polycomb
complex PhoRC. Thus, different polycomb complexes include MBT-containing subunits,
which might be involved in recognition of mono- and dimethylated histones to facilitate
trimethylation by recruiting other subunits with histone methyltransferase activity.

In sum, Sp3 constitutes a paradigm of SUMO-dependent transcription repression through a
variety of factors and chromatin-associated complexes. Clear evidence of SUMO involvement
in Sp3-mediated repression came from the generation of knock-in mice with a non-sumoylat‐
able version of Sp3 [147]. As Lys residues are targets for other modifications different of
sumoylation, for instance acetylation, authors, instead of mutating core Lys551 to Arg changed
the acidic residue at the sumoylation site. Interestingly, they substituted Glu by Asp, which
abrogated sumoylation, despite for may authors it is assumed the consensus ΨKxE/D.
Mutation did not affected Sp3 protein levels. However, spermatocyte-specific genes Dmc1 and
Dnahc8, and neuronal genes Paqr6, Rims3 and Robo3 appeared derepressed in non-testicular
and extra-neural tissues and in mouse embryonic fibroblasts [147]. This correlated with loss
of the repressive heterochromatin marks trimethyl-H3K9 and trimethyl-H4K20 and affected
recruitment of repressor proteins, such as HP1, SETDB1, CHD3, and L3MBTL1/2, to the
corresponding promoters. Surprisingly, homozygous knock-in mice born at expected mende‐
lian frequency, were fertile and exhibited no obvious phenotype, in contrast to mice lacking
Sp3 [148], suggesting that additional mechanisms may control protein expression from the
aberrantly induced transcripts.

5. Conclusions

Sumoylation results essential for development and growth of all the investigated eukaryotes.
In mice, embryos lacking the SUMO conjugating enzyme Ubc9 die at the early postimplanta‐
tion stage, highlighting the relevance of SUMO conjugation during development [149]. The
SUMO pathway is conserved from yeast to human and, together with ubiquitination, appears
to be the most utilized pathway in post-translational modifications by UBLs. Despite similar
structural features and a common evolutionary origin of SUMO and ubiquitin, they have
significantly diverged from a functional point of view. In fact, a complete machinery has
evolved around SUMO for specific conjugation/deconjugation of this molecule. Compared
with ubiquitin, about 20 N-terminal extra amino acids are present in SUMO, which should
account for the different and specific SUMO roles. From the many examples of protein
modification by SUMO, structural, regulatory, signaling, and scaffold roles are inferred for
this molecule. All these aspects convene to reveal SUMO modification as an important post-
translational modification involved in transcription repression. Therefore, SUMO prefigures
as an adaptor molecule essential for correct assembly and function of a variety of chromatin-
associated repressor complexes. This does not exclude that involvement of SUMO in various
systems results in transcriptional activation. A number of SUMO-dependent histone modifi‐
cations and chromatin remodeling activities have been summarized in this chapter (Table 3).
They include, HDACs, HMTs and histone demethylase activities, associated to the NuRD,
LSD1/CoREST, SETDB1, dMec, L3MBTL1 and Polycomb complexes, which result in chromatin
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compaction and gene silencing. However, many questions remain open. For instance, whether
proteins with intrinsic repression activity like HDACs are directly recruited by SUMO or
instead, relevant repression activity in vivo results from association of HDACs to repressor
complexes recruited in a SUMO-dependent manner, needs to be clarified. In addition, although
HDACs have intrinsic repression activity, it has been shown that sumoylation of HDAC1
accounts for its full repression activity [122], raising the question whether SUMO modulates
its activity or is recruiting additional repressors. Another intriguing aspect concerns functional
redundancy among the different repressors recruited to a locus via SUMO. A number of
repressors are recruited to the chromatin through a Gal4-SUMO2 fusion [123], but it has been
shown that individually knocking down of these factors has little consequences in SUMO2
displayed repression, which may be explained by functional redundancy of the multiple
repressors associated. In a similar way, downregulation of CHD3 (mammalian dMi-2) or
L3MBTL1/2 does not impair Sp3-SUMO-mediated repression in vertebrate cells [64, 141].
However, mutation of dMi-2 or Sfmbt in Drosophila has a significant impact in Sp3-SUMO-
dependent repression [64], suggesting that promoter context and local features account for the
level of functional redundancy of SUMO-associated repressors. In addition, an important
aspect of the SUMO modification concerns the fleeting nature of the modification in many
cases, which means that SUMO-SIM interactions may have permanent consequences despite
they are not further detected, a notion that implies a kind of memory and that thereby links
SUMO to epigenetics. Interestingly, mutation of the SUMO2 SIM in CoREST is sufficient to
abrogate repression of some neuronal specific genes in non-neuronal cells [111], highlighting
the relevance of the non-covalent interaction of proteins with SUMO in regulating SUMO-
dependent repression. In this context, SIMs and sumoylation sites have been described in many
subunits within a repressor complex (reviewed in [68]), which rises the question about how
the appropriate connections are established.
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1. Introduction

After more than a decade of studying the chromatin remodeling, better view of the function
mechanisms of the chromatin remodeling complexes has been developed. It was found that
chromatin remodeling complexes facilitate transcription of genes by reducing the nucleosome
density on specific genomic regions, such as enhancers and promoters, and increasing their
affinity to activators and activator-binding complexes. Moreover, the importance of the
chromatin remodeling complexes for transcriptional repression has been shown recently [1,
2]. Therefore chromatin remodeling complexes appear to be involved in nearly all aspects of
transcription regulation [3].

At present, the SWI/SNF chromatin remodeling complex is considered to be a significant player
in the process of RNA Polymerase II transcription initiation. Recruitment of the complex
precedes other transcriptional events and is important for the binding of the general tran‐
scriptional machinery [4]. The interplay between chromatin remodeling and general tran‐
scriptional factors is so close, that these complexes may unite into physically stable formations
termed supercomplexes [5]. An example of such cooperation has been demonstrated for the
Drosophila SWI/SNF (dSWI/SNF) and TFIID complexes with the SAYP coactivator as a linchpin
unit [6].

Recently, abundant evidence concerning SWI/SNF participation in the process of RNA
Polymerase II elongation has been reported. It has been demonstrated that the SWI/SNF
complex does not leave the promoter after general transcriptional factors recruitment but is
involved in transcription elongation and co-transcriptional events. In addition SWI/SNF direct
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influence on alternative splicing has been revealed in several studies. Using the human CD44
gene as a model it has been shown that SWI/SNF decreases the elongation rate of RNA
Polymerase II and facilitates the alternative exons incorporation. Moreover, biochemical
interaction of human SWI/SNF (hSWI/SNF) complex with splicing machinery including both
protein factor Sam68 and snRNAs of sliceosome has been demonstrated [7]. Later, a protein
complex containing p54nrb and PSF factors of mRNA splicing and one of the hSWI/SNF ATPase
subunit hBrg1 has been biochemically purified. The influence of the hBrg1 subunit knockdown
on the alternative exons incorporation in the TERT gene transcripts has been demonstrated. It
has been shown that hBrg1 knockdown leads to growth arrest and senescence of the human
cells [8].

Further the several evidences concerning SWI/SNF complex role in mRNP processing in insects
have been published. The knockdown of core Drosophila melanogaster SWI/SNF (dSWI/SNF)
subunits has been shown to facilitate the alternative splicing of several Drosophila genes both
in culturing cells and in the larvae [9]. Recently, physical association of the SWI/SNF complex
with pre-mRNP of Chironomus tentans was demonstrated both biochemically and by immune-
electron microscopy [10]. Thus participation of SWI/SNF complex in RNA Polymerase II
elongation coupled events is not the distinctive feature of mammals but the evolutionary
conserved phenomenon.

The participation in other important steps of the RNA Polymerase II elongation process has
been described for the SWI/SNF complex in addition to its significance for the alternative pre-
mRNP splicing. The accumulation of the SWI/SNF complex in the coding region of the genes
during active transcription has been demonstrated for the yeast. Yeast genes, tested in that
study, do not have introns. So, the presence of the SWI/SNF complex inside the coding region
of yeast genes could not be explained by its interaction with splicing machinery. ySWI/SNF
complex is rather important for the RNA Polymerase II elongation process. It has been shown,
that the swi2Δ mutant (the ATPase subunit of the yeast SWI/SNF) possesses heightened
sensitivity to the drugs that inhibit RNA Polymerase II elongation [11].

Similar data has been obtained for the human hsp70 gene which, like the yeast genes, contains
no introns at all. The SWI/SNF but not ISWI complex (another type of chromatin remodel‐
ing complex) binding to the coding region of the mouse hsp70 during active transcription
has been shown. Like the yeast counterpart, the homologous SWI/SNF complex of the human
has demonstrated sensitivity to the drug (α-amanitin) which suppresses RNA Polymerase II
elongation. Amanitin treatment led to a dramatic decrease in the level of SWI/SNF binding
to the coding region of the hsp70 gene during active transcription. It has been shown that
point mutations of the HSF1 factor, which disrupts transcription elongation but not initia‐
tion of hsp70 transcription, also causes a dramatic decrease in the SWI/SNF complex binding
to the gene [12].

Participation of the SWI/SNF complex in RNA Polymerase II elongation process on the intron-
less genes like yeast genes and human hsp70 indicates, that its function during transcription
is not limited to splicing events. Moreover, importance of the SWI/SNF for the RNA Polymer‐
ase II elongation process itself has been demonstrated.

Chromatin Remodelling60

Furthermore, the evidence concerning SWI/SNF complex participation in RNA Polymerase II
transition from the initiation to the productive elongation state has been described in the last
two years. Drosophila melanogaster developmental ftz-f1 gene was used as a model gene to
demonstrate the role of dSWI/SNF in RNA Polymerase II pausing process. It has been
demonstrated that dSWI/SNF complex participates in the organization of the repressed gene
state via the pausing of the RNA Polymerase II. Moreover dSWI/SNF has been revealed to be
important for the transient pausing of RNA Polymerase II during active transcription. So, the
significance of the dSWI/SNF for the proper elongation and Ser2 CTD phosphorylation marker
loading has been demonstrated for the same gene during the active transcription state [13].
Furthermore, the influence of the SWI/SNF complex on the RNA Polymerase II transition to
the elongation state has been reported for the human. It has been shown that human SWI/SNF
stimulates the occasional transcriptional elongation of the HIV-1 provirus in the absence of the
Tat activator thus disrupting the early termination of the short viral transcripts [14]. There are
a number of studies that indicate association of SWI/SNF with the process of RNA Polymerase
II elongation but the exact function of the complex during the process remains to be seen.

The first and simplest model of SWI/SNF function during elongation that comes to mind is
that SWI/SNF assists RNA Polymerase II in overcoming the nucleosome barriers during
elongation. This idea complies with the general view on SWI/SNF functions but is not in a
good correlation with the results of the splicing studies. According to that studies the
SWI/SNF complex slows down RNA Polymerase II elongation rate rather than stimulates it.
This conclusion has been made by investigators on the base of the mutation and knockdown
experiments where the incorporation rate of longer exons during transcription processing
decreased upon SWI/SNF complex disruption. One more evidence could be concluded from
these splicing studies: the RNA Polymerase II complex does not require the SWI/SNF complex
for the productive elongation on the intron-containing genes. The SWI/SNF complex knock‐
down performed in the experiments impaired splicing of the genes transcripts but had no effect
on the total transcription level [7]. On the other hand, it has been demonstrated recently that
RNA Polymerase II complex alone could overcome the nucleosome barrier, suggesting that
there is no urgent need for the special remodeling enzymes [15]. Thus, SWI/SNF functions
during transcription elongation are not completely clear and still need to be investigated.

The Drosophila melanogaster (d) dSWI/SNF chromatin remodeling complex is comprised of the
two types of the subcomplexes PBAP and BAP (in mammals, PBAF and BAF respectively).
These subcomplexes share several common subunits and Brahma ATPase, but also contain
several specific subunits: OSA in the BAP complex and Polybromo, Bap170 and SAYP in PBAP
[16][17]. These subcomplexes control the expression of different, but partially overlapping
gene patterns and are involved in different functions of the dSWI/SNF complex. For example,
BAP but not the PBAP subcomplex is important for proper cell cycle progression [18]. However
one question still remains uninvestigated: are there differences in the molecular mechanisms
of the subcomplexes functioning, e.g., in the way they remodel histones or in the specific
actions they perform.

The main idea of this work is to clarify the next issue: which of the two dSWI/SNF subcomplex‐
es is involved in the new function of the dSWI/SNF complex and accompanies RNA Polymer‐
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ase II during transcription elongation. For that goal we have generated and characterized
antibodies against the BAP170 and OSA subunits of the PBAP and BAP subcomplexes of the
dSWI/SNF complex respectively. Using them we have investigated the changes in distribu‐
tion of the subcomplexes along the ftz-f1 and hsp70 genes upon activation of transcription.

2. Results

2.1. Polyclonal antibodies against PBAP and BAP subcomplexes specific subunits
generation and purification

Plasmids, containing two different fragments of BAP170 protein tagged with a 6xHis, for
expression in prokaryotic system were generously provided by P. Verrijzer and Y. Moshkin
(Erasmus University Medical Center, Rotterdam, The Netherlands)[16]. Expressed antigens
were purified on Ni-NTA agarose. The quality of the purified antigens was examined by PAGE
with subsequent Coomassie blue staining (Figure1A). Specific antibodies against BAP170
protein were raised in rabbits by series of immunization with both of the antigens. Antibodies
were affinity purified from the obtained sera by the column with the antigens immobilized.
The quality of the generated antibody was analyzed by Western blot (Figure1B). Drosophila
melanogaster embryonic nuclear extract (from 0-12h embryo) were loaded on the Western blot
for the analysis. Thus the affinity purified antibodies are effective against Bap170.

Antibodies against OSA specific subunit of BAP subcomplex were generated by the same
scheme as BAP170 antibodies was. Sequence coding 108-330 aa of OSA were subcloned into
pET system for the antigen expression in E.coli. Purified OSA antigen was used for the
immunization (Figure1C). After series of immunization sera was affinity purified by OSA
antigen immobilized on the sepharose column. The sera and purified antibodies were analyzed
on Western blot with Drosophila embryonic nuclear extract loaded (Figure1D).

2.2. Antibodies against PBAP and BAP-specific subunits precipitate the common subunit
but do not precipitate each other

The SWI/SNF chromatin remodeling complex of Drosophila is comprised of two different
subclasses of remodeling complexes: PBAP and BAP. These subcomplexes reveal different
targeting through the Drosophila genome and possess different functions. But the main
divergence between the subcomplexes is their ability to form protein complexes, which could
be separated biochemically. The specific subunits of the subcomplexes interact with the
common subunits of dSWI/SNF (like BRM, MOR, BAP111, SNR1 etc.) but fail to precipitate
the specific subunits of another subcomplex.

To confirm the specificity of antibodies generated against specific subunits of dSWI/SNF complex
the immunoprecipitation experiment was performed (Figure2). The subcomplexes of the dSWI/
SNF complex were precipitated from the crude lysate of the S2 Schneider cells by the generat‐
ed antibodies against BAP170 and OSA subunits. S2 Schneider cells are the most widely used
cells for the investigation of Drosophila proteins [19]. Both generated antibodies successfully
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precipitated the corresponding proteins and completely depleted them from the cell lysate. Both
specific subunits of the PBAP and BAP subcomplexes (BAP170 and OSA correspondingly)
successfully co-precipitated the common MOR subunit of dSWI/SNF but failed to precipitate
the specific subunits of other subcomplex. Therefore the generated antibodies against BAP170
and OSA could specifically precipitate the corresponding subcomplex.

Figure 2. The immunoprecipitation of the dSWI/SNF protein complex from the S2 Schneider cells lysate by antibodies
against BAP170 and OSA subunits (in – input; out – output; ip – immunoprecipitation) A) The immunoprecipitation of
the dSWI/SNF complex with the anti-BAP170 antibodies. The Western blot was stained with the antibodies against
SAYP, BAP170 and MOR subunits of the dSWI/SNF complex. As a negative control for the immunoprecipitation serum
of non-immunized rabbits (IgG fraction) was taken. B) The immunoprecipitation of the dSWI/SNF complex with the
anti-OSA antibodies. The Western blot was stained with the antibodies against OSA, BAP170 and MOR subunits of the
dSWI/SNF complex. As a negative control for the immunoprecipitation serum of non-immunized rabbits (IgG fraction)
was taken.

Figure 1. Polyclonal antibodies against PBAP and BAP subcomplexes specific subunits generation and purification A)
The antigens, used for the antibodies against BAP170 subunit generation, were purified and loaded on the PAGE
(Coomassie blue staining) B) The Drosophila embryonic nuclear extract was loaded on the Western blot and stained
with the serum of rabbit immunized with BAP170 antigens (Im), the serum before immunization (PrI) and affinity puri‐
fied antibodies against BAP170 protein. The BAP170 protein recognized with the antibodies is marked with asterisk.
C) The antigen, used for the antibodies against OSA subunit generation, was purified and loaded on the PAGE (Coo‐
massie blue staining) D) The Drosophila embryonic nuclear extract was loaded on the Western blot and stained with
the serum of rabbit immunized with OSA antigen (Im), the serum before immunization (PrI) and affinity purified anti‐
bodies against OSA protein. The OSA protein recognized with the antibodies is marked with asterisk.
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common subunits of dSWI/SNF (like BRM, MOR, BAP111, SNR1 etc.) but fail to precipitate
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To confirm the specificity of antibodies generated against specific subunits of dSWI/SNF complex
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precipitated the corresponding proteins and completely depleted them from the cell lysate. Both
specific subunits of the PBAP and BAP subcomplexes (BAP170 and OSA correspondingly)
successfully co-precipitated the common MOR subunit of dSWI/SNF but failed to precipitate
the specific subunits of other subcomplex. Therefore the generated antibodies against BAP170
and OSA could specifically precipitate the corresponding subcomplex.

Figure 2. The immunoprecipitation of the dSWI/SNF protein complex from the S2 Schneider cells lysate by antibodies
against BAP170 and OSA subunits (in – input; out – output; ip – immunoprecipitation) A) The immunoprecipitation of
the dSWI/SNF complex with the anti-BAP170 antibodies. The Western blot was stained with the antibodies against
SAYP, BAP170 and MOR subunits of the dSWI/SNF complex. As a negative control for the immunoprecipitation serum
of non-immunized rabbits (IgG fraction) was taken. B) The immunoprecipitation of the dSWI/SNF complex with the
anti-OSA antibodies. The Western blot was stained with the antibodies against OSA, BAP170 and MOR subunits of the
dSWI/SNF complex. As a negative control for the immunoprecipitation serum of non-immunized rabbits (IgG fraction)
was taken.

Figure 1. Polyclonal antibodies against PBAP and BAP subcomplexes specific subunits generation and purification A)
The antigens, used for the antibodies against BAP170 subunit generation, were purified and loaded on the PAGE
(Coomassie blue staining) B) The Drosophila embryonic nuclear extract was loaded on the Western blot and stained
with the serum of rabbit immunized with BAP170 antigens (Im), the serum before immunization (PrI) and affinity puri‐
fied antibodies against BAP170 protein. The BAP170 protein recognized with the antibodies is marked with asterisk.
C) The antigen, used for the antibodies against OSA subunit generation, was purified and loaded on the PAGE (Coo‐
massie blue staining) D) The Drosophila embryonic nuclear extract was loaded on the Western blot and stained with
the serum of rabbit immunized with OSA antigen (Im), the serum before immunization (PrI) and affinity purified anti‐
bodies against OSA protein. The OSA protein recognized with the antibodies is marked with asterisk.
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2.3. Both PBAP and BAP subcomplexes of dSWI/SNF chromatin remodeling complex are
detected on the promoter of the ftz-f1 gene

The generated antibodies were tested in the chromatin immunoprecipitation experiment on
S2 Schneider cells. According to our previous studies, the promoter of the ftz-f1 ecdysone
cascade gene with a high affinity binds the PBAP subcomplex of the dSWI/SNF [13]. It was
demonstrated for the PB- and SAYP-specific subunits of PBAP subcomplex. Therefore, BAP170
is expected to bind the promoter of the ftz-f1 gene. There are no published results about the
BAP subcomplex binding to the target genes. But there are some data which represents the
PBAP and BAP subcomplexes overlapping targeting across the Drosophila genome. These data
were obtained from the experiments with the polythene chromosome staining [18]. So, we
expected both the BAP and PBAP subcomplexes binding to the ftz-f1 gene promoter.

Two types of negative controls were used in chromatin immunoprecipitation experiment: PrA
resin without any antibody bound (to demonstrate that there is no non-specific binding of ftz-
f1 promoter) and secondly, primers for the 28S rDNA region amplification for analysis the
specificity of binding to ftz-f1 promoter region but not throughout the genome. The locus of
rDNA was chosen as a negative control because in our previous studies it did not bind the
common subunits of the dSWI/SNF complex [13]. The results of chromatin immunoprecipita‐
tion are shown on Figure 3. As expected, both generated antibodies against the PBAP and BAP
subcomplexes successfully precipitated the promoter region of ftz-f1 gene (“0” primer pair in
the description) while showed no affinity to the 28S rDNA locus.

Figure 3. The immunoprecipitation of the chromatin (ChIP) from the S2 Schneider cells with antibodies against
BAP170 and OSA subunits of dSWI/SNF complex. The blue bar represents the RT-PCR analysis of the ChIP experiment
with the primers to the ftz-f1 promoter region (“0” point in the description). The green bar represents the analysis
with the primers to the 28S rDNA locus (negative control). The results of the chromatin immunoprecipitation experi‐
ment were calculated as a % of precipitated chromatin relative to input fraction.
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Therefore we have proved the fact of simultaneous PBAP and BAP recruitment on the
promoter region of the same gene. The ftz-f1 gene is an example of the target gene for both of
the subcomplexes.

2.4. PBAP but not BAP subcomplex of the dSWI/SNF complex is accumulated at the coding
region of the ftz-f1 gene after transcription activation

In our previous studies we have described in details the scheme which makes possible to
activate the Drosophila developmental ftz-f1 gene in S2 Schneider cells [13]. A simultaneous
recruitment of the BAP170 and OSA subunits to the promoter of this gene in a non-activated
stage (in normal S2 Schneider cells) was demonstrated above. To evaluate which one of the
dSWI/SNF subcomplexes assists RNA Polymerase II in elongation process we have studied
the re-distribution of the subunits on the ftz-f1 gene upon transcription activation.

Earlier, we have described the multistep scheme of the ftz-f1 gene activation by the addition and
subsequent withdrawal of the 20 hydroxyecdysone (below, referred to simply as ecdysone)
hormone into the S2 Schneider cells culturing medium [13]. The main steps of the induction
system are schematically presented in the Figure 4. The ecdysone is the main regulator of the
ecdysone cascade and its addition to the cell medium induces the expression of the DHR3 nuclear
receptor, the activator protein for the ftz-f1 gene. In spite of DHR3 activator recruitment on the
ftz-f1 promoter soon after DHR3 protein expression, the activation of the ftz-f1 transcription does
not start until the level of the ecdysone in the medium decreases close to basal level. Previous‐
ly, we have shown that at the high ecdysone concentration, the DHR3 receptor settles on the
promoter region of the ftz-f1 gene and stimulates the formation of the PIC complex by increas‐
ing the level of TFIID and dSWI/SNF complexes and as a consequence RNA Polymerase II binding
to the promoter. But transcription of the ftz-f1 gene at this stage does not start because recruit‐
ed RNA Polymerase II is not in fully active state. It bears the Ser5 phosphorylation marker on its
CTD domain but lacks the Ser2 phosphorylation marker which is an illustrator of a RNA
Polymerase II elongation-competent state. So, the ftz-f1 gene in our scheme of activation has
preliminary activation state with pre-recruited activator and with RNA Polymerase II poised
for the transcription elongation. This phenomenon is called RNA Polymerase II pausing. The
ecdysone withdrawal from the culturing medium causes removing of the repressive signal and
disturbs the RNA Polymerase II complex pausing state. That leads to the productive transcrip‐
tion elongation and synthesis of the ftz-f1 gene full-length transcripts.

Two steps, required to verify the ftz-f1 activation scheme were performed: the 1 μM ecdysone
addition (overnight) and subsequent triple washing with the fresh Schneider medium. The
level of the ftz-f1 gene transcription was measured in all activation stages: in the ecdysone-free
medium (–), after overnight cultivation in the ecdysone-containing medium (+), and finally 4
hours after ecdysone withdrawal from the culturing medium (+;–). As expected, the ftz-f1 was
not transcribed during (–) and (+) stages and significantly activated 4 hours after the ecdysone
removal in (+;–) stage (see Figure 5).

Next, the distribution of the BAP170 and OSA subunits of the dSWI/SNF complex along the
ftz-f1 gene on different stages of activation was analyzed by the chromatin immunoprecipita‐
tion technique (see Figure 6A and B). Both of the proteins were readily bound to the promoter
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Therefore we have proved the fact of simultaneous PBAP and BAP recruitment on the
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In our previous studies we have described in details the scheme which makes possible to
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stage (in normal S2 Schneider cells) was demonstrated above. To evaluate which one of the
dSWI/SNF subcomplexes assists RNA Polymerase II in elongation process we have studied
the re-distribution of the subunits on the ftz-f1 gene upon transcription activation.

Earlier, we have described the multistep scheme of the ftz-f1 gene activation by the addition and
subsequent withdrawal of the 20 hydroxyecdysone (below, referred to simply as ecdysone)
hormone into the S2 Schneider cells culturing medium [13]. The main steps of the induction
system are schematically presented in the Figure 4. The ecdysone is the main regulator of the
ecdysone cascade and its addition to the cell medium induces the expression of the DHR3 nuclear
receptor, the activator protein for the ftz-f1 gene. In spite of DHR3 activator recruitment on the
ftz-f1 promoter soon after DHR3 protein expression, the activation of the ftz-f1 transcription does
not start until the level of the ecdysone in the medium decreases close to basal level. Previous‐
ly, we have shown that at the high ecdysone concentration, the DHR3 receptor settles on the
promoter region of the ftz-f1 gene and stimulates the formation of the PIC complex by increas‐
ing the level of TFIID and dSWI/SNF complexes and as a consequence RNA Polymerase II binding
to the promoter. But transcription of the ftz-f1 gene at this stage does not start because recruit‐
ed RNA Polymerase II is not in fully active state. It bears the Ser5 phosphorylation marker on its
CTD domain but lacks the Ser2 phosphorylation marker which is an illustrator of a RNA
Polymerase II elongation-competent state. So, the ftz-f1 gene in our scheme of activation has
preliminary activation state with pre-recruited activator and with RNA Polymerase II poised
for the transcription elongation. This phenomenon is called RNA Polymerase II pausing. The
ecdysone withdrawal from the culturing medium causes removing of the repressive signal and
disturbs the RNA Polymerase II complex pausing state. That leads to the productive transcrip‐
tion elongation and synthesis of the ftz-f1 gene full-length transcripts.

Two steps, required to verify the ftz-f1 activation scheme were performed: the 1 μM ecdysone
addition (overnight) and subsequent triple washing with the fresh Schneider medium. The
level of the ftz-f1 gene transcription was measured in all activation stages: in the ecdysone-free
medium (–), after overnight cultivation in the ecdysone-containing medium (+), and finally 4
hours after ecdysone withdrawal from the culturing medium (+;–). As expected, the ftz-f1 was
not transcribed during (–) and (+) stages and significantly activated 4 hours after the ecdysone
removal in (+;–) stage (see Figure 5).

Next, the distribution of the BAP170 and OSA subunits of the dSWI/SNF complex along the
ftz-f1 gene on different stages of activation was analyzed by the chromatin immunoprecipita‐
tion technique (see Figure 6A and B). Both of the proteins were readily bound to the promoter
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region of the studied gene with a high affinity in all stages of activation. The level of the
promoter binding of the BAP170 protein increased twice in (+;-) stage after the ftz-f1 transcrip‐
tion activation. The amount of OSA subunit bound to the ftz-f1 promoter was increased in (+)
stage during the stage of RNA Polymerase II recruitment and was not changed significantly
after the withdrawal of the transcriptional block. Thus both of the dSWI/SNF subcomplexes
bind the promoter region of the ftz-f1 gene in all stages of activation.

The patterns of the PBAP and BAP subcomplexes distribution in the coding region of the ftz-
f1 gene during active transcription differ distinctly. The significant increase in the BAP170
subunit binding at the coding region of the ftz-f1 gene during (+;-) stage of active transcription
was detected. At that stage the binding level of the BAP170 subunit in the coding region
exceeded by a factor of several times the negative control region of the 28S rDNA, while in all
other stages was close to the background. At the same time, the binding level of the OSA
subunit of the BAP subcomplex was close to the background throughout the coding region of
the ftz-f1 gene during all transcriptional stages.

Figure 4. The scheme representation of the Drosophila developmental ftz-f1 gene transcription induction by the ecdy‐
sone hormone in S2 Schneider cells. A) The ftz-f1 gene is not expressed in the normal S2 Schneider cells. The promoter
of the gene is not bound with the DHR3 activator and contains few RNA Polymerase II. The (-) mark on the scheme
represents low ecdysone titer in the medium of the culturing cells. B) After ecdysone addition (represented with the
(+) mark) the DHR3 activator is recruited on the ftz-f1 promoter region. The DHR3 binding to the promoter stimulates
RNA Polymerase II loading. Transcription of the ftz-f1 gene is initiated but the RNA Polymerase II complex pauses close
to the promoter. The RNA Polymerase II at (+) stage is not in the state competent for the elongation and is not phos‐
phorylated on Ser2 of the CTD domain. The ftz-f1 gene is not transcribed at (+) stage. C) After ecdysone withdrawal
from the culturing medium the block on the RNA Polymerase II elongation is disposed. At the point of transient paus‐
ing (it completely coincides with the region of pausing at (+) stage) the RNA Polymerase II is phosphorylated on Ser2
of the CTD domain and continues the moving into the coding region of the gene. A few hours after ecdysone titer
decreasing the ftz-f1 gene is actively transcribed.
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Thus the accumulation of the BAP170-specific subunit of the PBAP subcomplex in the coding
region of the ftz-f1 gene during the active stage of the transcription was demonstrated. Thereby
the participation of the PBAP but not the BAP subcomplex of the dSWI/SNF chromatin
remodeling complex in the elongation process of the RNA Polymerase II was shown.

2.5. PBAP subcomplex of the dSWI/SNF complex is accumulated at the coding region of the
hsp70 gene after transcription activation

To prove the wideness of the observation and non-specificity of the finding to the model of
gene activation the recruitment of the PBAP subcomplex on the coding region of the active
gene was studied in another system (on the model of hsp70 gene).

The hsp70 gene model system is widely used in transcriptional machinery studies. The model
uses Drosophila cells treatment with heat shock conditions (37 °C for 20 min) for induction while
the normal temperature for culturing is 25-28 °C [20]. In those stress conditions the transcrip‐
tional system of the Drosophila cell is drastically changed. Almost all of the genes stop being
transcribed while several genes (called heat shock genes) exhibit very fast and high level of
transcriptional activation. It should be taken into account that in such stress and non-physio‐
logical conditions the transcriptional machinery could not function by the same mechanisms
as in the normal cell. But nevertheless the hsp70 gene represents the system with the highest
induction level which was ever being described for the Drosophila. Therefore these genes are
a good model for the investigation of the subtle changes on the coding region of the gene during
transcription activation.

To verify the induction scheme the S2 Schneider cells were exposed to the heat shock conditions
(37°C) and the hsp70 gene transcription was measured before and after the heat shock. The

Figure 5. The ftz-f1 gene transcription induction in the S2 Schneider cells with the ecdysone hormone addition (“+”
state) and sequential removing (“+;-“ state). The cells of the all states were collected for the analysis at the same time.
The ecdysone was added overnight to the cells of (+) and (+;-) states and in (+;-) state it was removed from the cells
medium 4 hours before analysis. The Y – axis represents the level of transcription induction relative to non-induced
conditions.
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Thus the accumulation of the BAP170-specific subunit of the PBAP subcomplex in the coding
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remodeling complex in the elongation process of the RNA Polymerase II was shown.

2.5. PBAP subcomplex of the dSWI/SNF complex is accumulated at the coding region of the
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To prove the wideness of the observation and non-specificity of the finding to the model of
gene activation the recruitment of the PBAP subcomplex on the coding region of the active
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fifty fold increase in hsp70 gene transcription was detected after the heat shock. The hsp70
transcription induction was measured by Real-Time PCR using primer “7” from the descrip‐
tion list.

To prove the involvement of the PBAP subcomplex in the process of RNA Polymerase II
elongation the BAP170 subunit distribution was analyzed along the hsp70 gene before and after

Figure 6. The BAP170 (A) and OSA (B) subunits distribution along the ftz-f1 gene at different stages of transcription
activation. The analysis was performed by chromatin immunoprecipitation technique on the S2 Schneider cells which
was growing in the ecdysone-free medium (–), after overnight cultivation in the ecdysone-containing medium (+), and
finally 4 hours after ecdysone withdrawal from the culturing medium (+;–). The positions of primer pairs which were
used for the RT-PCR analysis of the ftz-f1 gene are shown on the scheme of the gene. The precipitation level of the
negative control (28S rDNA region) is shown on the graphs as a grey line. The results of the chromatin immunoprecipi‐
tation experiment were calculated as a % of precipitated chromatin relative to input fraction.
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heat shock (Figure 7). The BAP170 subunit of the PBAP subcomplex binding to the promoter
region was detected both in the repressed and active state of the gene. But several times
increase in the level of the BAP170 subunit binding inside the hsp70 coding region was
observed after transcription activation.

Thus the accumulation of the PBAP subcomplex inside the coding region upon transcription
activation was demonstrated not only for the ftz-f1, but also for the hsp70 gene.

3. Conclusions

Several pieces of evidence concerning SWI/SNF participation in the elongation process of RNA
Polymerase II have emerged during the last few years [21]. These data describe SWI/SNF
complex participation both in elongation process of RNA Polymerase II and in transcription
elongation coupled events like pre-mRNP splicing [22]. There have been a few studies to date
but there can be no doubt that the SWI/SNF complex travels with the RNA Polymerase II along
the gene during active transcription. This research area is only starting to be investigated and
attracts much attention because the participation in transcription elongation represents a novel
function of the SWI/SNF complex.

The properties of the SWI/SNF complex is under extensive study because subunits of the
complex are indispensable for the living organism [23][24]. The ability to possess all types of
nucleosome remodeling activities distinguishes it from other chromatin remodeling com‐
plexes [24]. The recent studies concerning the significance of SWI/SNF complex for the cell
reprogramming and association of the SWI/SNF subunits mutations with cancer susceptibility
have made this complex interesting for a wide circle of investigators [25][26].

Figure 7. The BAP170 subunit distribution along the hsp70 gene at heat shock (red) and non-heat shock (blue) condi‐
tions. The analysis was performed by chromatin immunoprecipitation technique on the S2 Schneider cells treated with
the heat shock conditions (37°C) and harvested at room temperature (presented as “heat shock” and “control” line on
the graph). The positions of primer pairs which were used for the RT-PCR analysis of the hsp70 are shown on the
scheme of the gene. The results of the chromatin immunoprecipitation experiment were calculated as a % of precipi‐
tated chromatin relative to input fraction.
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the heat shock conditions (37°C) and harvested at room temperature (presented as “heat shock” and “control” line on
the graph). The positions of primer pairs which were used for the RT-PCR analysis of the hsp70 are shown on the
scheme of the gene. The results of the chromatin immunoprecipitation experiment were calculated as a % of precipi‐
tated chromatin relative to input fraction.
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It has been known for a few years that the SWI/SNF complex is comprised of PBAP and BAP
types of subcomplexes (in mammals, PBAF and BAF respectively) [16]. The subcomplexes
have partially overlapping but mostly distinct targeting throughout the genome [27]. These
subcomplexes possess different functions. Thus, the BAP but not the PBAP complex is working
in the cell cycle regulating pathway [18]. For the BAF250/ARID1-specific subunit of the BAP
subcomplex an activity of the E3 ligase and ability to ubiquitinylate histone H2B has been
demonstrated [28]. The capabilities of these subcomplexes to possess different functions
obviously lie in their specific subunits.

The main idea of the current study was to investigate which one of the subcomplexes partic‐
ipates in the new functions of SWI/SNF during transcription elongation. The model describing
results of this study is presented in Figure 8 A and B.

The drosophila developmental ftz-f1 gene was chosen as a model for the investigation. The ftz-
f1 gene transcription induction was performed by developmental ecdysone hormone (so
conditions were close to natural). This system of induction has advantages both in terms of
the physiological non-stress conditions of gene activation and the simplicity of performing
chromatin immunoprecipitation experiments on the culturing cells. The accumulation of the
PBAP but not BAP subcomplex inside the coding region upon transcription activation was
observed by chromatin immunoprecipitation with antibodies against specific subunits of the
subcomplexes. Thus, for the Drosophila melanogaster it was demonstrated that the PBAP
subcomplex of dSWI/SNF is not only important for the transcriptional initiation events but
also assists the RNA Polymerase II in transcription elongation.

The discovered effect was confirmed in another inducible gene system. The hsp70 gene is
induced by subjecting the cell to the stress heat shock conditions and the transcription level
after induction is characterized by the extremely high rate. In the inducible system of the hsp70

Figure 8. The descriptive model of the PBAP and BAP subcomplexes of the dSWI/SNF chromatin remodeling complex
re-distribution along the gene before and after transcription activation. Both of the subcomplexes are bound to the
promoter region before transcription induction (A). At the active transcription state the PBAP subcomplex of
dSWI/SNF complex is detected on the coding region of the gene (B). The PBAP subcomplex of the dSWI/SNF assists
the RNA Polymerase II in the process of transcription elongation.
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 gene the significant accumulation of the PBAP subcomplex inside the coding region upon
transcription activation was observed. Thus PBAP subcomplex participation in RNA Poly‐
merase II elongation is not restricted to the solitary gene, but is realized at least on two inducible
genes of Drosophila melanogaster.

The specification of the SWI/SNF subcomplex participation in the functions during the RNA
Polymerase II elongation process will make easier further investigations of these functions.

The presence of the SWI/SNF complex inside the coding region of the intron-less genes testifies
to the existence of some other functions during elongation in addition to the participation in
the splicing process. The nature of these functions is not fully understood yet. But the functional
link of the SWI/SNF complex with the process of RNA Polymerase II elongation definitely
exists. It was shown for the yeast that mutants of the SWI/SNF subunit display heightened
sensitivity to the drugs, inhibitors of transcription elongation [11]. The participation of the
PBAP subcomplex in regulation of the RNA Polymerase II elongation rate has been described
for the Drosophila using the ftz-f1 gene as a model system. It was demonstrated that knockdown
of the PBAP subcomplex subunit causes decrease in the level of the elongated RNA Polymerase
II on the coding region, but at the same time it does not reduce the level of the promoter-bound
RNA Polymerase II complex. Moreover, the PBAP subunit knockdown leads to a considerable
decrease in level of the RNA Polymerase II CTD Ser2 phosphorylation state but does not
change the Ser5 phosphorylation. The participation of the SWI/SNF complex in the process of
CTD Ser2 phosphorylation could be one of the chromatin remodeling complex functions
during elongation. This marker of active transcription is loaded close to the promoter area and
increases towards the 3’ end of the gene. The new kinase which is responsible for the Ser2 CTD
phosphorylation RNA Polymerase II elongation through the coding region of the gene has
been described recently [29]. The participation of SWI/SNF in this process could explain the
observed accumulation of the complex inside the coding region of the gene upon transcription
activation.

Experimental procedures

Drosophila embryonic nuclear extract purification

The Method of the Drosophila embryonic nuclear extract purification was described earlier in [30].

Experiments with S2 Schneider cell

The protocol of the Drosophila Schneider line 2 (S2) cells cultivation and ftz-f1 gene induction
was in the details described in [13]. For the hsp70 gene transcription induction cells were
incubated at the 37°C in water bath for the 20 min and briefly cooled to the RT. To extract
proteins for IP, S2 Schneider cells were lysed in 10 mM Hepes (pH 7.9) buffer containing 5 mM
MgCl2, 0.5% Nonidet P-40, 0.45 M NaCl, 1 mM DTT, and complete protease inhibitor mixture
(Roche). IP was performed as described earlier [31].

Chromatin immunoprecipitation

For one ChIP experiment 3x106 of S2 Schneider cells were taken. Crosslinking was made by 15
min incubation with 1,5% formaldehyde and was stopped by addition of 1/20 volume of the
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2,5M glycine. Cells were triple washed with cold (4°C) PBS and resuspended in SDS-containing
buffer (50 mM HEPES-KOH pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0,1%
deoxycholate Na, 0,1% SDS, Protease inhibitors cocktail (Roche)). Chromatin was sheared to
DNA size of appr. 700 b.p. and centrifuged (16 rcf, 20 min). For the one chromatin immuno‐
precipitation were taken: 10 μg of antibodies, 15 μl of PrA sepharose (Sigma), ssDNA and BSA
up to 1 mg/ml. The precipitated chromatin was sequentially washed by buffers: SDS-contain‐
ing buffer, SDS-containing buffer with 0,5M NaCl, LiCl-containing buffer (20mM Tris-HCl pH
8,0, 1mM EDTA, 250 mM LiCl, 0,5% NP40, 0,5% Deoxycholate Na) and TE buffer (20mM Tris-
HCl pH 8,0, 1mM EDTA). Precipitated complexes were eluted by incubation in buffer (50mM
Tris-HCl pH 8,0, 1mM EDTA, 1% SDS) at RT. Eluted chromatin was de-crosslinked for the 16
h at 65°C (16 μl of 5M NaCl was added) and treated with the 3 units of proteinase K for 4 h at
55°C (5 μl of 0,5 M EDTA was added to each sample). DNA was purified with the phenol/
chloroform extraction and precipitated with the isopropanol. The precipitate was dissolved in
TE buffer and subjected to the Real-Time PCR (RT PCR) analysis. The result of the chromatin
immunoprecipitation experiment was calculated as a rate of precipitated fraction relative to
the input chromatin fraction (presented as a percent). Each point was measured in at least five
experiments and the mean value was calculated.

RNA purification and cDNA synthesis

The RNA purifications were performed as described in [13].

Primers for qPCR

ftz-f1 gene fragments:

Region Forward primer Reverse primer

–1 ACAAAAAACTGCTGAAGAAGAGACC ACTGTGGGTATGGCATTATGAAAG

0 GAGGCAGAGGCAGCGACG GCTTTGTCATCTATGTGTGTGTTGTTG

1 AGTCAATCGAGATACGTGGTTGATG GTAACGCTTTGTCATCTATGTGTGT

2 GTTCTCTTGCTGCGTTGCG GAAAGTGGGTCACGAATTTATTGC

3 ACCGCAACCTATTTTACTACC TTAGAAGACCGAAGAGTTATCC

4 ACAACAACAATAACAACGACAATGATGC CTGATTGCCGCTGCCACTCC

5 CAGCAGCAACAGCAACAGAATATC GCGAGTGTGAGGAGGTGGTG

6 CTCCTCACACTCGCAACAGAGC AGCAGCATGTAGCCACCGC

7 CTCCGTAAGAGTCAGCTTTAAC CAGGGACATCACACATACG

8 CAACGCTTCACAGAAACAAACG GTTGTACAAAGCGGCGTATGC

9 GTTCGAGCGGATAGAATGCGT GATATGCTTGCTGGTAGCCCG

10 GAGGAGGAGGTGGCAATAATGC GATCCTATTCCAGCCTCGTGG

11 TTCAATGCACATTCTGCCG GCAGCAACATGGTTCAAAGC

12 AACATCTTACCGGAAATCCATGC ATCTCCATGAGCAGCGTTTGG

Table 1. Primers for the amplification of the ftz-f1 gene fragments.
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hsp70 gene fragments:

Region Forward primer Reverse primer

-2 GCAACTAAATTCTAATACACTTCTC TGCTGCGTTTCTAAAGATTAAAG

-1 GTGACAGAGTGAGAGAGCATTAGTG ATTGTGGTAGGTCATTTGTTTGGC

0 TTGAATTGAATTGTCGCTCCGTAG ACATACTGCTCTCGTTGGTTCG

1 GCAGTTGATTTACTTGGTTG AACAAGCAAAGTGAACACG

2 ATGAGGCGTTCCGAGTCTGTG CTACTCCTGCGTGGGTGTCTAC

3 CGCTGAGAGTCGTTGAAGTAAG GTGCTGACCAAGATGAAGGAG

4 GCTGTTCTGAGGCGTCGTAGG TTGGGCGGCGAGGACTTTG

5 CCTCCAGCGGTCTCAATTCCC GACGAGGCAGTGGCATACGG

6 GGGTGTGCCCCAGATAGAAG TGTCGTTCTTGATCGTGATGTTC

7 CTTCTCGGCGGTGGTGTTG GTAAAGCAGTCCGTGGAGCAG

8 AGCTAAAATCAATTTGTTGCTAACTT AGGTCGACTAAAGCCAAATAGA

9 GCTGTTTAATAGGGATGCCAAC TATTGTCAGGGAGTGAGTTTGC

10 GTTGTTGAACTCCGTAACCATTCTG GCCCCGCTAAGTGAGTCCTG

Table 2. Primers for the amplification of the hsp70 gene fragments.

28S rDNA:

Forward primer Reverse primer

AGAGCACTGGGCAGAAATCACATTG AATTCAGAACTGGCACGGACTTGG

Table 3. Primers for the amplification of the 28S rDNA locus fragment.
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1. Introduction

Condensin complexes condense chromosomes during mitosis, turning the diffuse interphase
chromosomes into the familiar X-shaped compact chromosomes that segregate during cell
division. More recently a second role for condensins has emerged, in the epigenetic regulation
of interphase gene transcription. This second fascinating role is very difficult to study since
defects in condensin will usually interfere with mitosis and result in cell death. While several
excellent reviews of condensin function have recently been published (see [1-3]), in this article
we concentrate on the epigenetic functions of condensins and how they can be studied. We
also provide the first summary of condensin protein splice forms, a largely overlooked
contributor to condensin variation.

The DNA within a cell is too large to fit inside if left in its unwound state. In order to accom‐
modate the genetic material, a cell packages this DNA as chromati:, a combination of DNA
bound to protein. The DNA is wound around protein complexes known as histones to form
nucleosomes, which form a “beads-on-a-string” structure. These nucleosomes can be com‐
pacted further to produce a highly condensed structure that fits inside the nucleus of a cell.

The regulation of this structure is vital for cell growth and survival. During mitosis, chromatin
must be unwound so that it can be properly replicated and then repackaged into sister
chromosomes that must then be segregated into the dividing cells. Defects in any of these
processes can result in cell death. Additionally, the compact nature of the chromatin limits the
cell’s transcription machinery from properly interacting with its targets, preventing gene
transcription. In order to counter this, selected regions of chromatin must be unwound during
interphase to allow the genes present to be transcribed. The chromatin structure of the cell is
therefore under tight control. Changes in chromatin structure are thought to occur via three
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broad mechanisms; 1. methylation of DNA; 2. covalent modification of histones; 3. at a “higher
level” by tethering distant regions of DNA.

The condensin protein complexes, originally identified in Xenopus egg extracts [4], function
through the third pathway: inducing condensation in chromatin structure through the
introduction of positive super-coils, and by tethering together distinct regions of DNA [5, 6].
This ability to condense chromatin has been found to be central to the compaction of chromo‐
somes during mitosis.

Vertebrates possess two condensins, known as condensin I and condensin II, each consisting
of 5 proteins. A dimer of Structural Maintenance of Chromosome (SMC) proteins 2 and 4 forms
the core of both condensin I and II. SMC proteins are large proteins (1000 – 1300 amino acid
long) which fold so that their amino and carboxy termini join to form an ATPase [7]. SMC2
and 4 form a dimer with a V-shape, with the ATPase domains of each protein localized to the
tips of the V. This dimer of SMC proteins then associates with either Ncaph, Ncapg and Ncapd2
to form condensin I or with Ncaph2, Ncapg2 and Ncapd3 to form condensin II (Figure 1) [8, 9].

Figure 1. Schematic representation of the condensin complexes. A heterodimer of SMC2 and SMC4 combines
with either Ncaph, Ncapg and Ncapd2 to form condensin I or with Ncaph2, Ncapg2 and Ncapd3 to form condensin II.
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Condensins were initially studied in the context of mitotic chromosomes. Mutations interfer‐
ing with the function of either condensin complex results in aberrant chromosome formation,
and a complete loss of function of either complex is lethal [9, 10]. The emerging evidence for
chromatin structure’s role in gene transcription however has lead to idea that condensins may
play roles beyond mitosis, acting in interphase to influence gene transcription through the
reorganization of chromatin [11-13]. Subsequently, evidence has begun to emerge which shows
that condensins are much more than architects of chromatin structure, they are also important
regulators of gene transcription.

The vital role condensins play in mitosis makes their study difficult; disruption of their
function through means such as mutations or transcriptional interference often fatally disrupts
cell division. A variety of methods of study have therefore been employed in order to gain
insight into the complexes’ roles in mitosis and gene regulation.

2. The study of condensin homologs

An alternative to studying a protein directly is to study functionally and structurally similar
homologs. Such homologs may provide insight into a protein of interest through shared
mechanisms, but prove easier to study. Such an approach has been used to study condenins
and provided great insight into how they might regulate gene transcription.

One of the first examples of condenins regulating gene expression was the discovery of a
condensin homolog in C. elegans known as the Dosage Compensation Complex (DCC) [14].
In  most  species,  the  sexes  are  determined  by  a  difference  in  the  presence  of  specific
chromosomes (such as the X and Y chromosomes in human). In C. elegans the population
is divided into males, which possess a single X chromosome, and hermaphrodites, which
possess two copies of the X chromosome. The increased number of X chromosome present
in  hermaphrodites  would  lead  to  a  two-fold  increase  in  X-linked gene  expression  with
potentially dire consequences unless properly regulated [15]. To counter this, hermaphro‐
dite C. elegans can reduce the expression of their X-linked genes by half, resulting in normal
levels of transcription [15].

The DCC is comprised of SMC proteins DPY-27 and MIX-1 as well as DPY-26, DPY-28 and
Capg1 [16-20]. The DCC then associates with a second 5-protein complex consisting of SDC-1,
SDC-2, SDC-3, DPY-21 and DPY-30. The structure of the DCC differs from the worm condensin
I complex only in the presence of DPY-27, which is replaced by SMC-4 in condensin I, yet
despite the similarities has a different function.

Studies have shown that the DCC is directed towards the X chromosome by a combina‐
tion of histone modifications and specific DNA motifs. The histone variant H2A.Z (called
HTZ-1 in C. elegans) is found on the X chromosome of C. elegans.  Disrupting the expres‐
sion of this histone using RNAi’s was shown to disrupt DCC binding. The disruption was
not caused by a decrease in DCC protein levels, which suggests the histone assists in the
binding/recruitment of the complex to the X chromosome [21, 22].  Once recruited to the
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correct  chromosome,  the complex binds to the DNA through the recognition of  specific
sequence motifs in what is now known to be a two-step process. First, the DCC recogniz‐
es and binds to recruitment elements on X (or  rex)  sites.  Once bound,  the DCC is  then
distributed along the X chromosome by migrating to dependent-on-X (or dox)  sites.  The
result is the distribution of the DCC along the full length of the X chromosome, allowing
it to exert its effects over the entire chromosome [23].

A second, less widely known example of a condensin- related protein was identified in a mouse
study looking for epigenetic regulators. Blewitt et al. identified the gene SMC Hinge domain
containing 1 (SMCHD1) [24]. While not a full homolog of SMC, it does bear similarities and
further investigation showed that it plays a crucial role in X-inactivation in mice, similar to the
DCC in C. elegans [25]. Further study of this protein may provide insights into the function of
SMC complexes such as condensin.

3. The study of condensins through knock-outs

Removal of a gene of interest, and study of the resulting phenotype, is a common method for
studying the function of a gene. The vital role condensins play in mitosis prevents such an
approach, as knock-outs are often lethal. Knockouts in SMC2, SMC4, Ncapd2, Ncapg and
Ncaph have all proven to be lethal [26-34]. The majority of the knock-out work has been
conducted in yeast, bacteria, Drosophila, and C. elegans. A study in 2004 generated the only
reported mammalian phenotype for a condensin knockout: a mouse strain with a deletion of
the condensin II Ncapg2 protein [35]. The resulting knock-outs were embryonic lethal, with
the mice fetuses dying almost immediately after implantation due to a catastrophic disruption
in cell growth and division.

An alternative to the use of full knock-outs is the generation of conditional knock-outs. Cell
lines can be engineered to turn-off expression of target genes when exposed to specific signals
(such as the addition of doxycylcin). Expression of the gene is then lost over time and a resulting
phenotype emerges. Chicken cell lines have now been created that stop expression of select
condensin genes upon exposure to doxycycline [36]. Whereas a normal knock-out of these
genes would likely prove lethal and prevent any sort of study, the gradual emergence of the
phenotype in these conditional knock-outs can be studied. Such an approach has been used to
investigate the different contributions of condensin I and condensin II to mitotic-chromosome
formation, showing differences in phenotype between knock-outs of the two complexes. The
results suggest that condensin II is required for the formation of the chromosome scaffold and
for providing rigidity, while condensin I acts to compact the chromatin around the scaffold.
While only used so far to study the role of these complexes in mitosis, their use could be
expanded to investigate the role condensins play during interphase. Gene expression profiling
of these cell lines could be carried out to look for evidence of the direct regulation of tran‐
scription by condensins.
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4. Knock-down and overexpression studies

Altering the expression of target proteins, either through over- or under-expression can
provide an alternative to knock-out studies, producing informative phenotypes while
avoiding the lethal side-effects often associated with complete removal of a protein. Such
approaches have been used in Drosophila to great effect, providing insights into the functions
of Condensins.

The Drosophila Barren protein, a homolog of Ncaph and component of the Drosophila Conden‐
sin I complex, was investigated using a knock-down approach [37]. The study showed that fly
Ncaph interacts directly with the Polycomb group protein polyhomeotic. Polycomb group
proteins are a group of proteins responsible for repressing transcription in various regions across
the genome and for maintaining this silenced state through the life of the fly. This is achieved by
the binding of these proteins to specific elements within the genome and the compaction of
neighboring DNA. The physical interaction with Ncaph suggests that this compaction is achieved
through the recruitment of Condensin via the polycomb group proteins to the target region of
the genome. The authors demonstrated a specific instance of this, showing the fly requires Ncaph
to silence the abdominal-B gene by inducing its binding to an upstream silencer. Reducing the
levels of Ncaph through knock-downs greatly diminished the silencing of this gene, highlight‐
ing the role of condensin I in transcriptional regulation.

A similar approach was used in a second Drosophila study [38]. The authors noted that
Drosophila larvae with mutations in retinoblastoma family protein RBF1 often showed defects
in chromsome condensation during mitosis. Further investigation showed a direct interaction
between RBF1 and the Drosophila Ncapd3 protein. The authors showed that this interaction
was required for proper loading of condensin II onto the chromosome. A reduction in the levels
of RBF1 greatly diminished the capacity of condensin II to bind to the chromatin, but could be
compensated by over-expression of Ncapd3.

Over-expression was also used to explore the role of murine Ncapg2/MTB in erythropoiesis
[39]. Ncapg2 was found to be upregulated in erythroid cell lines. Further investigation found
the protein was capable of inhibiting SCL/E12 mediated transcription. Over-expression of the
protein was also shown to be sufficient to induce terminal differentiation of erythroleukemia
cell lines. While the precise mechanism of Ncapg2-mediated differentiation is still poorly
understood, the authors proposed two non-exclusive hypotheses. During erythroid cell
development, the chromatin becomes progressively more compacted as the cell matures and
the nucleus is ultimately ejected [40]. An increased level of Ncapg2 could result in a higher
level of condensin II, in turn leading to a higher level of chromatin compaction. Alternatively,
the authors proposed that Ncapg2 may act independently of the Condensin complex, coop‐
erating with additional enzymes to induce red blood cell development.

5. Mutation studies

In 2007, our laboratory reported the first viable mammalian mutant of a condensin protein;
the Nessy mouse, with a point mutation in the Ncaph2 (kleisinβ) gene [41]. The mutant was
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identified as part of an ENU-mutagenesis screen for immunological phenotypes, and has a
partial block in T-cell development. The mutation was mapped to a region in mouse chromo‐
some 15 and ultimately identified as a T to A substitution in exon 1 of the Ncaph2 gene. The
mice are viable and appear otherwise normal. The phenotype therefore is not due to impair‐
ment of cell division. Indeed, evidence was obtained that at one stage of T-cell development
(the CD4+CD8+ double positive stage) Nessy thymocytes undergo more cell divisions than their
wild-type counterparts. No defects were identified in the B-cell lineage. These studies provide
the first evidence for a cell-type specific role of a condensin complex component. A subsequent
study pinpointed functional deficiencies in mature Nessy T-cells [42]. More recently a study
by Rawlings et al. presented evidence suggesting that the point mutation in the Nessy mouse
prevents Condensin II from condensing the chromatin at a key stage during thymocyte
development, resulting in aberrant gene transcription [43].

Another ENU mutagenesis screen, this time conducted on zebrafish, identified a mutation in
condensin I subunit Ncapg which caused a reduction in the number of retinal cells [44]. In
addition, the animals displayed a high incidence of polyploidy suggesting defects in cell
division.

6. Study of alternative splice forms

Until recently, it has been assumed that the genes encoding the components of the condensin
complexes each produce only a single protein. Recently however, it has emerged that this may
not be the case. In the same study that described the mutant mouse model, our laboratory also
showed that mouse Ncaph2 can undergo alternative splicing to produce multiple distinct
protein isoforms [41]. We have since studied this in more detail, showing that the mouse
Ncaph2 gene is capable of encoding at least 6 unique protein isoforms [45]. The first exon of
the gene can be translated into one of three forms. In addition, we detailed the inclusion of an
additional alanine residue between exons 15 and 16 resulting from NAGNAG variation. Our
data show that the amino-termini variants are ubiquitous throughout the mouse, expressed at
similar levels in all tissues tested.

The remaining components of the condensin complexes have never been studied to see if they
undergo alternative splicing despite annotated instances existing in the NCBI and ENSEMBL
database. We recently completed a large scale study into alternative splicing that identified
additional instances of splice variation in Ncaph2 and Ncapd2. A comprehensive summary of
the splice variants of all condensin subunits is presented in Table 1. None of the splice variants
have been characterized yet, so it remains to be seen if they are functionally unique. Their
existence however, raises the possibility that these distinct isoforms may regulate the different
functions of condensins. Inclusion of one splice form over another may switch the complex
from an architect of chromosomes to a regulator of gene function, providing an elegant method
to regulate function.
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Mouse

Protein Splice Type Description of splicing Reference

SMC2 Partial

transcription

Transcription of only the first 11 exons, resulting in a truncated

protein

ENSEMBL

SMC4 Partial

transcription

Transcription of only the first 8 exons, resulting in a truncated protein ENSEMBL

Alternate splice

site

Alternate in frame splice site at the start of exon 3, resulting in the

deletion of 25 amino-acids from the beginning of the exon

ENSEMBL

Ncapd2 Cryptic exon Inclusion of a cryptic exon between exons 20 and 21 and initiating

translation at an alternate start codon produces a truncated protein

with a unique amino-terminus

Wilson et al

(submitted)

Ncapd3 Exon skipping Skipping of exons 25 – 28, resulting in the deletion of 283 amino-

acids

ENSEMBL

Ncaph2 Alternate splicing

of exon 1

The protein can splice the first coding exon in one of three ways,

producing proteins with distinct amino-termini

Theodoratos et al,

2012

Cryptic exon Inclusion of a cryptic exon between exons 5 and 6, as well as initiating

translation from an alternate start site produces a protein with a

unique amino-terminus

Wilson et al

(submitted)

NAG-NAG

variation

Potential choice of a second splice site can introduce an extra residue

between exons 15 and 16

Theodoratos et al,

2012

Human

Protein Splice Type Description of splicing Reference

SMC2 Cryptic exon Inclusion of a cryptic exon after exon 23 introduces an alternate stop

codon

ENSEMBL

SMC4 Alternate splice

site

Alternate in frame splice site at the start of exon 3, resulting in the

deletion of 25 amino-acids

ENSEMBL

Exon skipping Skipping of exon 19, resulting in the deletion of 58 amino-acids ENSEMBL

Ncaph Exon skipping Skipping of exon 2, resulting in the deletion of 136 amino-acids ENSEMBL

Alternate splice

site

Alternate in frame splice site at the start of exon 2, resulting in the

deletion of 11 amino-acids

ENSEMBL

Ncapd2 Alternate splice

site of exon 1

Alternate splice site at the end of exon 1 and initiating translation at

an alternate start codon

Wilson et al

(submitted)

Exon skipping Skipping of exon 4, resulting in the deletion of 45 amino-acids ENSEMBL

Ncapd3 Alternate exon Can be transcribed with one of two first exons ENSEMBL

Cryptic exon Inclusion of a cryptic exon after exon 12, creating an alternate stop-

codon

ENSEMBL

Ncaph2 Alternate splice

site of exon 9

Alternate splice site of exon 9 creating an alternate stop-codon,

resulting in a truncated protein with an alternate carboxy-terminus

NCBI

NAG-NAG

variation

Potential choice of a second splice site can introduce an extra residue

between exons 15 and 16

Theodoratos et al,

2012

Table 1. Splice variations of the condensin components
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undergo alternative splicing despite annotated instances existing in the NCBI and ENSEMBL
database. We recently completed a large scale study into alternative splicing that identified
additional instances of splice variation in Ncaph2 and Ncapd2. A comprehensive summary of
the splice variants of all condensin subunits is presented in Table 1. None of the splice variants
have been characterized yet, so it remains to be seen if they are functionally unique. Their
existence however, raises the possibility that these distinct isoforms may regulate the different
functions of condensins. Inclusion of one splice form over another may switch the complex
from an architect of chromosomes to a regulator of gene function, providing an elegant method
to regulate function.
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7. Separation of function

The separation of the condensin complexes’ functions in mitosis and gene regulation remains
an inherently difficult process. The Nessy mouse represents the first true separation of function
in a vertebrate model, the point mutation disrupting the cell-specific role of condensin II while
leaving its mitotic role unperturbed. A previous study in bacteria reported a similar separation.
Mutations in the kleisin protein ScpA in Bacillius subtillis were found to disrupt the DNA repair
pathways as well as resulting in the deregulation of specific genes while leaving the mitotic
function intact [46].

Such results show that the functions of condensin can be separated, but is still unknown how
this occurs. The alternative splice forms may play a role in the regulation of condensin function.
Inclusion of alternate isoforms may influence weather the complex acts as a compacter of
chromosomes or as a regulator of gene transcription. In our original 2007 paper, we showed
that the Nessy mutation could be rescued by reintroduction of only one splice variant (desig‐
nated as the Long-form). The rescue was of the peripheral phenotype (CD44hi T-cells in the
spleen). Technical limitations meant that rescue of the thymus phenotype could not be
confirmed. Rescue with different splice forms, may have provided additional insight.

Condensins have also been shown to interact with additional proteins capable of regulating
their function. Once such protein is protein phosphatase 2A (PP2A), which is capable of
dephosphorylating the Ncapg subunit of condensin I, inhibiting its function [47]. This activity
has been shown to be important for gene-bookmarking. During cell division, individual cells
must “remember” their lineage. Promoters of select genes remain un-compacted during the
process of division, allowing for rapid expression of the genes after mitosis [48, 49]. PP2A was
found to be important for leaving these genes un-compacted. PP2A interacts with the TATA-
binding protein (TBP) which binds to the promoter regions of active genes during mitosis. The
combination of the two proteins then dephosphorylate nearby condensin, preventing con‐
densation of chromatin and allowing the genes to become active shortly after division [50].

Additionally, condensin II has been shown to bind to specific histone markers. Ncapg2 and
Ncapd3 were found to recognize mono-methylation of H4K20, inducing condensin II to bind
to the DNA whereas di-methylation of the histone was found to lead to dissociation of the
complex [51]. Based on this finding, the authors suggested a model for chromosome conden‐
sation during mitosis; once the cell progresses into mitosis, a demethlyase converts H4K20me2
to H4K20me1, inducing condensin II to bind and compact the chromatin into chromosomes.
Upon proper separation of the chromosomes, H4K20me1 is converted back to H4K20me2
causing condensin II to separate from the chromatin, resulting in the DNA returning to an
open state. This mechanism also provides a possible explanation for how condensins could be
targeted to distinct locations along the genome during interphase. Modification of histones at
specific loci could recruit the condensin II complex, inducing compaction of the surrounding
chromatin and repression of transcription.

Most studies have assumed that the function of condensins in mitosis and gene regulation is
similar: the compaction of chromatin through the tethering of distinct regions. However, this
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has never been experimentally demonstrated. In fact, despite its similarities to the condensin
complex, the C. elegans DCC is thought to regulate gene expression through the modification
of histones [52], and/or through the recruitment of secondary proteins to the X chromosome
[53] rather than by physically restructuring chromatin. Thus, while condensins may exert their
epigenetic/ transcriptional regulation function by compacting DNA, it is also entirely possible
that they use a different mechanism. Separation of function mutants, such as the condensin II
Nessy mutant mouse, are likely to be the key to answering this fundamental question.

8. Concluding remarks

It has become clear that condensins have a role in epigenetic/transcriptional regulation in
addition to their better-studied role in chromosome compaction during mitosis. The vital role
of condensins makes the study of these complexes difficult, with presently only 3 vertebrate
models studied, one of which is embryonic lethal. However, numerous studies using a variety
of methods have managed to glean insights into the function of these complexes. Despite the
progress of the last decade, there is still much left to be discovered about the condensins and
especially how they regulate gene transcription.
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1. Introduction

1.1. The helix-loop-helix Id2 proteins

Cell function and tissue homeostasis are dependent on the precise regulation of multiple and
converging pathways that ultimately will control a variety of biological processes such as cell
proliferation, growth arrest, differentiation or apoptosis. Frequently these pathways share one
or several steps in the signal cascade resulting in either redundant or opposing responses.

Chromatin structure is an essential part of the regulatory mechanisms for gene transcription.
Moreover, chromatin has been revealed as a dynamic structure exquisitely regulated through
multiple mechanisms including histone modifications and chromatin remodeling complexes
that finally, will give rise to an open or closed structure changing the accessibility of specific
transcription factors to nucleosomal DNA. Therefore, the protein complexes involved in the
modulation of chromatin remodelers and histone acetyltransferases (HAT) or deacetylases
(HDAC) could be somehow considered as part of a previous sensitization process necessary
for a full and specific biological response.

In the recent literature there is a number of papers describing a variety of biological processes
in which cells from different tissues need to be previously sensitized or “primed” to achieve
a full response to either a chemical or a biological signal. This concept has been extensively
studied in the experimental model of liver regeneration after 2/3 partial hepatectomy (PHx).
Hepatocytes in normal liver are quiescent, resting at the G0 phase of the cell cycle, and exhibit
a poor response to potent in vitro mitogens. Once hepatocytes reach the early G1 phase, cells
respond to those mitogens and can progress through the cell cycle. Consequently, it is generally
accepted that hepatocytes need to be previously sensitized to overcome the G1 restriction point

© 2013 García-Trevijano et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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and become competent for DNA replication [1]. On the other hand, it has been long known
that apoptosis-inducing cytokines such as TNF-α are not able to trigger apoptosis in hepato‐
cytes unless they are accompanied by chemicals such as actinomycin D or cycloheximide [2].

Accordingly, unveiling the nature of those signals participating in the cell priming events
would be crucial to understand the molecular mechanisms mediating, not only the physiology
of different biological processes, but also the pathogenesis of many diseases. We propose here
that the helix-loop-helix (HLH) protein Id2 has an important role in the process of cell
sensitization by a mechanism affecting chromatin structure of selected genes.

Id2 belongs to a family of HLH proteins identified and named over two decades ago for its
dual role as both, inhibitors of the differentiation process and inhibitors of DNA binding. Id
proteins were initially found during a screen for determination of factors from the family of
basic-helix-loop-helix (bHLH) proteins. Paradoxically, Id proteins lack the basic region
adjacent to the HLH domain [3]. This region rich in basic aminoacids, has been shown to be
essential for specific binding to DNA: It binds to a hexanucleotide E box sequence on the DNA
of target genes (CANNTG) [4].

The HLH proteins are classified into seven groups of factors according to their DNA-binding
motif. The seven classes of HLH proteins share highly conserved amphipatic helices connected
by a loop of variable sequence and length.

Class-I (or class-A) bHLH proteins are also known as the E proteins since they are encoded by
spliced variants from the EA2 gene. This group includes proteins that are ubiquitously
expressed. Class-II (or class-B) bHLH proteins, includes members such as MyoD, NeuroD, or
Hes with a tissue-restricted pattern of gene expression. Class-I and class-II proteins can form
either homo- or heterodimers. Binding of these dimers to "E box" in the promoters of tissue-
specific genes will regulate a number of developmental processes [for review see reference 5].
Id proteins belong to the class-V of HLH factors including four members going from Id1 to
Id4 [3-6]. Id proteins can dimerize with either class-I or class-II proteins but since they do not
contain the DNA-binding motif, this dimerization will inhibit class-I and class-II factor-activity
in a dominant-negative fashion [3]. Consequently, the developmental processes modulated by
Class-I and-II factors will be blocked by Id proteins [6-10]

Over the past few years among all members of Id family of proteins, Id2 has been shown to be
essential for the modulation of biological processes other than its first described function
during cell differentiation and development. Among these functions, Id2 has been found to be
involved in the regulation or coordination of cell proliferation, cell cycle control, senescence,
apoptosis or angiogenesis and metastasis [6,11-16]. Moreover, data in the literature describing
the role of Id2 in different cell types suggest that Id2 function is highly dependent on the cell
microenvironment and that its molecular mechanism of action is far more complicated than it
was thought at first. Since the expression of individual genes is induced in response to a variety
of stimuli and frequently, the same signal participates in so many different biological proc‐
esses, the study of all Id2 functions turns out to be extremely complex. In this review we discuss
some of the potential mechanisms by which Id2 has been proposed to modulate cell prolifer‐
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ation under both, physiological and pathological conditions. We also present the newest
findings of the signaling network leading to the modulation of Id2 activity

2. Role of Id2 in cell proliferation

In addition to other functions described for Id2, it seems that its role as a proliferative factor
is now recognized as one of the most significant. In fact, there is a growing number of evidences
derived from both, in vitro and in vivo experiments in support of this notion. Ectopic over-
expression of Id2 in different cell types enhances proliferation [17,18] and cells acquire some
features of transformation [19]. More importantly, in some human cancers such as pancreatic,
neuroblastoma or colon carcinoma among others, Id2 is over-expressed [20-22]. Partial ablation
of Id2 by antisense oligonucleotides in these tumors decreases cell proliferation. Indeed, Id2
has been proposed as a prognostic factor and a potential therapeutical target for cancer
treatment [15,20, 23].

Figure 1. Model of Id2 as a dominant-negative factor for the cell cycle control. (Upper) Proteins of the bHLH family
dimerize and bind to the promoter of cdki genes by their basic domain. Transcription of cdki is up-regulated. CDKI
binds to the cyclin/CDK complex and blocks its activity. Cell cycle will be blocked. (Lower) bHLH proteins dimerize with
Id2. Since Id2 lacks a basic domain, the dimer bHLH/Id2 cannot bind to gene promoters. CDKI transcription is down-
regulated. Cyclin/CDK complex is active and cell cycle will progress.

2.1. Molecular mechanisms

From the classical point of view, the role of Id2 as a proliferative factor was thought to be
dependent only on its ability to dimerize with bHLH proteins as a dominant-negative factor
(Figure 1). In this model, Id2 would control cell proliferation by repressing the expression of
cell cycle inhibitors such as p21Cip1 or p57Kip2 [24-26]. Nevertheless, later was demonstrated that
Id2 could bind to proteins different from bHLH factors such as the tumor suppressor pRB and
the pRb-related proteins p130 and p107 [20]. In this sense, it is largely known that RB (referred
to pRb or the pocket proteins) directly associates with E2F on E2F-responsive promoters to
restrain gene expression of cell cycle-related genes [ for review see reference 27]. Therefore,
these data ultimately connect Id2 and E2F-target genes.
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E2Fs contribution to cell proliferation and the molecular signaling network that converges on
RB proteins has been extensively documented. Although all RB proteins bind to E2F and are
modulated by a cell-cycle dependent mechanism, their pattern of expression is different.
Whereas p130 is most prominent in arrested cells and preferentially binds to E2F4/5, p107 is
mainly expressed in proliferating cells. Finally, pRB is expressed in both proliferating and
quiescent cells. The phosphorylation of RB proteins by specific cyclin/CDK complexes will
render the subsequent waves of E2F-dependent transcription that will guarantee the sequential
transition of cells through the cell cycle (figure 2):

Figure 2. Cell cycle control of E2F-target genes. In G0 cells, E2F4/5 associates with RB proteins and RBP. RBP connects
RB to co-repressors (HDAC). E2F-target genes are repressed at this phase. Upon stimulation, sequential phosphoryla‐
tion of both, RB and RBP will release the co-repressors and transition G0-G1 will take place. HATs could have access to
chromatin as G1 progress. At late G1 phase cumulative phosphorylation of RB and RBP will result in the loss of RB
function, release of E2F4/5 and the accumulation of newly synthesized E2F1,-2 and -3. These events will drive cells
into the S phase.

In quiescent or differentiated cells, ubiquitously expressed E2F4/5 and p130 can bind simul‐
taneously to various co-repressors such as DNA methyltransferase 1 (DNMT1) or histone
deacetylases (HDAC) complexes. p130 will inhibit E2F4/5 transcriptional activity by two
mechanisms, including binding and inhibition of the E2F transactivation domain, and by
recruiting co-repressors such as those mentioned above. These events will lead to chromatin
compaction and transcriptional inhibition of genes necessary to entry into the S phase of the
cell cycle.

Upon a mitogenic stimulus, during G1 phase, phosphorylation of RB binding proteins (RBP)
by cyclinD/CDK4/6 and cyclin E/A/CDK2 will dissociate the transcriptional co-repressors from
E2F allowing the access of acetyltransferases (HATs) to gene promoters [28].
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At the late G1 phase of the cell cycle, the concurrent and cumulative CDK-mediated phos‐
phorylation of pRb and/or p107 will result in the loss of RB function.

Finally, during G1 to S phase transition, newly synthesized E2F1, -2 and -3 will substitute
E2F4/5 and, HATs will be recruited to gene promoters. These two events will drive cells into
the S phase.

In this context Id2 seems to take part in a crucial checkpoint for cell proliferation since it can
bind to each of the pocket proteins of the RB family in a cell cycle-regulated fashion [20].
Importantly, Id2 is the only member of Id family of proteins that can bind to hypophosphory‐
lated pRB, p107 or p130 [26]. Furthermore, Id2 has been shown to disrupt the growth sup‐
pressive activity of RB when the latter is unphosphorylated [17,20,26].

The observation of the pattern of Id2 expression following a mitogenic stimulus suggests
different functional roles for this protein during cell cycle progression. The first peak of Id2
expression takes place during the transition from G0-G1[13]. Id2 could have a role in the
modulation of p130-E2F4/5 complex activity and in the priming events that occur during this
reversible phase of the cell cycle. The second peak of Id2 expression takes place at late G1
phase, where Id2 could disrupt the repressor activity of p107 and/or pRb facilitating the entry
into the S phase. The link between Id2 and RB has been further confirmed in animal experi‐
ments with double knockout mice for both RB and Id2 [20]. The early lethal phenotype shown
in Rb -/- embryos was rescued by Id2 ablation. Several mechanisms not mutually exclusive,
have been proposed to explain the physiological role of Id2 on the RB pathway (figure 3):

1. Id2 binding to tumor suppressor protein RB would interfere with its anti-proliferative
functions. Expression of Id2 is induced as a response to mitogenic stimuli in a variety of
cell types. Therefore, a stoichiometric excess of Id2 would block RB by direct binding to
this tumor suppressor [9,12, 29]. E2F is an important factor involved in RB function.
Although the direct binding of Id2 to RB proteins have been demonstrated, the relation‐
ship between cellular RB-E2F and RB-Id2 complexes is poorly understood. Immunopre‐
cipitation experiments have shown that E2F, RB and Id2 take part of the same complex in
rat liver, most probably bound to gene promoters [30]. These data suggests that Id2 and
E2F can bind simultaneously to the same molecule of RB (figure 3a). Nevertheless, it
cannot be exclude the possibility that Id2 and E2F would compete for binding to RB (figure
3b). In this model, the cellular excess of pocket proteins is the main safeguard mechanism
of negative control on cell cycle progression.

2. In addition to RB, the targets of Id2 could be the effectors of RB-mediated cell cycle arrest
(figure 3c). These effectors could be either, bHLH or non-bHLH proteins that can also
modulate the expression or activity of important proteins controlling the cell-cycle.

CDK inhibitors (CDKIs) enhance the suppressor activity of RB proteins blocking cell cycle
progression. Therefore, proteins involved in the modulation of CDKI expression or activity
could be considered as part of the RB effectors. As mentioned above, Id2 blocks the expression
of cell cycle inhibitors such as p21Cip1 or p57Kip2. Over-expression of Id2 was able to reverse
p57Kip2- and p21Cip1-induced cell cycle arrest [24,25] The expression of these inhibitors is
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modulated by bHLH transcription factors. Id2 heterodimerization with these factors will lead
to CDKI repression and activation of CDKs. Moreover, MyoD a class II
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Figure 3. Models for Id2 function associated to RB proteins.(a) Id2 and E2F4 simultaneously bind to the same mole‐
cule of RB on gene promoters. Id2 excess gets restrain the repressive activity of RB. (b).E2F4 and Id2 compete for bind‐
ing to RB. When RB is in excess prevents binding of Id2 to E2F and keeps its repressive activity. An excess of Id2
prevents binding of RB to E2F and restrains its repressive activity recruiting HATs to gene promoters. (c) Id2 targets the
effectors of RB-mediated cell cycle arrest. Id2 dimerization with bHLH factors down-regulates the expression of CDKIs.
RB hyperphosphorylation by free cyclin/CDKs will lead to the transcription of E2F-target genes. In addition, Id2 dimeri‐
zation with non-bHLH transcription factors will block their DNA-binding activity necessary to modulate transcription
of E2F-target genes.

bHLH protein known to induce p21 Cip1 transcription, has been shown to act by itself as a CDKI.
MyoD binds to and inhibits CDK4 [31]. Therefore, Id2 heterodimerization with MyoD would
block MyoD function as a CDKI.

In addition to bHLH proteins, Id2 (and other members of the Id family of proteins) also binds
to other classes of transcription factors. A brief example of these non-bHLH factors includes
Pax [32] or factors from the ternary complex (TCF) sub-family of ETS-domain proteins. TCF
proteins such as Elk-1, SAP-1 and SAP-2 modulate the expression of immediate-early genes
following a mitogenic stimulus by binding to serum response factor (SRF). Id2 binding to the
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ETS DNA binding domain of TCFs prevents the interaction TCF/SRF and disrupts binding of
this complex to the serum responsive element on gene promoters [33].

In all these models, Id2 activity could be restrained by RB to keep its anti-proliferative function
as shown by Lasorella [20]. The negative role of RB proteins on Id2 could be essential to keep
cell cycle arrest for two reasons: First RB would be free to bind to and to restrain the expression
of E2F-target genes, and second it would prevent Id2 binding to other targets. On the other
hand, a high concentration of Id2, as it occurs in neoplastic transformation, may relieve E2F-
driven transcription from the repressive influence of RB. In addition, Id2 would enhance cell
proliferation modulating the expression and/or activity of other targets.

2.2. Id2 in cancer: Increased cell proliferation and survival

The role of Id proteins in cancer has been of much interest in the last decade. Variations in
expression levels of Id proteins have to be integrated into the whole cellular equilibrium. An
upstream deregulation of Id activity, going from Id gene transcription to Id protein, can result
in the downstream deregulation of diverse genes. The first evidence connecting Id2 expression
and cancer came from the observation that Id2 is a transcriptional target of both N-Myc and
c-Myc [20]. Id2 transcription is induced by Myc via binding to E-boxes on Id2 promoter. It has
been suggested that Myc increases Id2 expression to bypass the inhibitory activity of RB. TGF-
β, a cytokine known to induce a cytostatic program, inhibits Id2 expression in epithelial cells
and in human keratinocytes by induction of the Myc antagonistic repressors Mad2 and Mad4.
Replacement of Myc-Max complexes with Mad-Max complexes on the Id2 promoter drives
Id2 downregulation [34].

Additional evidence for the oncogenic role of Id2 came from studies in which ectopic over-
expression of Id2 in developing thymocytes caused a rapid development of lymphomas [35].
On the other hand, aberrant Id2 expression has been reported in squamous cell carcinoma,
primary human colorectal adenocarcinomas, pancreatic and prostate cancer or neuroblastoma
[11-16]. Id2 has also been related to cancer progression, showing that Id2 expression was higher
in high-grade astrocytic tumors than in low-grade tumors [36].

Data in the literature point out to the transcriptional control of Id2 as a key event in the
modulation of its function. In this sense, a highly expressed Id2 is not only involved in cell
proliferation, but it also promotes cell survival in different cell types. Over-expression of Id2
blocks the TGF-β-induced apoptosis [37]. The role for Id2 as a survival factor in mammary
gland development has also been demonstrated [38]. On the other hand, IGF-I known to be a
survival growth factor, induces Id2 expression in murine hematopoietic cells [39]. Further‐
more, knockdown of Id1 and Id2 gene expression have been shown to induce apoptosis in gut
epithelial cells [37]. These observations, together with the fact that ectopic over-expression of
Id2 enhances cell proliferation, would suggest that a highly expressed Id2 could confer a
proliferative advantage to tumor cells through the modulation of both, growth and survival
pathways.

Although it is generally accepted that deregulated expression of Id2 maintains a highly
proliferative state and/or extends the half-life of cells in culture [13], Id2 over-expression is not
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sufficient for cell transformation. Actually, we must be careful to distinguish between events
in cell culture and in animals, because the requirements for the modulation and role of Id2 in
culture may be mainly related to its requirements in a transformed state more than the
requirements in a normal physiological situation. Finally, even though Id2 over-expression
has been detected in the above mentioned cancer types and its oncogenic activities cannot be
denied, its deregulation is relatively rare. In contrast, Id1 over-expression has been detected
in a larger number of cancer types [23] and seems to have a more prominent role during cancer
progression.

2.3. Id2 during G0-G1 transition

Since Id2 appears to facilitate and not to support cell cycle progression, it is possible that Id2
could have a role in the process of cell priming, sensitizing cells to a proliferative stimulus.
This priming events take place during the G0 to G1 transition and, as already mentioned, are
needed to obtain a fully proliferative response to mitogenic stimuli. The pattern of Id2
expression during the priming events support this hypothesis: During G0-G1 transition there
is a transient increase of Id2 mRNA levels [13,30].

Liver regeneration after PHx is a unique model to study cell cycle events that take place in a
synchronized manner in vivo. The protein c-Myc, proposed as part of the priming events in
liver regeneration, modulates the expression of proteins important to progress into the cell
cycle. The expression of very-early genes such as c-fos, c-jun, or c-myc takes places in a coordi‐
nated and sequential way. The up-regulation of some genes will trigger the next wave of gene
expression. c-Myc was suggested to use Id2 as a mediator to bypass the suppressive activity
of RB [19,20]. During G0-G1 transition after PHx in rat liver there is a concomitant and short
up-regulation of both Id2 and c-myc mRNA.

In the last decades, c-Myc has been the object of intense study in an attempt to unveil the
molecular mechanism behind the control of its abundance [review in ref 40]. c-Myc levels can
be subject to several modes of regulation, going from posttranslational control to mRNA
stability and transcriptional regulation [41-44]. The c-myc gene, although it contains a dual
promoter, is predominantly transcribed from the P2 promoter [45]. It is shown to harbor a
promoter-paused RNApol II [46] In addition to other important regulatory sites upstream of
P2 promoter, an E2F binding site at position -58 from the P2 transcription start site has been
identified [45,47]. This E2F site has been demonstrated to be essential for c-myc transcription.
It negatively controls c-myc transcription by recruitment of pocket proteins such as p130 that
will function as a scaffold for HDAC complexes [48]. Overlapping with the E2F site there is an
element essential to remodel nucleosome structure and to open c-myc promoter [45].

c-Myc expression, like Id2 expression, is induced in two stages following PHx. The first
induction during G0-G1 phase, takes place at the onset of liver regeneration and the second
peak is observed during the transition into the S phase. However, both peaks of c-myc
expression are the result of different modes of regulation. While the first increase of c-myc
expression is caused by a transcriptional and posttranscriptional up-regulation of the gene,
the second peak results as a consequence of enhanced mRNA stability [49]. During G0-G1, c-
myc transcriptional initiation increases at 1h after PHx in mice liver. Strikingly, this transcrip‐
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tional initiation has been shown to be compensated by a concomitant block of transcriptional
elongation [46,49]. Elongation blockage of c-myc transcription has been considered as a
mechanism to prevent over-expression of the mRNA [50].

The puzzling observation that both pausing and transcriptional initiation of c-myc are
enhanced in the regenerating liver lead to hypothesize that increased transcriptional initiation
of c-myc in this growth process might be driven by a component of a more general response
[49]. Several genes that share common target sequences could be simultaneously activated by
a common mechanism, but only additional and specific factors will render the final pattern of
gene expression. Indeed, there are hundreds of E2F-target genes that, although transcription‐
ally dependent on RB proteins, do not show the same gene expression profile. This suggestive
idea make us wonder about the identity of that "component of a more general response"
involved in transcription initiation.

Figure 4. Model for the role of Id2 on c-myc expression in rat liver after PHx. In liver under basal conditions hepato‐
cytes rest at G0. E2F4, p130, Id2 and the HDAC complex are bound on the c-myc promoter. RNApol II is paused on
gene promoter. Since chromatin is deacetylated and closed, paused RNApol II cannot progress and c-myc transcription
is repressed. Soon early after PHx, Id2 and the HDAC complex are released. Chromatin will be acetylated and opened.
This chromatin structure will allow paused RNApol II to progress. c-myc transcription will be transiently up-regulated.
c-Myc protein will bind to Id2 promoter inducing its expression. High levels of Id2 will favor its reassemble on c-myc
promoter together with the HDAC complex. Chromatin structure will be closed and RNApol II will remain paused on c-
myc promoter. Consequently, c-myc expression is shut off.

Id2 could play such a role as part of a common mechanism for transcription of E2F-driven
genes. Id2 has been shown to bind to a repressor complex on c-myc promoter that affects
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This priming events take place during the G0 to G1 transition and, as already mentioned, are
needed to obtain a fully proliferative response to mitogenic stimuli. The pattern of Id2
expression during the priming events support this hypothesis: During G0-G1 transition there
is a transient increase of Id2 mRNA levels [13,30].
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liver regeneration, modulates the expression of proteins important to progress into the cell
cycle. The expression of very-early genes such as c-fos, c-jun, or c-myc takes places in a coordi‐
nated and sequential way. The up-regulation of some genes will trigger the next wave of gene
expression. c-Myc was suggested to use Id2 as a mediator to bypass the suppressive activity
of RB [19,20]. During G0-G1 transition after PHx in rat liver there is a concomitant and short
up-regulation of both Id2 and c-myc mRNA.

In the last decades, c-Myc has been the object of intense study in an attempt to unveil the
molecular mechanism behind the control of its abundance [review in ref 40]. c-Myc levels can
be subject to several modes of regulation, going from posttranslational control to mRNA
stability and transcriptional regulation [41-44]. The c-myc gene, although it contains a dual
promoter, is predominantly transcribed from the P2 promoter [45]. It is shown to harbor a
promoter-paused RNApol II [46] In addition to other important regulatory sites upstream of
P2 promoter, an E2F binding site at position -58 from the P2 transcription start site has been
identified [45,47]. This E2F site has been demonstrated to be essential for c-myc transcription.
It negatively controls c-myc transcription by recruitment of pocket proteins such as p130 that
will function as a scaffold for HDAC complexes [48]. Overlapping with the E2F site there is an
element essential to remodel nucleosome structure and to open c-myc promoter [45].

c-Myc expression, like Id2 expression, is induced in two stages following PHx. The first
induction during G0-G1 phase, takes place at the onset of liver regeneration and the second
peak is observed during the transition into the S phase. However, both peaks of c-myc
expression are the result of different modes of regulation. While the first increase of c-myc
expression is caused by a transcriptional and posttranscriptional up-regulation of the gene,
the second peak results as a consequence of enhanced mRNA stability [49]. During G0-G1, c-
myc transcriptional initiation increases at 1h after PHx in mice liver. Strikingly, this transcrip‐
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tional initiation has been shown to be compensated by a concomitant block of transcriptional
elongation [46,49]. Elongation blockage of c-myc transcription has been considered as a
mechanism to prevent over-expression of the mRNA [50].

The puzzling observation that both pausing and transcriptional initiation of c-myc are
enhanced in the regenerating liver lead to hypothesize that increased transcriptional initiation
of c-myc in this growth process might be driven by a component of a more general response
[49]. Several genes that share common target sequences could be simultaneously activated by
a common mechanism, but only additional and specific factors will render the final pattern of
gene expression. Indeed, there are hundreds of E2F-target genes that, although transcription‐
ally dependent on RB proteins, do not show the same gene expression profile. This suggestive
idea make us wonder about the identity of that "component of a more general response"
involved in transcription initiation.

Figure 4. Model for the role of Id2 on c-myc expression in rat liver after PHx. In liver under basal conditions hepato‐
cytes rest at G0. E2F4, p130, Id2 and the HDAC complex are bound on the c-myc promoter. RNApol II is paused on
gene promoter. Since chromatin is deacetylated and closed, paused RNApol II cannot progress and c-myc transcription
is repressed. Soon early after PHx, Id2 and the HDAC complex are released. Chromatin will be acetylated and opened.
This chromatin structure will allow paused RNApol II to progress. c-myc transcription will be transiently up-regulated.
c-Myc protein will bind to Id2 promoter inducing its expression. High levels of Id2 will favor its reassemble on c-myc
promoter together with the HDAC complex. Chromatin structure will be closed and RNApol II will remain paused on c-
myc promoter. Consequently, c-myc expression is shut off.

Id2 could play such a role as part of a common mechanism for transcription of E2F-driven
genes. Id2 has been shown to bind to a repressor complex on c-myc promoter that affects

The Role of Id2 in the Regulation of Chromatin Structure and Gene Expression
http://dx.doi.org/10.5772/54969

99



chromatin structure (figure 4) [30]. On quiescent hepatocytes Id2, mSin3A (a co-repressor that
constitutes the core of HDAC1 and HDAC2 complex), E2F4 and p130 remain bound to the c-
myc promoter repressing its expression. Additionally, immunoprecipitation experiments
revealed that Id2 is bound to mSin3A(HDAC), E2F4 and p130. Upon stimulation after PHx,
Id2 and mSin3A(HDAC) are released from the c-myc promoter concurrently with a, at least
in part c-myc transcriptional up-regulation. On the other hand, the transient c-myc up-
regulation is followed by an increase of Id2 mRNA. Since c-Myc modulates Id2 transcription
and Id2 modulates c-myc expression, a possible regulatory loop would finally control c-myc
abundance. These observations lead to propose Id2 as part of the priming events described for
liver regeneration and perhaps for some other processes [30].

This hypothesis would go further from the initial idea of Id2 as a simple effector of c-myc to
bypass the repressive activity of RB. In this sense, endogenous levels of activated Id2 were
shown to enhance but not to support the rate of proliferation in oligodendrocyte precursor
cells at the time that slows the rate of differentiation [51]. The authors suggested that Id2 takes
part of an intrinsic timing mechanism to control or limit cell proliferation in biological
processes highly dependent on a sequential chain of signals that must be transiently synthe‐
sized to coordinate the process.

The significance of the mechanism proposed for the role of Id2 in the regulation of c-myc
expression, might be extended to the modulation of other genes. To ask whether Id2 plays a
global role on transcriptional regulation and/or if it is restricted to E2F4 target genes, we
performed genome-wide ChIP-on-chip experiments with antibodies specific for mouse Id2
and E2F4 in quiescent mouse liver [manuscript in preparation]. Promoter arrays contained
approximately 28,000 known mouse genes centered on the region from -6 kb to +2.5 kb relative
to the transcription start site at an average resolution of 35 bp. Analysis of at least three
independent experiments for each factor identified 871 target regions for Id2, and 9307 for
E2F4. A comparison of Id2 and E2F4 target regions indicated a limited overlap of 550 target
regions for both factors. Moreover, a genome-wide factor location analysis and region
classification for E2F4 and Id2-bound regions compared to the genome revealed that although
E2F4-alone showed a 100% overlap with gene promoters, positive probes for E2F4/Id2 were
partially overlapping with the first exon of genes. This observation suggests that there is a
common structure in those genes modulated by E2F4/Id2 that differs from those bound by
E2F4 alone. Moreover, E2F4 and Id2 seem to mutually influence each other’s binding position
and behave like a complex on chromatin. Finally, an in silico gene expression analysis for E2F4
or Id2 positive genes showed that Id2/E2F4-bound genes were mostly repressed in liver basal
conditions versus those bound by E2F4 alone.

ChIP-on-chip  data  confirm that  although not  all  E2F-target  genes  bind Id2,  a  subset  of
these  genes  might  be  modulated  by  the  same  mechanism  as  c-myc.  This  would  be  a
promising molecular  mechanism to explain the pleiotropic  activities  of  Id2 affecting the
expression of a variety of genes. Id2 could be one of those signals shared by a plethora
of  biological  responses  to  different  stimuli  and part  of  a  common mechanism for  tran‐
scription initiation of different genes.

Chromatin Remodelling100

Most of papers in the literature are focus on the role of Id2 in proliferating, undifferentiated
or otherwise transformed cells. However, the behavior of Id2 seems to be quite different
depending on the microenvironment, its expression levels, compartmentalization and/or
phosphorylation. In other words, the role of Id2 in quiescent cells seems to be different from
the one observed in long term proliferating cells. While "activated" Id2 seems to promote cell
cycle progression after a proliferative stimulus, "inactivated" Id2 seems to limit or to control
the number of cell divisions in quiescent cells

3. Signals involved in the molecular regulation of Id2 activity and function

Id2 expression levels have been classically described as a key event for Id2 function. In general,
Id2 expression is high in proliferating cells and low or almost absent in non-proliferating cells
such as terminally differentiated cells. However, Id2 is a pleiotropic protein involved in many
other functions different from cell proliferation. TGF-β (a cytokine whose function is highly
dependent on the microenvironment) represses Id2 expression in epithelial cells [34] but
induces Id2 up-regulation in dendritic cells [52]. Glucocorticoids [53], starvation [54], antidia‐
betic agents and peroxisome proliferator-activated receptor (PPAR) gamma agonists or
members of HDAC family including HDAC1-8 [9] are some of the many examples reported
to inhibit Id2 expression in specific cell types. Furthermore, this signals can be connected and
coordinated. For instance, it seems that HDAC is involved in the modulation of Id2 expression
through the interaction with several signaling pathways such as the HDAC/Ying Yang1, the
Wnt-β-catenin-TCF7L2 and the BMP pathways that can be mutually coordinated in a different
way in different cell types.

On the other hand, Id2 expression can be up-regulated by many factors such as glucose [55]
insulin-like growth factor, estrogen, progesterone, thyroid hormone or hypoxia-inducible
factor-1α [review in ref 9]. Moreover, recently it has been published a large-scale RNAi screen
to characterize genes involved in the regulation of Id2 expression [56]. To further complicate
it, in addition to a growing list of up- and down-regulators of Id2 expression, the protein
undergoes a rapid turnover, having a reported half-life of 20-60 min, depending on the cell
type [57,58]. Thus, Id2 can be regulated at several levels, i.e. transcriptional regulation and
protein stability. Although the importance of these modes of regulation cannot be denied, they
do not explain the underlying mechanisms for the regulation of Id2 activity. It is important to
highlight that there are reports describing an important role for Id2 in conditions in which its
protein levels do not substantially change [51].

3.1. Id2 phosphorylation and cell compartmentalization

An important mechanism proposed to regulate Id2 activity is the phosphorylation of specific
residues. There is a phosphorylation site for CDK-type kinases close to the amino-terminal
domain of Id2 proteins. This site comprises the consensus sequence for CDK substrates (S/T-
P-X-K/R) that is conserved among other members of the Id family. Id2 has been shown to be
phosphorylated in Ser5 within this consensus sequence by cyclin A/E/CDK2. This phosphor‐
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chromatin structure (figure 4) [30]. On quiescent hepatocytes Id2, mSin3A (a co-repressor that
constitutes the core of HDAC1 and HDAC2 complex), E2F4 and p130 remain bound to the c-
myc promoter repressing its expression. Additionally, immunoprecipitation experiments
revealed that Id2 is bound to mSin3A(HDAC), E2F4 and p130. Upon stimulation after PHx,
Id2 and mSin3A(HDAC) are released from the c-myc promoter concurrently with a, at least
in part c-myc transcriptional up-regulation. On the other hand, the transient c-myc up-
regulation is followed by an increase of Id2 mRNA. Since c-Myc modulates Id2 transcription
and Id2 modulates c-myc expression, a possible regulatory loop would finally control c-myc
abundance. These observations lead to propose Id2 as part of the priming events described for
liver regeneration and perhaps for some other processes [30].

This hypothesis would go further from the initial idea of Id2 as a simple effector of c-myc to
bypass the repressive activity of RB. In this sense, endogenous levels of activated Id2 were
shown to enhance but not to support the rate of proliferation in oligodendrocyte precursor
cells at the time that slows the rate of differentiation [51]. The authors suggested that Id2 takes
part of an intrinsic timing mechanism to control or limit cell proliferation in biological
processes highly dependent on a sequential chain of signals that must be transiently synthe‐
sized to coordinate the process.

The significance of the mechanism proposed for the role of Id2 in the regulation of c-myc
expression, might be extended to the modulation of other genes. To ask whether Id2 plays a
global role on transcriptional regulation and/or if it is restricted to E2F4 target genes, we
performed genome-wide ChIP-on-chip experiments with antibodies specific for mouse Id2
and E2F4 in quiescent mouse liver [manuscript in preparation]. Promoter arrays contained
approximately 28,000 known mouse genes centered on the region from -6 kb to +2.5 kb relative
to the transcription start site at an average resolution of 35 bp. Analysis of at least three
independent experiments for each factor identified 871 target regions for Id2, and 9307 for
E2F4. A comparison of Id2 and E2F4 target regions indicated a limited overlap of 550 target
regions for both factors. Moreover, a genome-wide factor location analysis and region
classification for E2F4 and Id2-bound regions compared to the genome revealed that although
E2F4-alone showed a 100% overlap with gene promoters, positive probes for E2F4/Id2 were
partially overlapping with the first exon of genes. This observation suggests that there is a
common structure in those genes modulated by E2F4/Id2 that differs from those bound by
E2F4 alone. Moreover, E2F4 and Id2 seem to mutually influence each other’s binding position
and behave like a complex on chromatin. Finally, an in silico gene expression analysis for E2F4
or Id2 positive genes showed that Id2/E2F4-bound genes were mostly repressed in liver basal
conditions versus those bound by E2F4 alone.

ChIP-on-chip  data  confirm that  although not  all  E2F-target  genes  bind Id2,  a  subset  of
these  genes  might  be  modulated  by  the  same  mechanism  as  c-myc.  This  would  be  a
promising molecular  mechanism to explain the pleiotropic  activities  of  Id2 affecting the
expression of a variety of genes. Id2 could be one of those signals shared by a plethora
of  biological  responses  to  different  stimuli  and part  of  a  common mechanism for  tran‐
scription initiation of different genes.
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depending on the microenvironment, its expression levels, compartmentalization and/or
phosphorylation. In other words, the role of Id2 in quiescent cells seems to be different from
the one observed in long term proliferating cells. While "activated" Id2 seems to promote cell
cycle progression after a proliferative stimulus, "inactivated" Id2 seems to limit or to control
the number of cell divisions in quiescent cells

3. Signals involved in the molecular regulation of Id2 activity and function

Id2 expression levels have been classically described as a key event for Id2 function. In general,
Id2 expression is high in proliferating cells and low or almost absent in non-proliferating cells
such as terminally differentiated cells. However, Id2 is a pleiotropic protein involved in many
other functions different from cell proliferation. TGF-β (a cytokine whose function is highly
dependent on the microenvironment) represses Id2 expression in epithelial cells [34] but
induces Id2 up-regulation in dendritic cells [52]. Glucocorticoids [53], starvation [54], antidia‐
betic agents and peroxisome proliferator-activated receptor (PPAR) gamma agonists or
members of HDAC family including HDAC1-8 [9] are some of the many examples reported
to inhibit Id2 expression in specific cell types. Furthermore, this signals can be connected and
coordinated. For instance, it seems that HDAC is involved in the modulation of Id2 expression
through the interaction with several signaling pathways such as the HDAC/Ying Yang1, the
Wnt-β-catenin-TCF7L2 and the BMP pathways that can be mutually coordinated in a different
way in different cell types.

On the other hand, Id2 expression can be up-regulated by many factors such as glucose [55]
insulin-like growth factor, estrogen, progesterone, thyroid hormone or hypoxia-inducible
factor-1α [review in ref 9]. Moreover, recently it has been published a large-scale RNAi screen
to characterize genes involved in the regulation of Id2 expression [56]. To further complicate
it, in addition to a growing list of up- and down-regulators of Id2 expression, the protein
undergoes a rapid turnover, having a reported half-life of 20-60 min, depending on the cell
type [57,58]. Thus, Id2 can be regulated at several levels, i.e. transcriptional regulation and
protein stability. Although the importance of these modes of regulation cannot be denied, they
do not explain the underlying mechanisms for the regulation of Id2 activity. It is important to
highlight that there are reports describing an important role for Id2 in conditions in which its
protein levels do not substantially change [51].

3.1. Id2 phosphorylation and cell compartmentalization

An important mechanism proposed to regulate Id2 activity is the phosphorylation of specific
residues. There is a phosphorylation site for CDK-type kinases close to the amino-terminal
domain of Id2 proteins. This site comprises the consensus sequence for CDK substrates (S/T-
P-X-K/R) that is conserved among other members of the Id family. Id2 has been shown to be
phosphorylated in Ser5 within this consensus sequence by cyclin A/E/CDK2. This phosphor‐
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ylation was reported to prevent Id2 binding to some bHLH factors and to block the activity of
Id2 in serum stimulated human fibroblasts. In vitro experiments with a mutant form of Id2 in
which Ser5 was change to Ala (Id2-S5A), showed that when Id2 phosphorylation was blocked,
Id2 was able to interact with the bHLH protein MyoD. In agreement with this, cyclinA/CDK2
phosphorylation of wild type Id2 prevented its binding to MyoD. The relation between cell
proliferation and Id2 phosphorylation state was also established. Indeed, expression of Id2-
S5A caused a 50% reduction in colony formation, suggesting that sustained unphosphorylat‐
ed-Id2 is growth inhibitory [59]. Nevertheless, it seems that Id2 phosphorylation do not
necessarily blocks Id2 interaction with other proteins. A latter report suggested that CDK2
phosphorylation of Ser5-Id2 is necessary for the interaction of Id2 with factors that allow
nuclear transport such as E47 [60].

From these observations we should infer that Id2 phosphorylation at Ser5 does not block any
of its possible interactions with other proteins. Interestingly,Id2 phosphorylated in vitro and
in vivo was subject to a tryptic peptide mapping. The unique phosphopeptide found in vitro
resulted to be phosphoSer5-Id2. However, two phosphopeptides were observed in the Id2
recovered from the experiment in vivo. Whereas the first phosphopeptide was also phosphoS‐
er5-Id2, the identity of the second phosphopeptide in metabolically labeled Id2 needs to be
determined. The authors suggested that it might reflect the action of a non-CDK kinase such
as PKA or PKC on Id2 [59]. Although this possibility needs to be confirmed in vivo, these two
kinases have been reported to phosphorylate Id2 in vitro [61]. In that case, it is reasonable to
think that the different activities of Id2 or its interaction with other proteins could be dependent
on the type or number of residues phosphorylated by specific kinases.

Another important consequence of Id2 phosphorylation on Ser5 has been pointed out above.
This phosphorylation seems to be necessary for Id2 nuclear localization and proliferating
activity. Ectopic over-expression of Id2-S5A and wild type Id2 in smooth muscle cells show a
different subcellular distribution. While wild type Id2 localization was predominantly nuclear,
mutant Id2-S5A was excluded from the nucleus,. Moreover, over-expression of wild type Id2
in smooth muscle cells leads to increase Id2 phosphorylation, down-regulation of p21 and
enhanced cell proliferation. In contrast over-expression of unphosphorylated Id2-S5A could
not promote cell proliferation [60].

The subcellular distribution is one of the major points for the regulation of Id2 activity and
function. During differentiation of oligodendrocyte precursor cells (OPC) into oligodendro‐
cytes, Id2 protein levels are similar. Interestingly, the cellular distribution of Id2 dramatically
changed as OPC differentiate. Id2 was localized into the nucleus of undifferentiated OPC
whereas in fully differentiated oligodendrocytes Id2 was localized in the cytoplasm [51].
Moreover, the authors show that Id2 needs to translocate from the nucleus to the cytosol prior
to cell differentiation.

Id2 contains two export signals (NES1 and NES2) in the HLH domain and the C-terminal
domain respectively. NES1 was found to be conserved among all members of the Id family,
and NES2 was shown to be specific for Id2. Although Id2 transport between nucleus and
cytosol had been proposed to be by passive diffusion, the recent data point out also to an active
transport of Id2. Id2 export from the nucleus is mediated by NES2. However, Id2 does not
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contain a nuclear localization signal (NLS) and translocation from the cytosolic compartment
into the nucleus should be mediated by its interaction with a NLS-containing protein. In this
way, translocation can be mediated by interaction of Id2 with E proteins such as E47[60].
Phosphorylation of Id2 favors Id2/E47 interaction and nuclear translocation. Nevertheless, it
is important to highlight that interaction with E proteins can also function sequestering Id2 in
the cytosol [61]. Moreover, since Id2 can bind to non-HLH proteins, other factors up-regulated
during cell differentiation can sequester Id2 preventing its transport into the nucleus. A
cytoskeleton-associated protein enigma homolog (ENH) is a good example of a number of
proteins described to retain Id2 in the cytosol. ENH is a member of the enigma family of PDZ-
LIM domain proteins that is associated to the actin cytoskeleton by direct interaction between
its PDZ domain and the α-actinin. Id2 binds to ENH through specific interaction between the
ENH-LIM domain and the Id2-HLH domain. ENH, up-regulated during neural differentia‐
tion, sequesters Id2 in the cytoplasm preventing cell-cycle progression and releasing bHLH
factors from the restrictive activity of Id2 [62]

3.2. Role of GSH on Id2 modulation

Id2 expression and interaction with other proteins has been shown to be modulated by GSH
content [63,64]. The tripeptide glutathione is one of the most important systems against
oxidative stress in the organism. Alteration of redox balance can affect cell signaling pathways
through the induction of protein posttranslational modifications or, in an indirect manner, by
the modulation of transcription factor binding activity and signal transduction pathways [65].
However, while the role of cell GSH content in the synthesis of DNA and protection against
oxidative damage has been long established, little is known about its sub-cellular distribution
and functions in specific compartments. Moreover, the nucleus of dividing cells dramatically
change throughout progression into the cell-cycle. It has been recently shown that nuclear GSH
content is high in proliferating cultured cells. On the contrary, quiescent cells show similar or
lower GSH levels in the nucleus than in the cytosol [66]. In this sense, although most of data
describe a significant increase in the hepatic GSH content at 12h after PHx [67], at earlier times,
when the priming events take place, there is a 49% reduction in GSH content [68]. Finally, an
increasing number of evidences establish a correlation between GSH content and gene
expression. Interestingly, it has been speculated that ROS generation induced by a shift in the
redox status of cells could affect gene expression by altering chromatin configuration [69,70].

3.2.1. GSH depletion and Id2 up-regulation

The nature of a rapid response triggered by a stimulus suggests pre-existing signals within the
tissue that could modulate the expression of Id2 and/or its activity. Moreover, the role of GSH
as part of a sensitization process has been already described. GSH depletion sensitizes cells to
c-myc-induced apoptosis or proliferation in a variety of cell types, such as myoblasts, mela‐
noma cells or hepatocytes [65,71]. Treatment of rats with l-buthionine-(S,R)-sulfoximine (BSO),
the inhibitor of γ-glutamil-cysteine synthetase, induces a rapid GSH depletion in liver that in
some way resembles the one observed after PHx (figure 5). Interestingly, BSO treatment also
induces two marked peaks of c-myc and Id2 expression in rat liver [69]. The first peak of c-
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ylation was reported to prevent Id2 binding to some bHLH factors and to block the activity of
Id2 in serum stimulated human fibroblasts. In vitro experiments with a mutant form of Id2 in
which Ser5 was change to Ala (Id2-S5A), showed that when Id2 phosphorylation was blocked,
Id2 was able to interact with the bHLH protein MyoD. In agreement with this, cyclinA/CDK2
phosphorylation of wild type Id2 prevented its binding to MyoD. The relation between cell
proliferation and Id2 phosphorylation state was also established. Indeed, expression of Id2-
S5A caused a 50% reduction in colony formation, suggesting that sustained unphosphorylat‐
ed-Id2 is growth inhibitory [59]. Nevertheless, it seems that Id2 phosphorylation do not
necessarily blocks Id2 interaction with other proteins. A latter report suggested that CDK2
phosphorylation of Ser5-Id2 is necessary for the interaction of Id2 with factors that allow
nuclear transport such as E47 [60].

From these observations we should infer that Id2 phosphorylation at Ser5 does not block any
of its possible interactions with other proteins. Interestingly,Id2 phosphorylated in vitro and
in vivo was subject to a tryptic peptide mapping. The unique phosphopeptide found in vitro
resulted to be phosphoSer5-Id2. However, two phosphopeptides were observed in the Id2
recovered from the experiment in vivo. Whereas the first phosphopeptide was also phosphoS‐
er5-Id2, the identity of the second phosphopeptide in metabolically labeled Id2 needs to be
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on the type or number of residues phosphorylated by specific kinases.
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enhanced cell proliferation. In contrast over-expression of unphosphorylated Id2-S5A could
not promote cell proliferation [60].
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changed as OPC differentiate. Id2 was localized into the nucleus of undifferentiated OPC
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domain respectively. NES1 was found to be conserved among all members of the Id family,
and NES2 was shown to be specific for Id2. Although Id2 transport between nucleus and
cytosol had been proposed to be by passive diffusion, the recent data point out also to an active
transport of Id2. Id2 export from the nucleus is mediated by NES2. However, Id2 does not
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contain a nuclear localization signal (NLS) and translocation from the cytosolic compartment
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way, translocation can be mediated by interaction of Id2 with E proteins such as E47[60].
Phosphorylation of Id2 favors Id2/E47 interaction and nuclear translocation. Nevertheless, it
is important to highlight that interaction with E proteins can also function sequestering Id2 in
the cytosol [61]. Moreover, since Id2 can bind to non-HLH proteins, other factors up-regulated
during cell differentiation can sequester Id2 preventing its transport into the nucleus. A
cytoskeleton-associated protein enigma homolog (ENH) is a good example of a number of
proteins described to retain Id2 in the cytosol. ENH is a member of the enigma family of PDZ-
LIM domain proteins that is associated to the actin cytoskeleton by direct interaction between
its PDZ domain and the α-actinin. Id2 binds to ENH through specific interaction between the
ENH-LIM domain and the Id2-HLH domain. ENH, up-regulated during neural differentia‐
tion, sequesters Id2 in the cytoplasm preventing cell-cycle progression and releasing bHLH
factors from the restrictive activity of Id2 [62]

3.2. Role of GSH on Id2 modulation

Id2 expression and interaction with other proteins has been shown to be modulated by GSH
content [63,64]. The tripeptide glutathione is one of the most important systems against
oxidative stress in the organism. Alteration of redox balance can affect cell signaling pathways
through the induction of protein posttranslational modifications or, in an indirect manner, by
the modulation of transcription factor binding activity and signal transduction pathways [65].
However, while the role of cell GSH content in the synthesis of DNA and protection against
oxidative damage has been long established, little is known about its sub-cellular distribution
and functions in specific compartments. Moreover, the nucleus of dividing cells dramatically
change throughout progression into the cell-cycle. It has been recently shown that nuclear GSH
content is high in proliferating cultured cells. On the contrary, quiescent cells show similar or
lower GSH levels in the nucleus than in the cytosol [66]. In this sense, although most of data
describe a significant increase in the hepatic GSH content at 12h after PHx [67], at earlier times,
when the priming events take place, there is a 49% reduction in GSH content [68]. Finally, an
increasing number of evidences establish a correlation between GSH content and gene
expression. Interestingly, it has been speculated that ROS generation induced by a shift in the
redox status of cells could affect gene expression by altering chromatin configuration [69,70].

3.2.1. GSH depletion and Id2 up-regulation

The nature of a rapid response triggered by a stimulus suggests pre-existing signals within the
tissue that could modulate the expression of Id2 and/or its activity. Moreover, the role of GSH
as part of a sensitization process has been already described. GSH depletion sensitizes cells to
c-myc-induced apoptosis or proliferation in a variety of cell types, such as myoblasts, mela‐
noma cells or hepatocytes [65,71]. Treatment of rats with l-buthionine-(S,R)-sulfoximine (BSO),
the inhibitor of γ-glutamil-cysteine synthetase, induces a rapid GSH depletion in liver that in
some way resembles the one observed after PHx (figure 5). Interestingly, BSO treatment also
induces two marked peaks of c-myc and Id2 expression in rat liver [69]. The first peak of c-
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myc expression after GSH depletion shows a short up-regulation also described for other
stimuli, a stereotypical transcriptional pulse that lasts for 2-3h and is followed by a shutoff [72].
The second peak of c-myc mRNA was shown to be the result of a posttranscriptional mRNA
up-regulation.
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Figure 5. GSH content in rat liver after PHx or in BSO-treated animals. White squares represent GSH levels in rat liver
during the time course of BSO experiment (Torres et al. refer 63) Black squares represent GSH levels in rat liver during
the time course of liver regeneration after PHx (Lee et al. ref. 68).

GSH depletion seemed to be involved in the release of the repressor complex Id2/
mSin3A(HDAC) from the c-myc promoter as it occurred after PHx (figure 4). The proteins Id2
and mSin3A are released from the c-myc promoter as soon as the GSH content decreases 20%
under basal levels. Concomitantly with the release of the repressor complex, c-myc expression
is induced. When Id2 and mSin3A turns back to the c-myc promoter, the transcription of the
gene is down-regulated. Nevertheless it could not be established a relationship between GSH
content and the return of Id2 to the c-myc promoter. However, linking these observations to
liver regeneration, it would be possible that a decrease in GSH content very early after PH
could promote the release of Id2/mSin3A(HDAC) from the c-myc promoter.

Nevertheless, this event would not be enough to induce the transient transcription initiation
of c-myc observed after GSH depletion with BSO. However, the release of Id2 and
mSin3A(HDAC) from the c-myc promoter would induce profound changes in chromatin
structure to become accessible to transcription factors. Indeed, a deeper insight into the
molecular mechanisms involved in the regulation of transcription at the first peak of c-myc
expression after GSH depletion, suggested an important role for STAT3 at this peak. GSH
depletion induces STAT3 phosphorylation, recruitment of CBP/p300 (HAT) and binding to a
region that overlaps the E2F site in the c-myc gene P2 promoter shown to be important for
nucleosomal structure [73]. These observations are in agreement with the idea of GSH and Id2
as part of a general mechanism to sensitize cells to respond to a given stimulus (figure 6): Id2
release would lead to an open chromatin structure allowing transcription factors to gain access
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to gene promoters. The specificity of the response would be achieve by the precise combination
of activated-transcription factors and their binding to a particular gene promoter, like in this
case occurs with STAT3 and c-myc promoter.

Figure 6. Model for the role of GSH on the modulation of Id2 activity. In quiescent cells, under physiological GSH con‐
tent E2F4, p130, Id2 and the HDAC complex are bound on the c-myc promoter. Chromatin structure will be closed,
inaccessible to transcription factors. RNApol II is paused on the c-myc promoter and unable to transcribe the gene.
Early after an acute GSH depletion, Id2 and HDAC would be released from c-myc promoter. Chromatin will be now
open and accessible for transcription factors like STAT3 that could now specifically induce transcription initiation.
These events would enhance an open hyperacetylated chromatin structure and RNApol II progression.

3.2.2. GSH depletion and Id2 down-regulation

It has been demonstrated that drugs, infections, inflammation, or cell proliferation can alter
GSH levels and cause a shift in the GSH/GSSG redox status of cells [65]. Over-expression of c-
myc and GSH depletion has been described in a variety of both experimentally induced and
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and mSin3A are released from the c-myc promoter as soon as the GSH content decreases 20%
under basal levels. Concomitantly with the release of the repressor complex, c-myc expression
is induced. When Id2 and mSin3A turns back to the c-myc promoter, the transcription of the
gene is down-regulated. Nevertheless it could not be established a relationship between GSH
content and the return of Id2 to the c-myc promoter. However, linking these observations to
liver regeneration, it would be possible that a decrease in GSH content very early after PH
could promote the release of Id2/mSin3A(HDAC) from the c-myc promoter.

Nevertheless, this event would not be enough to induce the transient transcription initiation
of c-myc observed after GSH depletion with BSO. However, the release of Id2 and
mSin3A(HDAC) from the c-myc promoter would induce profound changes in chromatin
structure to become accessible to transcription factors. Indeed, a deeper insight into the
molecular mechanisms involved in the regulation of transcription at the first peak of c-myc
expression after GSH depletion, suggested an important role for STAT3 at this peak. GSH
depletion induces STAT3 phosphorylation, recruitment of CBP/p300 (HAT) and binding to a
region that overlaps the E2F site in the c-myc gene P2 promoter shown to be important for
nucleosomal structure [73]. These observations are in agreement with the idea of GSH and Id2
as part of a general mechanism to sensitize cells to respond to a given stimulus (figure 6): Id2
release would lead to an open chromatin structure allowing transcription factors to gain access
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to gene promoters. The specificity of the response would be achieve by the precise combination
of activated-transcription factors and their binding to a particular gene promoter, like in this
case occurs with STAT3 and c-myc promoter.

Figure 6. Model for the role of GSH on the modulation of Id2 activity. In quiescent cells, under physiological GSH con‐
tent E2F4, p130, Id2 and the HDAC complex are bound on the c-myc promoter. Chromatin structure will be closed,
inaccessible to transcription factors. RNApol II is paused on the c-myc promoter and unable to transcribe the gene.
Early after an acute GSH depletion, Id2 and HDAC would be released from c-myc promoter. Chromatin will be now
open and accessible for transcription factors like STAT3 that could now specifically induce transcription initiation.
These events would enhance an open hyperacetylated chromatin structure and RNApol II progression.

3.2.2. GSH depletion and Id2 down-regulation

It has been demonstrated that drugs, infections, inflammation, or cell proliferation can alter
GSH levels and cause a shift in the GSH/GSSG redox status of cells [65]. Over-expression of c-
myc and GSH depletion has been described in a variety of both experimentally induced and
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naturally occurring liver diseases including hepatocarcinoma, HCV infection, liver cirrhosis,
apoptosis and drug-induced toxicity [74]. The information about the signals mediating the
induction or repression of Id2 transcription in response to different stimuli is scarce and
sometimes contradictory. GSH depletion by BSO has been shown to induce Id2 expression by
c-Myc [63]. Conversely, TGF-β which decreases the concentration of GSH in a variety of cell
types [75], has been shown to induce Id2 down-regulation through the modulation of c-Myc
[34]. Id2 is always defined as a pleiotropic protein whose behavior depends on its expression
levels, cell type, stimulus and in general on the cell microenvironment. In addition, Id2 is a
downstream target of multiple signaling pathways that can converge or interact with each
other giving rise to a specific response. Taking into account all these considerations, it is not
surprising that under pathological conditions the effect of GSH depletion on Id2 regulation
could be quite different.

Acetaminophen (APAP)-induced intoxication, the main cause of drug-induced liver failure in
the United States and Great Britain, produces a dramatic GSH depletion in the liver. The
deleterious effect of APAP excess has been attributed to its metabolization by the cytochrome
P450 system, which gives rise to the formation of N-acetyl-p-benzoquinoneimine (NAPQI).
This derivative of APAP will then react with GSH, inducing its rapid depletion within the liver
and generating oxidative stress. Moreover, when the formation of NAPQI exceeds the GSH
content, NAPQI will covalently bind to cellular proteins. Therefore, the hepatotoxicity of
APAP overdose is the consequence of the additive effect of NAPQI formation, GSH depletion,
oxidative stress and the generation of protein adducts (figure 7) [76].

Concomitantly with the GSH depletion there is a dramatic transcriptional-dependent decrease
of Id2 expression in response to APAP toxicity [64]. RNApol-II is released from Id2 coding
region and, the promoter is hypoacetylated. These data might suggest that the combination of
GSH depletion, oxidative stress and APAP derivatives that are produced after APAP intoxi‐
cation (depicted in figure 7) may be responsible for the observed Id2 repression.

Id2 expression is known to be dependent on c-Myc binding to its promoter [19,20], but
surprisingly GSH depletion stimulated by APAP-overdose increases c-myc transcription.
However, the mRNA steady state levels do not correlate with the protein levels and consis‐
tently, c-Myc does not bind to Id2 promoter in response to APAP-overdose. Although APAP
induces c-myc transcription, it also triggers the proteasome pathway leading to decreased c-
Myc half life, which is in agreement with other observations showing the APAP-induced
degradation of specific proteins [77,78]. On the other hand, it has been shown that c-Myc down-
regulation is involved in the Id2 repression [34]. Accordingly, a decreased in c-Myc half life
induced by APAP overload would lead to Id2 repression.

Data from these experiments support the idea of a regulatory loop between Id2 and c-myc:
The down-regulation of Id2 would favor the release of the repressor complex mSin3A(HDAC)
from c-myc promoter and would render a peak of c-myc expression.

On the other hand, although APAP-overdose induces c-myc mRNA up-regulation, it decreases
c-Myc protein half life and therefore protein levels are diminished.
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Administration of N-acetycysteine (NAC) prior to APAP-overload prevents GSH depletion.
Moreover, it has been suggested that NAC interferes with the proteasome pathway induced
by APAP toxicity. NAC inhibits the 26S proteasome activity in cultured cells increasing the
stability of IκBα and p53 [79]. Furthermore, the proteasome has been described as a redox-
sensitive system [80]. Interestingly, NAC pretreatment prevents c-Myc degradation and
accordingly, RNApol-II release from Id2 coding region is also prevented. Consistently, Id2
promoter is hyperacetylated and Id2 repression prevented. It is noteworthy to mention that
there is a parallelism between NAC protection and keeping Id2 expression at baseline levels.

Figure 7. Model for the regulation of Id2 expression in rat liver after acetaminophen overdose and protection by N-
acetylcysteine. APAP-overdose is metabolized by the cytochrome P450 system giving rise to the highly reactive deriva‐
tive NAPQI. This derivative will be detoxified by covalent binding to GSH, which will be soon depleted inducing c-myc
expression. When NAPQI exceeds GSH stores, oxidative stress and protein adducts formation will induce c-Myc degra‐
dation. The absence of c-Myc from Id2 promoter will block Id2 basal expression. NAC replenishes GSH stores thus pre‐
venting GSH depletion, protein adduct formation and the proteasome pathway activation. In the presence of NAC, c-
Myc degradation is prevented. Therefore, c-Myc binds to Id2 promoter supporting its basal expression.
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regulation is involved in the Id2 repression [34]. Accordingly, a decreased in c-Myc half life
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Data from these experiments support the idea of a regulatory loop between Id2 and c-myc:
The down-regulation of Id2 would favor the release of the repressor complex mSin3A(HDAC)
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c-Myc protein half life and therefore protein levels are diminished.

Chromatin Remodelling106

Administration of N-acetycysteine (NAC) prior to APAP-overload prevents GSH depletion.
Moreover, it has been suggested that NAC interferes with the proteasome pathway induced
by APAP toxicity. NAC inhibits the 26S proteasome activity in cultured cells increasing the
stability of IκBα and p53 [79]. Furthermore, the proteasome has been described as a redox-
sensitive system [80]. Interestingly, NAC pretreatment prevents c-Myc degradation and
accordingly, RNApol-II release from Id2 coding region is also prevented. Consistently, Id2
promoter is hyperacetylated and Id2 repression prevented. It is noteworthy to mention that
there is a parallelism between NAC protection and keeping Id2 expression at baseline levels.

Figure 7. Model for the regulation of Id2 expression in rat liver after acetaminophen overdose and protection by N-
acetylcysteine. APAP-overdose is metabolized by the cytochrome P450 system giving rise to the highly reactive deriva‐
tive NAPQI. This derivative will be detoxified by covalent binding to GSH, which will be soon depleted inducing c-myc
expression. When NAPQI exceeds GSH stores, oxidative stress and protein adducts formation will induce c-Myc degra‐
dation. The absence of c-Myc from Id2 promoter will block Id2 basal expression. NAC replenishes GSH stores thus pre‐
venting GSH depletion, protein adduct formation and the proteasome pathway activation. In the presence of NAC, c-
Myc degradation is prevented. Therefore, c-Myc binds to Id2 promoter supporting its basal expression.

The Role of Id2 in the Regulation of Chromatin Structure and Gene Expression
http://dx.doi.org/10.5772/54969

107



Covalent binding of NAPQI to mitochondrial proteins has been shown to induce mitochon‐
drial dysfunction and to enhance the formation of reactive oxygen species. The effective
protection of high doses of NAC on APAP-induced liver damage has been attributed to the
recovery of hepatic and mitochondrial GSH levels. Nevertheless, NAC is not only a GSH
precursor, but it is also a reducing and antioxidant agent acting as a direct scavenger of free
radicals. Altogether this data suggest that NAC by itself and/or GSH seem to improve the
efficiency of the detoxifying system preventing, among other events, Id2 down-regulation. But
more importantly, the effect of GSH and oxidative stress in the modulation of Id2 in the context
of a wide spread pathology such as the intoxication by APAP seems to be the result of
cumulative and converging pathways. These observations highlight the importance of
establishing the correct landscape to study the role of Id2, the molecular mechanisms govern‐
ing its functions, and the physiological and pathological consequences of its regulation and
deregulation.

4. Conclusions and perspectives

Among the four members of Id family of proteins, Id2 is a key player in the modulation
of  cell  proliferation.  However,  many  questions  about  its  function  in  vivo  remain  unre‐
solved. Most of data about the role of Id2 as a proliferating factor are referred to either
tumors or cultured and/or transformed cells that might reflect conditions far away from
a physiological situation. This is especially relevant since it is well known and generally
accepted that  the modulation of  Id2 activity and its  many functions depend on the cell
microenvironment.  We already discussed the  diametrically  opposing effects  of  GSH de‐
pletion on Id2 in a pathological  condition such as APAP-induced toxicity and in an ex‐
perimental condition of BSO-induced GHS depletion [63,64].

In addition, the functions of Id2 are not exclusively dependent on its abundance, but also on
its posttranslational modifications, sub-cellular distribution and its interaction with a number
of different proteins [5,6,11-15 ]. Nevertheless, most studies use ectopic over-expression of Id2
as a tool to determine its functions and molecular mechanisms with independence of its
microenvironment. To understand the role of Id2 during cell proliferation, we should take into
account that the enzymatic activities, signaling networks and redox status of cells dramatically
change throughout the different phases of the cell cycle. A static image of Id2 during cell cycle
would lead to confusion. Id2 gene expression is exposed to a tight control, restrained by a
precise timing and coordinated with the expression of other proteins to interact with (i.e. ENH
is induced during cell differentiation to sequester Id2 within the cytoplasm).

Following this rational, we can deduce that Id2 functions will change as the cell progress
through the cell cycle. Actually, Id2 shows two marked peaks of gene expression during G0-
G1 and G1-S respectively that will have different effects on the regulation of the cell cycle. In
quiescent cells Id2 binds to hypophosphorylated p130, E2F4 and a co-repressor complex. Id2
expression is low at this stage. The role of Id2 at this phase is most probably to limit the number
of cell divisions enhancing repression of E2F-target genes.
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During G0-G1 transition, at the onset of the mitogenic stimuli there is a rapid change in both,
cytosolic and nuclear compartments (i.e. redox status, signaling networks, enzymatic activi‐
ties) that will change the preferential Id2-p130 interaction. Initial studies suggested that HDAC
complexes directly bound to RB proteins. Nevertheless, subsequent studies revealed that
recruitment of HDAC complexes to RB was mediated by RBP1 [28]. As already discussed, the
release of RB restrictive activity is the result of cumulative CDK-mediated phosphorylations.
These phosphorylations do not have an effect exclusively on RB proteins, but also on RBP1
that bridges SAP30/mSin3(HDAC) to RB proteins. CDK-mediated phosphorylation of RBP1
induces its dissociation from RB [28]. It seems that during G1 phase the multiple and cumu‐
lative CDK-mediated phosphorylations of cell cycle-dependant proteins would set a threshold.
This ensures that the G1 phase can only be overcome when CDKs reach a critical phosphory‐
lation threshold for efficient dissociation of HDAC and RB from E2F. Therefore it is not a matter
of "all or nothing", but the binding affinities between co-repressors, E2F and RB gradually
change. Following the same rational, it is tempted to speculate that Id2 could remain bound
to the repressor complex SAP30/mSin3/HDAC in quiescent cells and upon a stimulus, a CDK-
mediated phosphorylation of Id2 or its interacting proteins would release Id2 and the repressor
complex from p130. As already referred, Id2 is known to be phosphorylated during G1 phase
by cyclin A/CDK2 and cyclin E/CDK2 [24,59]. This phosphorylation may target Id2 for
ubiquitn-mediated proteasomal degradation and/or change its affinity for specific bHLH
proteins [81,82]. Alternatively, other posttranslational modifications of Id2 or Id2-interacting
proteins might condition Id2 release from E2F4/5 and p130 during G0-G1 transition. In the
future it will be crucial to determine those signals that modulating Id2-binding activities can
condition the transition from G0 to G1.

It is important to highlight that independently of the molecular mechanism that trigger Id2
release, this event seems to have a profound effect on chromatin structure changing its
accessibility to specific transcription factors that on their behalf could recruit HATs (as
depicted in figure 6). This mechanism seems to operate not only in a small subset of genes, but
on the contrary it can be extended to a larger group of genes (we have observed almost 400
Id2/E2F4-bound genes in our ChIP-on-chip experiments). We propose here the suggestive
hypothesis that Id2 could take part of a common mechanism for cell sensitization or priming
to fully respond to a mitogenic stimulus inducing an open chromatin structure. The resultant
expression of a particular gene will depend on the activation and DNA-binding of the precise
combination of transcription factors for the specific gene. Nevertheless, this hypothesis
remains as a challenge to cover and understand the molecular mechanisms of Id2 regulation
and more importantly to unveil Id2 role during G0-G1 transition.
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Covalent binding of NAPQI to mitochondrial proteins has been shown to induce mitochon‐
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quiescent cells Id2 binds to hypophosphorylated p130, E2F4 and a co-repressor complex. Id2
expression is low at this stage. The role of Id2 at this phase is most probably to limit the number
of cell divisions enhancing repression of E2F-target genes.
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During G0-G1 transition, at the onset of the mitogenic stimuli there is a rapid change in both,
cytosolic and nuclear compartments (i.e. redox status, signaling networks, enzymatic activi‐
ties) that will change the preferential Id2-p130 interaction. Initial studies suggested that HDAC
complexes directly bound to RB proteins. Nevertheless, subsequent studies revealed that
recruitment of HDAC complexes to RB was mediated by RBP1 [28]. As already discussed, the
release of RB restrictive activity is the result of cumulative CDK-mediated phosphorylations.
These phosphorylations do not have an effect exclusively on RB proteins, but also on RBP1
that bridges SAP30/mSin3(HDAC) to RB proteins. CDK-mediated phosphorylation of RBP1
induces its dissociation from RB [28]. It seems that during G1 phase the multiple and cumu‐
lative CDK-mediated phosphorylations of cell cycle-dependant proteins would set a threshold.
This ensures that the G1 phase can only be overcome when CDKs reach a critical phosphory‐
lation threshold for efficient dissociation of HDAC and RB from E2F. Therefore it is not a matter
of "all or nothing", but the binding affinities between co-repressors, E2F and RB gradually
change. Following the same rational, it is tempted to speculate that Id2 could remain bound
to the repressor complex SAP30/mSin3/HDAC in quiescent cells and upon a stimulus, a CDK-
mediated phosphorylation of Id2 or its interacting proteins would release Id2 and the repressor
complex from p130. As already referred, Id2 is known to be phosphorylated during G1 phase
by cyclin A/CDK2 and cyclin E/CDK2 [24,59]. This phosphorylation may target Id2 for
ubiquitn-mediated proteasomal degradation and/or change its affinity for specific bHLH
proteins [81,82]. Alternatively, other posttranslational modifications of Id2 or Id2-interacting
proteins might condition Id2 release from E2F4/5 and p130 during G0-G1 transition. In the
future it will be crucial to determine those signals that modulating Id2-binding activities can
condition the transition from G0 to G1.

It is important to highlight that independently of the molecular mechanism that trigger Id2
release, this event seems to have a profound effect on chromatin structure changing its
accessibility to specific transcription factors that on their behalf could recruit HATs (as
depicted in figure 6). This mechanism seems to operate not only in a small subset of genes, but
on the contrary it can be extended to a larger group of genes (we have observed almost 400
Id2/E2F4-bound genes in our ChIP-on-chip experiments). We propose here the suggestive
hypothesis that Id2 could take part of a common mechanism for cell sensitization or priming
to fully respond to a mitogenic stimulus inducing an open chromatin structure. The resultant
expression of a particular gene will depend on the activation and DNA-binding of the precise
combination of transcription factors for the specific gene. Nevertheless, this hypothesis
remains as a challenge to cover and understand the molecular mechanisms of Id2 regulation
and more importantly to unveil Id2 role during G0-G1 transition.
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1. Introduction

Epigenetics is a branch of genetics that focuses on the heritable changes of DNA or associated
proteins, other than DNA sequence variations, which carry information content during cell
division [1,2]. These heritable changes are ascribed to chromatin, which constitutes the
ultrastructure of DNA and whose modifications affect the genetic material functionality.
Differences in chromatin structure have been associated to transcription regulation [3-5] and
chromosome stability [6,7], affecting both gene’s information, expression and heritability.
Noteworthy, these epigenetic modifications are involved in both transcriptional activation and
repression, indicating their widespread role as modulators of gene expression in numerous
biological processes [8,9].

Chromatin is subjected to numerous modifications roughly classified in two groups: DNA and
histone post-translational modifications (histone-PTMs).

DNA methylation is the most studied epigenetic modification of DNA and corresponds to the
covalent addition of a methyl (CH3) group to the nucleotide cytosine within CG dinucleotides
or CNG trinucleotides where N can be C, A, G or T. Usually, DNA methylation induces
decreased protein-DNA binding of transcription factors and leads to the repression of gene
expression [10].

DNA “methylable” sequences are not uniform across the human genome but restricted in CpG
rich DNA regions termed CpG islands (CGI). CGI are localized at repetitive sequences, heavy
methylated, to prevent the reactivation of endoparasitic sequences such as transposons, and
at gene promoter sequences, which are normally refractory to methylation in normal somatic
cells [8,11].
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DNA methylation is specifically established by DNA methyltransferases proteins (DNMTs),
which can be recruited by numerous DNA-binding molecular complexes. These enzymes were
classically classified in two categories: de novo DNMTs, as mammalian DNMT3a and DNMT3b,
in charge of the addition of the methyl group on a previously unmethylated DNA, and mainte‐
nance DNMTs, whose only known member is DNMT1, responsible for methylation renewal in
the newly synthesized DNA copy. However, this classification does not entirely explain methyl‐
ation establishment and maintenance in various molecular processes [10]. For instance, a number
of studies demonstrated that all DNMTs are important in the maintenance of methylation during
DNA replication, therefore indicating that it is not possible to distinguish classes of DNMTs based
on their functional role [12-15]. Another important functional role in DNA methylation dynam‐
ics is constituted by the removal of methyl group, which is required to activate methylated genes.
However, demethylation is a process not fully understood, in fact, until recently, it was current
opinion that only a passive demethylation could occur, as a consequence of a lack of methyla‐
tion maintenance during DNA replication. The discovery of several putative demethylases, as
thymine DNA glycosylase (TDG), methyl-binding domain 2 (MBD2), and GADD45 [16-18],
strongly suggested that an active mechanism of demethylation can occur in specific contexts, such
as germ line reprogramming [19-22].

The second group of epigenetic changes is represented by histone post-translational modifica‐
tions (PTM), which consist in the addition of chemical groups to amino acid residues of both
canonical histones (H2A, H2B, H3 and H4) and variant histones (such as H3.1, H3.3 and HTZ.1).

Differently from DNA modifications, there are at least eight distinct types of histone post-
translational modifications: acetylation, methylation, phosphorylation, ubiquitylation,
sumoylation, ADP ribosylation, deimination, and proline isomerization. Each chemical group
can be established at multiple amino acid residues of nucleosomes in multiple levels of
substrate modification by specific classes of enzymes. For example, lysine methylation can be
established at numerous aminoacidic residues of N-terminus tails of histones H3 and H4, such
as K4, K9, K20 and K27, in mono-, di- or tri-methylated forms. This variety of histone PTMs
and its timing of appearance depends on the particular cell conditions giving the cells different
functional responses [23]. Differently from DNA methylation, histone PTMs feature numerous
functional roles. For instance, histone acetylation regulates DNA replication, repair and
condensation; methylation, phosphorylation and ubiquitylation are involved in DNA repair
or condensation. Moreover, all PTMs regulate transcription processes; acetylation is generally
a marker of transcriptionally active genes, and methylation can be a marker of repressed or
active genes depending on the amino-acid residues involved. For example, methylation of
histone H3 lysine 4 (H3K4me) is considered a mark of transcriptionally active genes, while
methylation of histone H3 lysine 9 and 27 (H3K9me; H3K27) are considered a mark of
transcriptionally repressed genes [8,11,23].

Almost all cellular processes that require transcription dynamics and genetic stability can be
considered epigenetic processes. Cellular differentiation is a good example of biological proc‐
ess, which is strictly connected to epigenetics. The genome sequence is static and it is the same for
each cell of an organism (with some exceptions); however, cells are able to differentiate into many
different types, with different morphology and physiological functions. During organism
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development, the zygote, derived form a single fertilized egg cell, originates totipotent cells, able
to potentially differentiate in all cell types of adult organisms. After several divisions, totipotent
cells originate pluripotent cells, which are partially differentiated and able to differentiate in
several cell types. Finally, pluripotent cells complete differentiation becoming adult somatic cells.
The differentiation processes are characterized by transcriptional activation and repression of
specific genes and, once completed, the cells maintain their characteristic gene-expression pattern,
strictly dependent on the epigenetic modifications previously established [24]. Therefore, cell
differentiation is rigorously related to the establishment of the correct epigenetic status and to the
proper epigenetic maintenance. Epigenetic abnormalities alter gene expression, counteracting
regular differentiation and cell physiology [25]. In support of this theory, cancer cells feature an
aberrant epigenetic landscape, indicating the causal relationship between epigenome dynam‐
ics and cellular processes as proliferation, cellular identity maintenance and genomic instabili‐
ty. [26-28]. Frequently, CGIs in the proximity of tumor suppressor genes (TSG) are methylated in
various cancers, inducing TSGs transcriptional repression and promoting cancer progression
[29]. Furthermore, specific patterns of histones H3 and H4 acetylation and methylation are
associated with numerous cancer types, and it has been shown that several epigenetic patterns
enable to distinguish disease subtypes [30,31].

This chapter explores the role of the Enhancer of Zeste Homolog 2 (EZH2). EZH2, the catalytic
subunit of Polycomb repressive complex 2, catalyzes the addition of methyl groups to lysine
27 of the N-tail of histone H3 (H3K27me). The importance to specifically focus on EZH2 raises
from the evidence that it is involved in several differentiation processes and is often over-
expressed in a wide variety of cancer types [32].

2. PcG proteins and PRC-mediated silencing

Polycomb group proteins (PcG) were discovered in Drosophila melanogaster as responsible of
homeotic gene silencing, also referred as Hox clusters. Hox proteins are a group of transcrip‐
tion factors that determine cell identity along the anteroposterior axis of the body plan by the
transcriptional regulation of hundreds of genes [33-42]. After the initial discovery in fruit flies,
PcG proteins were detected in plants and in mammals, where they are involved in develop‐
ment, stem cell biology and cancer [43-48]. Polycomb-mediated gene silencing is required in
many processes like mammalian X-chromosome inactivation and imprinting [49,50]. Further‐
more, PcG proteins are required to maintain stem cell identity [51]. Indeed, their numerous
target genes encode for transcription factors and signaling components involved in cell fate
decision, therefore in differentiation processes [32].

Principal PcG proteins are conserved from Drosophila to human indicating that PcG-mediated
gene silencing is conserved among eukaryotes [42,52,53]. In mammals, each of the fly proteins
has two or more homologs [54]. PcG proteins form two main complexes: Polycomb-repressive
complex 1 and 2 (PRC1, PRC2) [55-59].
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decision, therefore in differentiation processes [32].

Principal PcG proteins are conserved from Drosophila to human indicating that PcG-mediated
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In mammals PRC1 is formed by BMI1, RING1A/B, CBX, and PHC subunits [60]. RING1A/B
are ubiquitin E3 ligases that catalyze the monoubiquitylation of histone H2A at lysine 119
(H2AK119ub1), a histone PTM associated with transcriptional silencing [48,53].

As previously explained, PRC2 has a histone methyltransferase activity on lysine-27 of histone
H3 [56-59]. EZH2 is the catalytic subunit of the complex and is activated by other PRC2
subunits like EED, SUZ1 and RbAp46 [61,62]. Recent studies have identified an EZH2
homolog, EZH1 that originates an alternative PRC2 complex and, as EZH2, is able to methylate
H3K27. EZH1 and EZH2 can occupy similar target genes, and in some cases have been
proposed to play redundant roles. However, during development, it has been demonstrated
that the two proteins, can also have distinct and context-dependent roles [63-65].

PRC1 and PRC2 are able to induce gene silencing independently by each other [66,67] or by a
synergistic mechanism. In fact, establishment of H3K27me3 by PRC2 complex can induce the
recruitment of PRC1 by binding the chromodomain of the PHC subunits [39,58]. Once recruit‐
ed, PRC1 induces transcriptional repression of target gene by catalyzing the ubiquitilation of
lysine 119 of histone H2 or by an H2Aub-independent mechanism [68-70]. Therefore, in gene
promoters of PRC1 and PRC2 common target genes, H3K27me3, can be reckoned as the hall‐
mark of PcG mediated repression, whereas PRC1 carries out the gene silencing (Figure 1) [48,71].

Figure 1. Epigenetic gene silencing PcG-mediated. PRC2 induces EZH2-mediated H3K27me3. H3K27me3 recruits
PRC1 that ubiquitylates H2AK119 promoting chromatin compaction and gene silencing.
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For what concerns PRC1-independent target genes, it has been shown that PRC2 is able to
catalyze in vitro the methylation of lysine 26 of histone H1, which in turn recruits heterochro‐
matin binding protein 1 (HP1) to chromatin, influencing its structure [72,73].

PRC2 is also able to cooperate with other epigenetic silencing enzymes. Recent studies
demonstrated that it acts upstream of DNMTs in order to silence target genes [74]. The
mechanism is not yet clear, but a hypothesis is that target genes are initially repressed through
histone H3K27 methylation. Afterwards, PRC2 induces a more stable transcriptional silencing
by recruiting DNMTs and establishing CGI methylation [75-77]. Moreover, PRC2 associates
with histone deacetylases, reinforcing transcriptional repression and providing functional
synergy to stable silencing of target genes (Figure 2) [32,56-59,61,78,79].

The functional link between PcG proteins, HDACs and DMTs demonstrated a synergic control
of gene silencing involved in both physiological and pathological processes.

Figure 2. Functional link between PRC2 HDACs and DNMTs. Target genes are initially deacetylated by a histone
deacetylase. PRC2 silences target genes by H3K27me3. PRC2 may also recruit DNMTs that methylate DNA promoting a
more strongly silenced chromatin state.

3. Regulation of PRC2 activity

Polycomb group proteins are epigenetic regulators of embryonic development and stem cell
maintenance [48,51,80] and their deregulation contributes to cancer [28,81]. The crucial role of
Polycomb-repressive complexes in the regulation of these biological processes strongly
supports the presence of multiple molecular mechanisms involved in PRC activity modulation,
such as regulation of expression, post-translational modification and recruitment of other
molecular complexes to target genes.
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PRC2 is also able to cooperate with other epigenetic silencing enzymes. Recent studies
demonstrated that it acts upstream of DNMTs in order to silence target genes [74]. The
mechanism is not yet clear, but a hypothesis is that target genes are initially repressed through
histone H3K27 methylation. Afterwards, PRC2 induces a more stable transcriptional silencing
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maintenance [48,51,80] and their deregulation contributes to cancer [28,81]. The crucial role of
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supports the presence of multiple molecular mechanisms involved in PRC activity modulation,
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molecular complexes to target genes.
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3.1. Regulation of PRC2 components expression

As already explained, PRC2 functions are strictly tissue-specific. Therefore, it should not
surprise that the expression of PRC2 subunits has been reported to be context- and tissue-
specific, despite the activity of PRC2 promoters has not yet fully understood. Recently, it has
been proposed a general rule by which PRC2 expression is maintained by molecular factors
that control cell proliferation and self-renewal, such as E2F factors and c-myc, whereas its
transcriptional repression is induced by differentiation-promoting factors, such as pRb and
p16INK4b [65,82-85].

For what concerns the transcriptional regulation by the pRb/E2F pathway, it has been dem‐
onstrated that E2F factors are required for the transcriptional activity of EZH2 and EED in
mouse embryonic fibroblasts (MEF). Ectopic expression of pRb and p16INK4b, both involved
in E2F target gene repression, induces PRC2 subunits transcriptional repression, whereas pRb
silencing increases their transcript levels [82-84].

Furthermore, it has been recently reported that c-myc, a key regulator of ES cells pluripotency
maintenance, is directly involved in transcriptional upregulation of all components of PRC2;
c-myc binds PRC2 subunits promoters and induces the acetylation of histones H3 and H4, an
epigenetic modification involved in transcriptional activation [85].

Finally, it has been demonstrated that EZH2 is post-transcriptionally regulated by a micro‐
RNAs-mediated translation-inhibition mechanism. MicroRNAs (miRNAs) are small non-
coding RNA ~22 nt long (ncRNA), involved in various biological processes, which exert gene
expression regulation. Several studies showed a role of miRNA in chromatin structure, they
are indeed able to regulate transcriptional levels of epigenetic enzymes as for example PcG
proteins [86,87]. Initially, it has been shown that miRNA-101 and miRNA-26a negatively
regulate EZH2 expression by binding to its 3’-UTR. However, recent studies have reported an
increasing number of miRNAs, able to inhibit the translation of PRC2 subunits (reviewed in
[87]). For example, miR-214 regulates EZH2 expression during muscle differentiation [88].
Furthermore, downregulation of several miRNAs promotes EZH2 overexpression in cancer;
for instance, miR-25 and miR30d in thyroid carcinoma [89], let-7 in prostate cancer [90], miR-98
and miR-214 in esophageal squamous cell carcinoma.

3.2. Post-translational modification of EZH2

Several studies demonstrated that post-translational modifications of PRC2 subunits can
regulate their recruitment to target genes and molecular activity [91-93].

The first post-translational modification that will be analyzed is EZH2 phosphorylation, which
has been extensively studied. In order to bind to PRC2 complex and exert its molecular
function, EZH2 must be phosphorylated in several specific sites. EZH2 phosphorylation can
be classified in two groups: dependent by cell-cycle-dependent signals and dependent by
extracellular-regulated kinases [94]. In the first mechanism, EZH2 is phosphorylated by Cdk1
and Cdk2 during cell cycle progression [92,93,95]. In murine model, phosphorylation of
threonine 345 (Thr345) increases the binding of EZH2 to specific regulatory ncRNAs as
HOTAIR that induces the recruitment of PRC2 to HOX gene promoters, and Xist RepA that
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induces the inactivation of X chromosome [93]. In humans, phosphorylation of threonine 350
(Thr350) corresponds to murine Thr345. Recently, Chen and collaborators demonstrated a
crucial role for the phosphorylation of Thr350 by Cdk1 and Cdk2 in both EZH2-dependent
gene silencing and EZH2-mediated cell proliferation and migration [92].

Moreover, Cdk1 is able to phosphorylate EZH2 at Thr487. This modification is associated with
the disruption of EZH2 binding with other PRC2 components with subsequent methyltrans‐
ferase activity inhibition [95]. Surprisingly, these data are in contrast with studies of Kaneco
and coworkers, which demonstrated that EZH2 phosphorylated at Thr487 is able to bind other
subunits of PRC2 complex and to maintain its activity. In addition, another recent work
showed that inhibition of Cdk1 suppresses hoxA gene expression in contrast to the findings
of Chen and colleagues. [92,93,95]. Bearing in mind that these three findings use different models
to analyze EZH2 phosphorylation, becomes noticeable that the apparent discrepancies could
be explained with different mechanisms of tissue-specific regulation. Further studies are
needed to resolve these specific incongruities. Mechanisms of EZH2 regulation during cell
cycle are summarized in figure 3.

Figure 3. Model for regulation of EZH2 activity during cell cycle. PRC2 subunits are E2Fs target genes. E2Fs activity
is inhibited by hypo-phosphorylated pRb during G1 phase of cell cycle. Activity of Cdk/cyclin complexes triggers the
transition from G1 to S phase through phoshorylation of pRb and consequent activation of E2F target genes. More‐
over Cdk2 and Cdk1 are able to phosphorylate EZH2 promoting the binding of ncRNA, a crucial step for the recruit‐
ment of PRC2 to its target genes.

Phosphorylation of EZH2 is also modulated by environmental signals. Extracellular signals
induce Akt activation that in turn is able to phosphorylate EZH2 at Serine 21 (Ser21), which
results in a suppression of the PRC2 activity. Differently by previous phosphorylation
mechanisms, Akt-dependent phosphorylation does not affect the binding with other PRC2
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components but it reduces the affinity of EZH2 with histone H3, which results in a decrease
of the H3K27 methylation and consequent de-repression of the EZH2-silenced genes [96].

Furthermore, recent studies reported that EZH2 can be phosphorylated at threonine 372
(Thr372) by p38α kinase in muscle stem (satellite) cells in response to tumor necrosis factor
(TNF), an inflammatory cytokine highly expressed in muscle regeneration process [97]. The
phosphorylation of EZH2 at Thr372 promotes the repression of Pax7, a marker of stem cells,
by inducing the interaction between PRC2, YY1 and PRC1. This leads to the transcriptional
activation of genes involved in muscle regeneration and to transcriptional repression of genes
involved in cell proliferation. This data are in apparent conflict with the fully studied role of
EZH2 in the cell proliferation promotion, but it is possible that in response to specific signals
and in particular cell types, PRC2 can silence genes involved in cell cycle regulation, resulting
in an antiproliferative activity [97]. Other studies are needed to confirm this hypothesis.

Finally EZH2 and SUZ12 can be sumoylated in vitro and in vivo but the role of this modification
is still not yet clear [91].

3.3. PRC2 recruitment to target genes

PRC2 core subunits bind to the DNA sequences with low affinity, this, therefore, suggests the
existence of recruiting mechanisms that direct PRC2 to target genes [98].

In Drosophila melanogaster, PcGs are recruited by Polycomb response elements (PREs), DNA
sequences of several hundred base pairs [42,48,99] located both in proximal region of gene
promoters and in long-range enhancer elements. PREs contain consensus sequences for
various transcription factors [100]. For instance, Drosophila’s pleiohomeotic (PHO) and
pleiohomeotic-like (PHO-like) are PcG proteins conserved in mammalian cells and involved
in the recruitment of PRC complexes.

It is important to stress that PREs are element and not short stretches of nucleotides and contain
numerous TF binding sites, therefore, although several Drosophila transcription factors are
essential for the recruitment of PRC complexes to specific promoters, a single TF is not
sufficient alone. Moreover, “universal” factors able to bind all PcG target genes have not been
found yet, and it is strongly suggested that the PcG protein recruitment is a cell type-specific
mechanism dependent by various combinations of TFs [52,53]. Mammalian PREs have been
just recently discovered [101]. The mammalian orthologue of Drosophila DNA-binding protein
PHO is YY1, however, studies in mouse stem cells showed a little overlap between sequences
bound by YY1 and PRC2 suggesting a cell-type specific role rather than a general one [47].

Similar to YY1, the embryonic stem (ES) cell-related transcription factors OCT4, SOX2 and
NANOG co-occupy a subset of PcG target genes in human and mouse ES cells [45,46].
Interestingly, recent studies demonstrated that the serine/threonine protein phosphatase-1
(PP1), together with its regulatory partner NPP1, is capable of complexing PRC2 at its target
genes, modulating the DNA occupancy of EZH2 and therefore its activity [102].

Current data suggest that, similarly to flies, various transcription factors may be involved in
the recruitment of mammalian PRC2, varying in different cell types and context. Recent studies

Chromatin Remodelling126

showed that Twist-1 recruits EZH2 at ARF-INK4a locus in Mesenchymal Stem Cells (MSCs),
inducing transcriptional repression of both p14ARF and p16INK4a, and suppression of
senescence initiation [103].

Moreover, PRC2 can also be associated with another PcG protein, called PHF1. PHF1 is not a
core subunit of PRC2 but its association with the complex influences the recruitment of PRC2
to target genes and stimulates the enzymatic activity [104,105].

Furthermore, several reports have identified in mouse and human ES cells, a novel DNA-
binding component of PRC2 complex, Jarid2, which is a member of the Jumonji C (JmjC) family
that binds GC and GA-rich motifs [106-109]. Despite this, it has been demonstrated that Jarid2
promotes PRC2 recruitment to target genes, but its precise role in PRC2 activity has not yet
been defined. Knockdown of Jarid2 causes an increase of H3K27me3 levels on some PRC2-
target genes [106,107] and a decrease on others [108,109]. Different effects of Jarid2 on PRC2
activity could depend from additional factors, and it has been suggested that it acts as a
‘‘molecular rheostat’’ that finely calibrates PRC2 functions at developmental genes [106].

Finally, long ncRNAs have been implicated in the recruitment of PRC2 [48,53,80,81,110]. For
example, in primary human fibroblasts the ncRNA HOTAIR recruits PRC2 complex to HOXD
locus for regulating gene silencing in trans [111]. Several long ncRNA have been discovered and
its tissue-specific expression allows assuming PRC2-dependent roles in organogenesis [112].

4. Role of PRC2 in differentiation and cell fate commitment

In past decades, several studies demonstrated that PcG proteins play a key role during
invertebrate differentiation but, only recently, the involvement of these proteins during
vertebrate organogenesis as regulators of developmental gene expression has been confirmed.
Various tissues are regulated by PRC2 during development (Table 1).

Embryonic stem cells (ESC) are able to differentiate into all derivatives of the three primary
germ layers and their pluripotency is preserved by the inhibition of differentiation and the
promotion of proliferation [71]. Therefore, ESC can be an extremely valuable model to study
cell fate transition mechanisms involved in mammalian development. As previously ex‐
plained, during development, epigenetic changes regulate the activation determining cell fate.

Genome wide analysis revealed that epigenetic changes regulate the activation or the inhibi‐
tion of lineage-specific transcription factors in cell fate transition, suggesting their role in the
maintenance of ESC pluripotency. For what concerns the polycomb repressive complexes, they
occupy gene promoter sequences of the main developmental genes, impeding their transcrip‐
tional activation through repressive marks [44-46].

Major targets of PRC2 are tumor suppressor genes, such as Ink4b/Arf/Ink4a locus and their
inhibition promotes cell proliferation [44,132,136-141].

In ESC, numerous differentiation-related genes feature a bivalent epigenetic regulation in
preparation of lineage commitment [65]. This bivalent epigenetic regulation consists in the
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components but it reduces the affinity of EZH2 with histone H3, which results in a decrease
of the H3K27 methylation and consequent de-repression of the EZH2-silenced genes [96].

Furthermore, recent studies reported that EZH2 can be phosphorylated at threonine 372
(Thr372) by p38α kinase in muscle stem (satellite) cells in response to tumor necrosis factor
(TNF), an inflammatory cytokine highly expressed in muscle regeneration process [97]. The
phosphorylation of EZH2 at Thr372 promotes the repression of Pax7, a marker of stem cells,
by inducing the interaction between PRC2, YY1 and PRC1. This leads to the transcriptional
activation of genes involved in muscle regeneration and to transcriptional repression of genes
involved in cell proliferation. This data are in apparent conflict with the fully studied role of
EZH2 in the cell proliferation promotion, but it is possible that in response to specific signals
and in particular cell types, PRC2 can silence genes involved in cell cycle regulation, resulting
in an antiproliferative activity [97]. Other studies are needed to confirm this hypothesis.

Finally EZH2 and SUZ12 can be sumoylated in vitro and in vivo but the role of this modification
is still not yet clear [91].

3.3. PRC2 recruitment to target genes

PRC2 core subunits bind to the DNA sequences with low affinity, this, therefore, suggests the
existence of recruiting mechanisms that direct PRC2 to target genes [98].

In Drosophila melanogaster, PcGs are recruited by Polycomb response elements (PREs), DNA
sequences of several hundred base pairs [42,48,99] located both in proximal region of gene
promoters and in long-range enhancer elements. PREs contain consensus sequences for
various transcription factors [100]. For instance, Drosophila’s pleiohomeotic (PHO) and
pleiohomeotic-like (PHO-like) are PcG proteins conserved in mammalian cells and involved
in the recruitment of PRC complexes.

It is important to stress that PREs are element and not short stretches of nucleotides and contain
numerous TF binding sites, therefore, although several Drosophila transcription factors are
essential for the recruitment of PRC complexes to specific promoters, a single TF is not
sufficient alone. Moreover, “universal” factors able to bind all PcG target genes have not been
found yet, and it is strongly suggested that the PcG protein recruitment is a cell type-specific
mechanism dependent by various combinations of TFs [52,53]. Mammalian PREs have been
just recently discovered [101]. The mammalian orthologue of Drosophila DNA-binding protein
PHO is YY1, however, studies in mouse stem cells showed a little overlap between sequences
bound by YY1 and PRC2 suggesting a cell-type specific role rather than a general one [47].

Similar to YY1, the embryonic stem (ES) cell-related transcription factors OCT4, SOX2 and
NANOG co-occupy a subset of PcG target genes in human and mouse ES cells [45,46].
Interestingly, recent studies demonstrated that the serine/threonine protein phosphatase-1
(PP1), together with its regulatory partner NPP1, is capable of complexing PRC2 at its target
genes, modulating the DNA occupancy of EZH2 and therefore its activity [102].

Current data suggest that, similarly to flies, various transcription factors may be involved in
the recruitment of mammalian PRC2, varying in different cell types and context. Recent studies
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showed that Twist-1 recruits EZH2 at ARF-INK4a locus in Mesenchymal Stem Cells (MSCs),
inducing transcriptional repression of both p14ARF and p16INK4a, and suppression of
senescence initiation [103].

Moreover, PRC2 can also be associated with another PcG protein, called PHF1. PHF1 is not a
core subunit of PRC2 but its association with the complex influences the recruitment of PRC2
to target genes and stimulates the enzymatic activity [104,105].

Furthermore, several reports have identified in mouse and human ES cells, a novel DNA-
binding component of PRC2 complex, Jarid2, which is a member of the Jumonji C (JmjC) family
that binds GC and GA-rich motifs [106-109]. Despite this, it has been demonstrated that Jarid2
promotes PRC2 recruitment to target genes, but its precise role in PRC2 activity has not yet
been defined. Knockdown of Jarid2 causes an increase of H3K27me3 levels on some PRC2-
target genes [106,107] and a decrease on others [108,109]. Different effects of Jarid2 on PRC2
activity could depend from additional factors, and it has been suggested that it acts as a
‘‘molecular rheostat’’ that finely calibrates PRC2 functions at developmental genes [106].

Finally, long ncRNAs have been implicated in the recruitment of PRC2 [48,53,80,81,110]. For
example, in primary human fibroblasts the ncRNA HOTAIR recruits PRC2 complex to HOXD
locus for regulating gene silencing in trans [111]. Several long ncRNA have been discovered and
its tissue-specific expression allows assuming PRC2-dependent roles in organogenesis [112].

4. Role of PRC2 in differentiation and cell fate commitment

In past decades, several studies demonstrated that PcG proteins play a key role during
invertebrate differentiation but, only recently, the involvement of these proteins during
vertebrate organogenesis as regulators of developmental gene expression has been confirmed.
Various tissues are regulated by PRC2 during development (Table 1).

Embryonic stem cells (ESC) are able to differentiate into all derivatives of the three primary
germ layers and their pluripotency is preserved by the inhibition of differentiation and the
promotion of proliferation [71]. Therefore, ESC can be an extremely valuable model to study
cell fate transition mechanisms involved in mammalian development. As previously ex‐
plained, during development, epigenetic changes regulate the activation determining cell fate.

Genome wide analysis revealed that epigenetic changes regulate the activation or the inhibi‐
tion of lineage-specific transcription factors in cell fate transition, suggesting their role in the
maintenance of ESC pluripotency. For what concerns the polycomb repressive complexes, they
occupy gene promoter sequences of the main developmental genes, impeding their transcrip‐
tional activation through repressive marks [44-46].

Major targets of PRC2 are tumor suppressor genes, such as Ink4b/Arf/Ink4a locus and their
inhibition promotes cell proliferation [44,132,136-141].

In ESC, numerous differentiation-related genes feature a bivalent epigenetic regulation in
preparation of lineage commitment [65]. This bivalent epigenetic regulation consists in the
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presence of both H3K27me3 and H3K4me3, which respectively are a repressing and an
activating mark of transcription [142]. Upon differentiation, PRC2 complex dissociates from
these gene promoters, inducing H3K27me3 removal and gene expression [45,46].

Similarly  to  ESC,  PRC2  is  involved  in  organ  development  through  tissue-dependent
mechanisms.  As  a  general  rule,  EZH2  prevents  differentiation  by  inhibiting  genes  in‐
volved in  its  completion.  For  instance,  EZH2 negatively  regulates  skin  development  by
repressing premature  differentiation of  skin  progenitors.  Specifically,  it  has  been shown
that  in  this  specific  differentiation  model,  EZH2  prevents  epidermal  differentiation  by
inhibiting  the  recruitment  of  AP1,  a  transcriptional  activator,  to  Ink4/ARF  locus,  thus
maintaining proliferative  potential  of  epidermal  progenitors  [120].  Likewise,  it  has  been
reported that silencing of EZH2 in hepatic stem/progenitor cells promotes the differentia‐
tion into hepatocytes and further enhances the maturation of hepatocytes through Ink4a-
Ink4b dependent and independent mechanisms [130].

EZH2 also contributes to pancreatic regeneration, by the suppression of Arf/Ink4a locus and
the promotion of pancreatic β-cells proliferation, [132] and to terminal differentiation inhibi‐
tion of mammary gland alveolar cells during pregnancy, in order to prevent milk production
and secretion until parturition [135].

In opposition to PRC2-dependent mechanisms mentioned above, there are some tissues and
organs, which require PRC2 activity for differentiation completion. For instance, recent studies
showed a promoting role of EZH2 methyltransferase activity in adipogenesis. EZH2 is
required, indeed, for silencing of Wnt1, -6, -10a, and -10b genes, which are inhibitors of
adipogenesis [134]. Moreover, EZH2 contributes to the correct development by preventing the
inappropriate gene expression, typical of different cell types. The cardiac differentiation is an
example of this PRC2-dependent regulatory function; indeed, EZH2 is involved in transcrip‐

Tissue Specie Role/Stage References

Brain
human

mouse

Neuronal stem cell maintenance; oligodendrocytes

differentiation
[113-118]

Spinal Cord chicken Dorsoventral patterning [119]

Skin
human

mouse

Epidermal stem cell maintenance; hair follicle

homeostasis
[120-122]

Cardiac Muscle mouse
Endocardial cushion formation and cardiomyocyte

proliferation
[123-125]

Skeletal Muscle mouse
Skeletal muscle stem cells maintenance; somites

developing and myoblasts proliferation
[88,126-129]

Liver mouse
Hepatic stem/progenitor cells proliferation and

self-renewal
[130,131]

Pancreas mouse β-cell proliferation [132,133]

Adipose Tissue mouse Adipogenesis promotion [134]

Mammary Gland mouse Alveolar progenitors maintenance [135]

Table 1. Tissues under PRC2 regulation
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tional repression of genes as Six1, responsible of skeletal muscle genes activation in cardio‐
myocytes. EZH2-knockout mice feature postnatal myocardial pathologies and altered cardiac
gene expression [123,125]. EZH2 promotes evenly, by indirect mechanism, liver differentiation
by the inhibition of Pdx1 gene, which is involved in pancreatic differentiation promotion [133].

The complexity of PRC2-dependent molecular pathways in organogenesis has been specifi‐
cally demonstrated by extensive studies in neurogenesis and myogenesis.

4.1. Role of EZH2 in neurogenesis

Neurons and astrocytes derive from common neural precursors (neuronal stem cells: NSC),
which sequentially pass through phases of expansion, neurogenesis and astrogenesis. The
timing of the switch from neurogenic to astrocyte differentiation is crucial for the determina‐
tion of neuron numbers.

Analysis of EZH2 expression in neurogenesis showed that EZH2 decreases when NSCs
differentiate into neurons and is completely suppressed in astrocyte differentiation. In
contrast, EZH2 expression remains high in oligodendrocyte differentiation, from precursor
cells to the immature stage [113]. EZH2 silencing and overexpression in NSCs confirmed these
results, indeed forced expression of EZH2 increases the number of oligodendrocytes and
reduces the number of astrocytes [113]. Furthermore, forced expression of EZH2 in astrocytes
induces a partially dedifferentiation to NSCs [117], supporting a key role for EZH2 towards
oligodendrocyte commitment. For what concerns EZH2 silencing, it has been reported that
inhibition of EZH2 or EED in neural precursor cells extends neurogenic phase, inducing an
increased production of neurons and a delay in gliogenesis [114]. However, Pereira and
colleagues found that loss of EZH2 results in a shift from self-renewal towards differentiation,
accelerating the timing for both cortical neurogenesis and gliogenesis [115]. These differences
could be accounted to differential EZH2 inhibition timing before or after neurogenesis onset;
further studies are required to clarify this pathway, but all data confirm an essential role for
PRC2 in the regulation of developmental transitions timing.

4.2. Role of EZH2 in skeletal myogenesis

Proliferation  and  differentiation  of  skeletal  muscle  cells  are  controlled  by  a  family  of
myogenic  transcription  factors,  known  as  bHLH  proteins.  MyoD  is  one  of  the  most
important bHLH factors, which is crucial for complete muscle differentiation [143]. In ESC,
PRC2 binds and represses numerous MyoD target genes [46]. In skeletal myoblasts, despite
MyoD  expression,  PRC2  is  recruited  by  YY1  to  muscle-specific  genes,  inhibiting  their
expression and preventing premature differentiation. After the commitment of myogene‐
sis,  EZH2 expression decreases  and H3K27me3 at  MyoD-target  loci  is  removed.  Conse‐
quently,  muscle-specific  genes  are  transcriptionally  active  [126].  This  process  is  finely
regulated  by  miR-214,  a  miRNA  expressed  after  myogenic  commitment  of  MyoD.  In
myoblasts,  PRC  complexes  occupy  and  repress  transcription  of  the  intronic  region
containing miR-214.  During myogenesis decreased levels of  EZH2 allow derepression of
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presence of both H3K27me3 and H3K4me3, which respectively are a repressing and an
activating mark of transcription [142]. Upon differentiation, PRC2 complex dissociates from
these gene promoters, inducing H3K27me3 removal and gene expression [45,46].

Similarly  to  ESC,  PRC2  is  involved  in  organ  development  through  tissue-dependent
mechanisms.  As  a  general  rule,  EZH2  prevents  differentiation  by  inhibiting  genes  in‐
volved in  its  completion.  For  instance,  EZH2 negatively  regulates  skin  development  by
repressing premature  differentiation of  skin  progenitors.  Specifically,  it  has  been shown
that  in  this  specific  differentiation  model,  EZH2  prevents  epidermal  differentiation  by
inhibiting  the  recruitment  of  AP1,  a  transcriptional  activator,  to  Ink4/ARF  locus,  thus
maintaining proliferative  potential  of  epidermal  progenitors  [120].  Likewise,  it  has  been
reported that silencing of EZH2 in hepatic stem/progenitor cells promotes the differentia‐
tion into hepatocytes and further enhances the maturation of hepatocytes through Ink4a-
Ink4b dependent and independent mechanisms [130].

EZH2 also contributes to pancreatic regeneration, by the suppression of Arf/Ink4a locus and
the promotion of pancreatic β-cells proliferation, [132] and to terminal differentiation inhibi‐
tion of mammary gland alveolar cells during pregnancy, in order to prevent milk production
and secretion until parturition [135].

In opposition to PRC2-dependent mechanisms mentioned above, there are some tissues and
organs, which require PRC2 activity for differentiation completion. For instance, recent studies
showed a promoting role of EZH2 methyltransferase activity in adipogenesis. EZH2 is
required, indeed, for silencing of Wnt1, -6, -10a, and -10b genes, which are inhibitors of
adipogenesis [134]. Moreover, EZH2 contributes to the correct development by preventing the
inappropriate gene expression, typical of different cell types. The cardiac differentiation is an
example of this PRC2-dependent regulatory function; indeed, EZH2 is involved in transcrip‐

Tissue Specie Role/Stage References

Brain
human

mouse

Neuronal stem cell maintenance; oligodendrocytes

differentiation
[113-118]

Spinal Cord chicken Dorsoventral patterning [119]

Skin
human

mouse

Epidermal stem cell maintenance; hair follicle

homeostasis
[120-122]

Cardiac Muscle mouse
Endocardial cushion formation and cardiomyocyte

proliferation
[123-125]

Skeletal Muscle mouse
Skeletal muscle stem cells maintenance; somites

developing and myoblasts proliferation
[88,126-129]

Liver mouse
Hepatic stem/progenitor cells proliferation and

self-renewal
[130,131]

Pancreas mouse β-cell proliferation [132,133]

Adipose Tissue mouse Adipogenesis promotion [134]

Mammary Gland mouse Alveolar progenitors maintenance [135]

Table 1. Tissues under PRC2 regulation
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tional repression of genes as Six1, responsible of skeletal muscle genes activation in cardio‐
myocytes. EZH2-knockout mice feature postnatal myocardial pathologies and altered cardiac
gene expression [123,125]. EZH2 promotes evenly, by indirect mechanism, liver differentiation
by the inhibition of Pdx1 gene, which is involved in pancreatic differentiation promotion [133].

The complexity of PRC2-dependent molecular pathways in organogenesis has been specifi‐
cally demonstrated by extensive studies in neurogenesis and myogenesis.

4.1. Role of EZH2 in neurogenesis

Neurons and astrocytes derive from common neural precursors (neuronal stem cells: NSC),
which sequentially pass through phases of expansion, neurogenesis and astrogenesis. The
timing of the switch from neurogenic to astrocyte differentiation is crucial for the determina‐
tion of neuron numbers.

Analysis of EZH2 expression in neurogenesis showed that EZH2 decreases when NSCs
differentiate into neurons and is completely suppressed in astrocyte differentiation. In
contrast, EZH2 expression remains high in oligodendrocyte differentiation, from precursor
cells to the immature stage [113]. EZH2 silencing and overexpression in NSCs confirmed these
results, indeed forced expression of EZH2 increases the number of oligodendrocytes and
reduces the number of astrocytes [113]. Furthermore, forced expression of EZH2 in astrocytes
induces a partially dedifferentiation to NSCs [117], supporting a key role for EZH2 towards
oligodendrocyte commitment. For what concerns EZH2 silencing, it has been reported that
inhibition of EZH2 or EED in neural precursor cells extends neurogenic phase, inducing an
increased production of neurons and a delay in gliogenesis [114]. However, Pereira and
colleagues found that loss of EZH2 results in a shift from self-renewal towards differentiation,
accelerating the timing for both cortical neurogenesis and gliogenesis [115]. These differences
could be accounted to differential EZH2 inhibition timing before or after neurogenesis onset;
further studies are required to clarify this pathway, but all data confirm an essential role for
PRC2 in the regulation of developmental transitions timing.

4.2. Role of EZH2 in skeletal myogenesis

Proliferation  and  differentiation  of  skeletal  muscle  cells  are  controlled  by  a  family  of
myogenic  transcription  factors,  known  as  bHLH  proteins.  MyoD  is  one  of  the  most
important bHLH factors, which is crucial for complete muscle differentiation [143]. In ESC,
PRC2 binds and represses numerous MyoD target genes [46]. In skeletal myoblasts, despite
MyoD  expression,  PRC2  is  recruited  by  YY1  to  muscle-specific  genes,  inhibiting  their
expression and preventing premature differentiation. After the commitment of myogene‐
sis,  EZH2 expression decreases  and H3K27me3 at  MyoD-target  loci  is  removed.  Conse‐
quently,  muscle-specific  genes  are  transcriptionally  active  [126].  This  process  is  finely
regulated  by  miR-214,  a  miRNA  expressed  after  myogenic  commitment  of  MyoD.  In
myoblasts,  PRC  complexes  occupy  and  repress  transcription  of  the  intronic  region
containing miR-214.  During myogenesis decreased levels of  EZH2 allow derepression of
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the miR-214 locus. miR-214, on the other hand, targets EZH2 3‘UTR reducing its mRNA
translation, thus inhibiting EZH2 mRNA translation [88].

It has been shown that UTX, a specific demethylase that accomplish the muscle specific genes
activation, is specifically involved in removal of H3K27me3 and in establishment of H3K4me3,
an epigenetic marker of active genes [127].

Interestingly, EZH1 expression increases during myogenesis and its levels remain elevated in
differentiated myoblasts [144]. It has been demonstrated that PRC2-EZH1 complex has a
crucial role in the correct timing of transcriptional activation of muscle specific genes, as
myogenin, allowing proper recruitment of MyoD on its target promoters. This mechanism
involves another epigenetic modification, the phosphorylation of serine 28 of the histone H3
(H3S28ph), which is fundamental for the displacement of the PRC2-EZH2 complex [129].

This example proves the complexity of PRC2 dependent mechanism during development and
demonstrates how distinctive complexes can regulates various stages of differentiation.

Despite the numerous roles of PRC2 in differentiation and organogenesis are attributable to a
tissue-specific behavior, further studies are required to clarify each time its role in any process
of differentiation.

It is certainly clear that both PRC2 and its catalytic subunit EZH2 can be defined as key factors
in the regulation of development and in preserving cell identity.

5. EZH2 and cancer

Epigenetic abnormalities lead to altered gene expression and cellular physiology and occur in
several pathologies such as cancer [145,146]. Cancer epigenetics is a branch of cancer biology
that focuses on the epigenetic malfunctions involved in cancer initiation and progression [11].
EZH2 is differentially expressed in many tumors with abnormally elevated levels in cancer
tissues versus the corresponding normal ones. Of interest is that EZH2 expression is generally
correlated with metastatic cancer cells and poor prognosis [32].

Microarray studies in breast and prostate cancers were the first reports addressing the
implication of EZH2 in tumor progression [79,147]. Currently, a wide number of human
cancers associated with the deregulation of EZH2 have been discovered (Table 2).

The role of PcG proteins in cancer epigenetics is partially attributed to their contribution in
transcriptional repression of INK4b-ARF-INK4a locus, which encode p15INK4b, p16INK4a
and p14ARF proteins. These proteins constitute a homeostatic mechanism that protect
organism from inappropriate growth signals, which would eventually lead to uncontrolled
proliferation, promoting in contrast senescence or apoptosis [139]. Various tumors are
characterized by mutations or transcriptional repression at INF4b-ARF-INKa locus, which is
frequently a consequence of an aberrant epigenetic landscape established by factors as EZH2.

p15INK4b and p16INK4a are cyclin-dependent kinase inhibitors (CdkI) that function up‐
stream in the retinoblastoma protein (pRb) pathway. pRb can be found in two isoforms: hypo-

Chromatin Remodelling130

phosphorylated pRb is the biologically active form, while hyper-phosphorylated pRb is
inactive. Hypo-phosphorylated pRb binds and inhibits E2F transcriptional factor activity.
Cdks, through phosphorylation of pRb, render E2F an active transcriptional activator on the
E2F target genes. INK4 proteins bind Cdk4 and Cdk6, blocking the assembly of catalytically
active Cyclin–Cdk complexes.

The result of an elevated transcription of INK4 proteins is a pRb-dependent cell-cycle arrest
in G1-phase [44,132,136-141,188,189]. Differently from INK4 proteins, p14ARF activates p53
pathway by inhibiting MDM2 functions. Indeed, MDM2 modulates p53 activity by inducing
its transcriptional repression and by promoting its proteasome-mediated degradation.
p14ARF induction generally causes cell-cycle arrest in G1 and G2 phases and apoptosis
[139,190,191]. Interestingly, EZH2 activity on p16INK4a promoter is Rb family-dependent.
Indeed, EZH2 is not able to bind INK4a locus in Rb proteins-deficient cells. A model has been
proposed where pRb recruits PRC2 to the p16INK4a promoter, which in turn promotes its
transcriptional repression [192].

EZH2 has shown a functional role evenly on pRb2/p130. pRb2/p130 is a member of Rb family
that binds and recruits HDAC1 at Cyclin A promoter, inducing gene silencing. Cyclin A is a
protein with a crucial role in cell cycle advancement. EZH2 competes with HDAC1 for its
binding with pRb2/p130, disrupting both proteins occupancy on cyclin A promoter, inducing
cyclin A activation and cell cycle progression [193,194].

As well as Rb family members, EZH2 inhibits tumor suppressor genes as p21 and phosphatase
and tensin homolog (PTEN) [170,195]. For example, oncogenic stimuli in melanocytes provoke
an oncogene-induced senescence, termed melanocytic nevus, which is a benign precursor of
melanoma. EZH2 overexpressing cells escape senescence through the inhibition of p21. EZH2
depletion indeed, results in p21 activation and senescence induction in human melanoma cells
[195]. A similar functional role has been reported in B-cell acute lymphoblastic leukemia (B-
ALL) cells, where EZH2 overexpression induces p21, p53 and PTEN silencing whereas its
knockdown induces cell cycle arrest and apoptosis [170].

As already stated, EZH2 is involved in apoptosis regulation [196,197]. High levels of EZH2
induce silencing of DAB2IP, a Ras GTPase-activating protein that promotes apoptosis through
the tumor necrosis factor-mediated JNK signaling pathway [196], and Bim, a protein that
promotes E2F1-dependent apoptosis [197].

DAB2IP is downregulated by epigenetic modifications in multiple aggressive cancers such as
lung, breast and prostate. In medulloblastoma, EZH2-dependent-DAB2IP repression corre‐
lates significantly with a poor prognosis, independent by the metastatic stage [187].

Recent reports, using genome-wide technologies, reported that a large number of differentia‐
tion-related factors are PRC2-target genes [43-47]. Consequently, numerous differentiation-
related factors as Gata, Sox, Fox, Pou, Pax, components of Wnt, TGF-β, Notch, FGF and retinoic
acid pathways are silenced by EZH2 [32,44-46]. It has been proposed that similarly to ESC, the
role of EZH2 in cancer is linked to its activity in self-renewal promotion and in the maintenance
of undifferentiated state of cells; EZH2 deregulation indeed, strongly contributes to the
transcriptional silencing of tumor suppressor and differentiation genes, promoting therefore
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the miR-214 locus. miR-214, on the other hand, targets EZH2 3‘UTR reducing its mRNA
translation, thus inhibiting EZH2 mRNA translation [88].

It has been shown that UTX, a specific demethylase that accomplish the muscle specific genes
activation, is specifically involved in removal of H3K27me3 and in establishment of H3K4me3,
an epigenetic marker of active genes [127].

Interestingly, EZH1 expression increases during myogenesis and its levels remain elevated in
differentiated myoblasts [144]. It has been demonstrated that PRC2-EZH1 complex has a
crucial role in the correct timing of transcriptional activation of muscle specific genes, as
myogenin, allowing proper recruitment of MyoD on its target promoters. This mechanism
involves another epigenetic modification, the phosphorylation of serine 28 of the histone H3
(H3S28ph), which is fundamental for the displacement of the PRC2-EZH2 complex [129].

This example proves the complexity of PRC2 dependent mechanism during development and
demonstrates how distinctive complexes can regulates various stages of differentiation.

Despite the numerous roles of PRC2 in differentiation and organogenesis are attributable to a
tissue-specific behavior, further studies are required to clarify each time its role in any process
of differentiation.

It is certainly clear that both PRC2 and its catalytic subunit EZH2 can be defined as key factors
in the regulation of development and in preserving cell identity.

5. EZH2 and cancer

Epigenetic abnormalities lead to altered gene expression and cellular physiology and occur in
several pathologies such as cancer [145,146]. Cancer epigenetics is a branch of cancer biology
that focuses on the epigenetic malfunctions involved in cancer initiation and progression [11].
EZH2 is differentially expressed in many tumors with abnormally elevated levels in cancer
tissues versus the corresponding normal ones. Of interest is that EZH2 expression is generally
correlated with metastatic cancer cells and poor prognosis [32].

Microarray studies in breast and prostate cancers were the first reports addressing the
implication of EZH2 in tumor progression [79,147]. Currently, a wide number of human
cancers associated with the deregulation of EZH2 have been discovered (Table 2).

The role of PcG proteins in cancer epigenetics is partially attributed to their contribution in
transcriptional repression of INK4b-ARF-INK4a locus, which encode p15INK4b, p16INK4a
and p14ARF proteins. These proteins constitute a homeostatic mechanism that protect
organism from inappropriate growth signals, which would eventually lead to uncontrolled
proliferation, promoting in contrast senescence or apoptosis [139]. Various tumors are
characterized by mutations or transcriptional repression at INF4b-ARF-INKa locus, which is
frequently a consequence of an aberrant epigenetic landscape established by factors as EZH2.

p15INK4b and p16INK4a are cyclin-dependent kinase inhibitors (CdkI) that function up‐
stream in the retinoblastoma protein (pRb) pathway. pRb can be found in two isoforms: hypo-
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phosphorylated pRb is the biologically active form, while hyper-phosphorylated pRb is
inactive. Hypo-phosphorylated pRb binds and inhibits E2F transcriptional factor activity.
Cdks, through phosphorylation of pRb, render E2F an active transcriptional activator on the
E2F target genes. INK4 proteins bind Cdk4 and Cdk6, blocking the assembly of catalytically
active Cyclin–Cdk complexes.

The result of an elevated transcription of INK4 proteins is a pRb-dependent cell-cycle arrest
in G1-phase [44,132,136-141,188,189]. Differently from INK4 proteins, p14ARF activates p53
pathway by inhibiting MDM2 functions. Indeed, MDM2 modulates p53 activity by inducing
its transcriptional repression and by promoting its proteasome-mediated degradation.
p14ARF induction generally causes cell-cycle arrest in G1 and G2 phases and apoptosis
[139,190,191]. Interestingly, EZH2 activity on p16INK4a promoter is Rb family-dependent.
Indeed, EZH2 is not able to bind INK4a locus in Rb proteins-deficient cells. A model has been
proposed where pRb recruits PRC2 to the p16INK4a promoter, which in turn promotes its
transcriptional repression [192].

EZH2 has shown a functional role evenly on pRb2/p130. pRb2/p130 is a member of Rb family
that binds and recruits HDAC1 at Cyclin A promoter, inducing gene silencing. Cyclin A is a
protein with a crucial role in cell cycle advancement. EZH2 competes with HDAC1 for its
binding with pRb2/p130, disrupting both proteins occupancy on cyclin A promoter, inducing
cyclin A activation and cell cycle progression [193,194].

As well as Rb family members, EZH2 inhibits tumor suppressor genes as p21 and phosphatase
and tensin homolog (PTEN) [170,195]. For example, oncogenic stimuli in melanocytes provoke
an oncogene-induced senescence, termed melanocytic nevus, which is a benign precursor of
melanoma. EZH2 overexpressing cells escape senescence through the inhibition of p21. EZH2
depletion indeed, results in p21 activation and senescence induction in human melanoma cells
[195]. A similar functional role has been reported in B-cell acute lymphoblastic leukemia (B-
ALL) cells, where EZH2 overexpression induces p21, p53 and PTEN silencing whereas its
knockdown induces cell cycle arrest and apoptosis [170].

As already stated, EZH2 is involved in apoptosis regulation [196,197]. High levels of EZH2
induce silencing of DAB2IP, a Ras GTPase-activating protein that promotes apoptosis through
the tumor necrosis factor-mediated JNK signaling pathway [196], and Bim, a protein that
promotes E2F1-dependent apoptosis [197].

DAB2IP is downregulated by epigenetic modifications in multiple aggressive cancers such as
lung, breast and prostate. In medulloblastoma, EZH2-dependent-DAB2IP repression corre‐
lates significantly with a poor prognosis, independent by the metastatic stage [187].

Recent reports, using genome-wide technologies, reported that a large number of differentia‐
tion-related factors are PRC2-target genes [43-47]. Consequently, numerous differentiation-
related factors as Gata, Sox, Fox, Pou, Pax, components of Wnt, TGF-β, Notch, FGF and retinoic
acid pathways are silenced by EZH2 [32,44-46]. It has been proposed that similarly to ESC, the
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of undifferentiated state of cells; EZH2 deregulation indeed, strongly contributes to the
transcriptional silencing of tumor suppressor and differentiation genes, promoting therefore

Role of Enhancer of Zeste Homolog 2 Polycomb Protein and Its Significance in Tumor Progression...
http://dx.doi.org/10.5772/55370

131



uncontrolled cell proliferation and cancer progression [32]. For instance, EZH2 is upregulated
in Rhabdomyosarcoma (RMS) cell lines and primary tumors [180]. RMS is a tumor that arises
from muscle precursor cells, characterized by a partial myogenic differentiation. RMS cells do
not form functional muscle units and feature a strong proliferative ability. Specifically, as
shown in a recent study, EZH2 binds and silences several muscle gene promoters evenly under
differentiated conditions. The silencing of EZH2 promotes the reduction of H3K27me3
establishment, the recruitment of elongating RNA Polymerase II at these loci and the activation
of muscle specific genes, with a partial recovery of skeletal muscle phenotype [182].

Finally, PRC2 complex inhibits the expression of several tumor suppressor miRNA. For
instance, downregulation of miR-31, a common event of various melanomas, is caused by
epigenetic silencing of EZH2-mediated histone methylation [177].

Moreover, in metastatic liver cancers, up-regulation of EZH2 inhibits miR-139-5p, miR-125b,
miR-101, let-7c, and miR-200b, promoting cell motility and metastasis-related pathways [163].

Cancer Histological Origin References

Breast Epithelial [84,147-151]

Prostate Epithelial [79,149,152-157]

Lung Epithelial [158-160]

Colon Epithelial [161]

Liver Epithelial [162,163]

Gastric Epithelial [164]

Lymphoma Mesenchymal [165-171]

Myeloma Mesenchymal [172-174]

Ovarian Epithelial [175]

Skin Epithelial [149,176,177]

Bladder Epithelial [178]

Endometrial Epithelial [149,179]

Sarcoma Mesenchymal [180-182]

Pancreas Epithelial [156,183,184]

Kidney Epithelial [185]

Brain Nervous Tissue [186,187]

Table 2. Human cancers associated with overexpression of EZH2

5.1. Extra-nuclear function of EZH2

The role of EZH2 as chromatin regulator has been extensively analyzed in a number of normal
and pathological models. Recent studies demonstrated a localization of EZH2 and other PRC2
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components in the cytoplasm of murine and human cells [198]. Cytoplasmic EZH2 maintains
its methyltransferase activity and interacts with Vav1, a GDP-GTP exchange factor (GEF) for
members of the Rho-family of GTPases. EZH2-Vav1 complex is necessary for actin reorgani‐
zation and cellular proliferation in T-lymphocytes and fibroblasts, promoting cytoskeletal
dynamics and cell migration as well as proliferation [198]. An example of this specific cyto‐
plasmic function could be found in prostate cancer cells, characterized by increased levels of
both nuclear and cytoplasmic EZH2. Cytoplasmic EZH2 might influence cell adhesion and
migration, contributing to invasiveness and metastatic ability of tumors [199,200]. The nuclear
and cytoplasmic functions of PRC2 thereby could co-operate to promote tumorigenesis.

5.2. Tumor suppressor roles of EZH2

Up to few years ago, EZH2 and PRC2 upregulation were assumed to hypermethylate H3K27,
repressing the transcription of tumor suppressor genes. In 2010, Morin and colleagues
identified a somatic mutation (Tyr641), which affects the EZH2 catalytic domain activity in
diffuse large B-cell lymphoma but not in mantle cell or T-cell lymphoma. Specifically, muta‐
tions in lymphoma were heterozygous but haploinsufficient for the enzymatic activity,
resulting in global deficit of H3K27 methylation and derepression of gene expression [168]. It
has been supposed that the loss of EZH2 in lymphoma may lead to derepression of genes,
promoting cell growth [201]. Other reports demonstrated that specific mutations in the EZH2
enzyme display limited capacity to carry out H3K27 monomethylation but have high efficiency
for driving di- and tri-methylation. In B-cell lymphomas, mutant and wild type EZH2 co-
operate increasing the trimethylated form [202].

Although the data analyzed as of now allow us to classify EZH2 as an oncogene, it must be
stated that in particular cellular environments the picture becomes less clear, like for example
in malignant myeloid diseases. Three different reports showed the inactivation of EZH2 in
myelodysplastic syndromes (MDSs) and in myeloproliferative disorder (MPD) [203-205].
Point mutations of EZH2 gene in MDSs, MPD, and primary myelofibrosis (PMF) are predictors
of poor overall survival, independently by risk factors [206,207]. Similarly, three studies
conducted in T-acute lymphoblastic leukemia (T-ALL) demonstrated that PRC2 displays a
tumor suppressor role in this pathology [171,208,209]. Particularly, Simon and colleagues
demonstrated that in mouse, loss of EZH2 in hematopoietic stem cells induces aggressive T-
ALL. Similar studies in human showed a comparable decrease of EZH2 levels in T-ALL [171].
Moreover, Ntziachristos and coworkers found that EZH2 and other PRC2 core components
are frequently mutated in T-ALL samples [209]. Of interest is that the frequency of PRC2
mutations is higher in pediatric subtype of leukemia [208].

Despite mutations of EZH2 seem specific for a few type of cancers, latest reports suggest
a  fine  balance  of  H3K27  methylation,  necessary  for  normal  cell  growth.  Recent  studies
showed an indirect EZH2-dependent mechanism involved in pancreatic cancer inhibition.
Jon Mallen-St. and co-authors investigated the role of EZH2 in pancreatic regeneration and
in cancer progression using a mouse model characterized by KRas activation, frequently
mutated  in  pancreatic  tumors.  In  particular,  they  show that  KRas  mutated  mice  devel‐
oped preneoplastic lesions but rarely progressed into invasive adenocarcinoma. The loss
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of  EZH2 function  in  this  experimental  model  increases  by  6  times  the  development  of
pancreatic  intraepithelial  neoplasia,  suggesting  a  protective  role  of  EZH2  in  pancreatic
carcinogenesis.  Since  EZH2  is  transiently  upregulated  after  injury  and  returns  to  basal
levels after tissue recovery, it  has been proposed that, in injured tissue, surviving acinar
cells  de-differentiate  into  metaplastic  epithelial  intermediates  are  able  to  proliferate  and
restore pancreatic injury. Proliferation is induced by EZH2 activation through P16INK4a
inhibition.  Subsequently,  acinar  cell  mass  and  function  is  finally  restored  through  re-
differentiation,  which  corresponds  to  restored  basal  levels  of  EZH2.  EZH2  is  involved
therefore in homeostatic mechanisms that controls pancreatic regeneration, decreasing the
risk of pancreatic cancer in patient with chronic pancreatic injury [156,184].

6. Conclusions

Epigenetic alterations in cancer cells represent an important aspect of tumor biology. Differ‐
ently from genetic modifications, epigenetic alterations can be reversed by specific drugs
inducing the restoration of “normal” cellular pathways, which in turn promote cellular
senescence or apoptosis. Therefore, epigenetic changes are excellent target candidates for
chemotherapeutic intervention in cancer.

Several HDAC and DNMT inhibitors are already available as putative anticancer drugs, and
several clinical trials are underway [210,211].

A pharmacological therapy, which specifically targets EZH2, may constitute a novel approach
to the treatment of cancer, assuming its role in inhibition of several tumor suppressor or
differentiation genes.

Recently, an S-adenosyl-L-homocysteine (AdoHcy) hydrolase inhibitor, 3-Deazaneplanocin A
(DZNep), has been demonstrated to deplete EZH2 and remove H3K27me3 at PRC2 target
genes. The inhibition of AdoHcy hydrolase fosters accumulation of AdoHcy, which in turn
stops S-adenosyl-L-methionine (SAH)-dependent methyltransferases.

DZNep promotes apoptosis in cancer cell lines as breast and colorectal cancer cells, but not in
normal cells. DZNep reduces cellular levels of PRC2 subunits, inhibits H3K27 methylation and
promotes the reactivation of PRC2 silenced genes and apoptosis [212]

Of interest is that, in several non-small cell lung cancer (NSCLC) cell lines, DZNep treatment
results in p27 accumulation, G1 cell cycle arrest and apoptosis, whereas immortalized
bronchial epithelial and fibroblast cell lines are less sensitive and show apoptosis with lesser
extent, which render it a potential candidate in anti-cancer therapy [160].

Studies in various gastric cancer cell lines and in primary human gastric cancer cells showed
that the DZNep responsiveness is attenuated in p53-depleted cells. p53 genomic status is
therefore a potential predictive marker of DZNep response in this specific cell type [213].

Despite its potential usefulness in cancer therapy, further studies need to address its target
specificity. Indeed, it has been reported that DZNep inhibits H4K20 methylation, another
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epigenetic modification, which is involved with chromosome stability [212]. The effect of
DZNep on several methyl transferases activity is a strong limiting factor for its use as anti-
cancer drug.

New PRC2 targets have been recently developed. GSK126 is a small molecule, competitor of
S-adenosyl-L-methionine. Unlike DZNep, that reduce levels of EZH2 indirectly, GSK126
specifically inhibits EZH2 methyltransferase activity with no alterations in EZH2 expression.
In lymphoma cells, GSK126 treatment decreases global H3K27me3 levels and reactivates PRC2
target genes. [169]. Finally, it has been discovered a natural compound, 16-hydroxyclero‐
da-3,13-dien-15,16-olide (PL3), which is able to promote apoptosis in leukemia K562 cells by
the modulation of various histone-modifying enzymes among which EZH2 and SUZ12 [214].

Other studies are needed to design inhibitors specific for PRC2 and to develop new strategies
for epigenetic therapy in cancer.
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1. Introduction

Chromatin consists of the DNA and all proteins involved in organizing and regulating DNA
structure. The building block of chromatin is the nucleosome, which is composed of 146 base
pairs of DNA and a core histone octamer. The core histone oactomer is composed of two
heterodimers of histone H2A and histone H2B and a tetramer of histone H3 and histone H4
[1]. The overall chromatin structure is very dynamic in response to diverse biological events.
Regulation of chromatin structure is achieved by two major mechanisms. The first is post‐
translational modification (PTM) of histones and other chromatin proteins via phosphoryla‐
tion, methylation, acetylation, ubiquitination and sumoylation [2, 3]. The second is through
ATP-dependent nucleosome structure alteration. Cooperation between histone PTMs and
chromatin remodelers allows chromatin remodeling to regulate diverse biological events
including transcription, chromosome segregation, DNA replication, and DNA repair. In this
chapter, we summarize how chromatin structure is regulated during DNA damage response
(DDR), focusing particularly on three PTMs: phosphorylation, Poly(ADP-ribosyl)ation
(PARylation) and sumoylation. We discuss the DDR in a highly compacted chromatic
structure, heterochromatin, as well as the interplay between chromatin remodeling, DNA
damage and human aging.

2. DNA damage response

2.1. Sources leading to DNA damage

In order to maintain DNA fidelity, cells must overcome multiple challenges that threaten
genome stability. Cues cause DNA damages can be divided into spontaneous and environ‐
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ment-induced. Spontaneous DNA damages are usually caused by intracellular metabolism
stress, or formed during genetically programmed processes such as V (variable), D (diversity),
and J (joining) (V(D)J) recombination in developing vertebrate lymphocytes or meiotic
recombination in germ cells [4, 5]. The major types of damage include aberrant conformations
of DNA, chemical instability of DNA, free radicals of oxygen, endogenous mutagens and errors
in DNA replications [6]. Environmental DNA damages generally refer to exposure of cells to
various genotoxic agents. These agents contain both physical factors, such as ultraviolet (UV),
visible light and ionizing radiation; as well as chemical factors, such as alkylating agents,
benzopyrene, aflatoxins and cis-Platinum. These DNA damages can lead to single base
mutation or more deleterious chromosomal lesion.

2.2. DDR pathway

To maintain genome stability, cells have developed a global signaling network, known as the
DNA damage response (DDR), to sense different types of genotoxic stress, to modulate cell
cycle transitions and transcriptional process, and to stimulate DNA repair. Mechanistically,
proteins involved in the DDR signaling network can be grouped into three major classes: 1)
Sensors, acting at the upstream of DDR by recognizing the DNA damage and initiating DDR;
2) Transducers, proteins that pass and amplify DNA damage signals to downstream effectors.
Notably, among diverse transducers, ATM (Ataxia Telangiectasia Mutated) and ATR (ATM
and Rad3 Related) are central to the entire DDR; 3) Effector, proteins determine the physio‐
logical outcome of DNA damage response. Depending on the context of DNA damage,
effectors can regulate cell cycle, transcription or cell apoptosis. Nevertheless, we need to point
out that although DDR is often referred to as a signaling pathway, it is more accurately
described as a network of interacting pathways that coordinate the damage response.

2.3. DNA damage repair

The various types of DNA damage include aberrant base or nucleotide modifications, single
strand DNA (ssDNA) breaks, and chromosomal lesions caused by double strand breaks
(DSBs). Among these, DSBs are regarded as the most cytotoxic. If left unrepaired, DSBs will
affect genome integrity by causing mutations, chromosome deletions or translocations,
because there is no intact complimentary template to repair the damaged strand. In this
chapter, we will use DSBs as a model lesion.

DSBs can be repaired by two principle mechanisms, the non-homologous end joining (NHEJ)
and homologous recombination (HR) [7]. These two pathways differ in their functional
enzymes, the repair efficiency and also the cell cycle phases where they are active (Figure 1).

Molecular Basis of NHEJ. In the process of NHEJ, DSBs are repaired by direct ligation of the
exposed ends regardless of their DNA sequences. Enzymes involved specifically in NHEJ
capture both ends of the broken DNA molecule, bringing them together to form a DNA-protein
complex to repair the break. Therefore NHEJ is a very efficient but error-prone way to repair
damaged DNA, and it occurs in all phases of the cell cycle [8]. In NHEJ pathway, the Ku70/80
heterodimer initiates NHEJ by binding to both ends of the broken DNA molecule, which
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creates a scaffold for the assembly of other NHEJ enzymes. After association of Ku70/80, the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is recruited to the DSB, forming
a synaptic complex that brings the broken DNA ends together. Once the DNA ends have been
captured and tethered, non-ligatable DNA termini must be processed (single strand fill in) or
removed by nucleases and polymerases. Lastly, the processed DNA ends are joint by ligase
IV/XRCC4 complex [9]. It was demonstrated that in higher eukaryotes, and especially in
mammals, NHEJ is the preferred pathway for DNA DSB repair [10].

Molecular Basis of HR. HR is an error-free, template-dependent strategy to repair DNA DSBs.
It occurs during the S and G2 phases, when the sister chromatids are more easily available [11].
The key reactions in HR are homology search and DNA strand invasion, which are catalyzed
by the RecA homolog Rad51 [12]. Principally, HR can be divided into three steps: 1) Presy‐
napsis. During this process, DSB ends are recognized and processed to a single-stranded tail
with a 3’-OH ending. This ssDNA is then bound by the eukaryotic ssDNA binding protein
RPA (replication protein A). 2) Synapsis. With aid of cofactors, such as Rad 52 and Rad 55-57
complexes [13, 14], Rad51 binds to RPA-coated ssDNA, forming Rad51-DNA filament. After
this, DNA strand invasion by the Rad51-ssDNA filament generates a D-loop intermediate. 3)
Postsynapsis. In DSBs repair, both ends of the DSB are engaged, leading to double Holliday
junction formation. Finally, following the actions of polymerases, nucleases and helicases,
DNA ligation and substrate resolution occur.

How cells choose between NHEJ or HR to repair the DSBs is unclear. As mentioned above,
HR is initiated by ssDNA resection and requires sequence homology, but NHEJ requires
neither resection at initiation nor a homologous template. Thus, resection appears to be a
pivotal step in DSB repair initiation that determines whether HR or NHEJ occurs. However,
an alternative end-joining (A-EJ) pathway, which is also initiated by ssDNA resection but does
not require a homologous partner, was recently identified. It is proposed that the presence of
ssDNA resection will determine the selection among canonical NHEJ, A-EJ or HR; the size of
the resection, which is associated with the cell cycle phase, will then direct the DSB repair to
either HR or A-EJ [15].

3. Chromatin remodeling during DNA damage

In 1998, functions of phosphorylation at the Serine139 residue of a histone variant, H2AX,
were first  discovered in DDR [16].  Since then,  extensive studies regarding how chroma‐
tin alters its structures in response of DNA damage were made. It is now recognized that
small DNA lesion can lead to global chromatin remodeling, with changes including histone
modifications,  nucleosome  positioning  and  higher-order  folding  of  the  chromatin  fiber.
Furthermore, if the DDR-induced chromatin remodeling is not properly restored, then the
epigenetic changes can be heritable and contribute to terminal cell fate, such as transforma‐
tion, cell senescence and cell apoptosis [17, 18]. In this part, we will discuss recent progress
made about chromatin structures regulations in the detecting and repairing process of DNA
damage.  Specifically,  we  will  focus  on  H2AX  phosphorylation  regulation,  Poly  (ADP-
ribosyl)ation, and sumoylation in DDR.
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3.1. H2AX phosphorylation

One of the key events that initiates DDR is phosphorylation at the Ser139 of histone H2AX, a
chromatin-bound histone variant compromising up to 25% of the H2A [16]. This phosphory‐
lation process is catalyzed by the master regulator of DDR, ATM and ATR. Phosphorylation
of H2AX at Ser139 is very rapid and this phosphorylated H2AX (γH2AX) serves as a platform,
directly recruiting Mdc1 (mediator of DNA-damage checkpoint 1), and additional factors such
as 53BP1, RNF8, and the BRCA1A complex to affected sites [19].

Although γH2AX is a well-recognized marker for DNA damage, its precise role in chromatin
remodeling is only just becoming clear. It was recently found that phosphorylation at a tyrosine
site, Tyr142, plays a pivotal role in regulating H2AX functions in DDR [20]. Basal phosphor‐
ylation of H2AX at Tyr142 was carried out by WSTF (Williams syndrome transcription factor),
a component of the WICH ATP-dependent chromatin remodeling complex [20]. At the early
stage of DDR (<1hr), inhibition of phosphorylation at Tyr142 by knocking down WICH did
not affect γH2AX foci formation, but during the later recovery stages, γH2AX foci was greatly
reduced[20]. So it seems that in the absence of Tyr142 phosphorylation, the kinetics of the
phosphorylation/dephosphorylation cycle of γ-H2AX may be altered. Following this finding,
the phosphatase EYA (eye absent) responsible for dephosphorylating H2AX at Tyr142 was
identified [21]. Dephosphorylation of Tyr142 was suggested to be a prerequisite for γH2AX to
be recognized by damage repair proteins. When persistent phosphorylation at Tyr142 happens
during DNA damage, MDC1-dependent binding of DNA repair factors is inhibited, but
recruitment of pro-apoptotic factors, such as JNK1, is promoted [21]. A more recent study
demonstrated that the doubly phosphorylated H2AX interact with Microcephalin (MCPH1),
an early DNA damage response protein [22]. Although the exact functions of such interaction
is still unknown, we speculate that the precise regulation of γH2AX will be an area of great
potential for future DNA damage studies.

3.2. Poly(ADP-ribosyl)ation

In addition to H2AX-dependent recruitment, several additional pathways have also been
shown to direct the recruitment of various proteins to DNA lesion. Poly(ADP-ribosyl)ation
(PARylation) is one of the early events in DDR [2]. Poly(ADP-ribose) polymerases-1 (PARP-1),
the founding member of PARP family, sense DNA break through its zinc-finger domain.
Structural studies also showed that engaging into the damaged DNA causes PARP-1 confor‐
mation change and increases the dynamics of its catalytic domain [23]. In this way, the
occurrence of a DNA break is immediately translated into a posttranslational modification of
histones H1 and H2B leading to chromatin structure change [24]. Two waves of accumulation
of PARP-1 were observed in living cells. The initial recruitment of PARP-1 activates and locates
poly(ADP-ribose) synthesis, which in turn generates binding sites for a second wave of PARP-1
recruitment and other DDR proteins [25]. Recently, it was found that polycomb group (PcG)
members and nucleosome remodeling and deacetylase (NuRD) complex are recruited by
PARP-1 and -2 to DNA lesions [26]. Both PcG and NuRD are negative regulators of gene
transcription, and indeed, rapid loss of nascent RNA and elongating RNA polymerase were
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observed at DNA damage sites. This finding suggests that part of PARP’s regulatory role in
DDR involves repression of transcription.

3.3. Sumoylation

Sumoylation, the covalent attachment of the small proteins known as SUMO (small ubiquitin
modifier) to protein substrate, is a very dynamic and reversible PTM [27]. Compared to
ubiquitination, knowledge about sumoylation in DDR is relative rudimentary. In 2009, two
papers demonstrated the importance of this ubiquitin-like protein modification in DDR [28,
29]. A series of immunofluorescence and live-cell image experiments showed that components
in the sumoylation pathway, including enzymes E1 (SAE1), E2 (Ubc9), two of the diverse E3
enzymes (PIAS1 and PIAS4) and the conjugates SUMO1, 2 and 3, are rapidly recruited to DNA
damage sites. Functionally, sumoylation of BRCA1 is necessary for its ubiquitin ligase activity.
While association of 53BP1, BRCA1 and RNF168 with the DNA damage sites requires accu‐
mulation of PIAS1 and PIAS4 to the damaged sites [29].

Several more studies have further revealed that sumoylation and ubiquitination signaling
pathways are integrated in the cellular response to DNA damage. For example, two groups
showed that the human RNF4, a SUMO-targeted ubiquitin E3 ligase, was recruited to DSBs
depending on its SUMO interacting motifs [30, 31] Depletion of RNF4 impairs ubiquitin adduct
formation at DSB sites, causes persistent histone H2AX phosphorylation [30] and affects the
clearance of 53BP1, RNF8, and RNF168 from DNA damage foci [31]. It is proposed that through
physical interaction with the SUMO moiety, RNF4 promotes DNA repair by mediating
ubiquitylation of sumoylated DDR components at sites of DNA damage.

The role of sumoylation in DNA repair is emphasized by modification of the RPA (replication
protein A) complex [32]. RPA was found to physically associate with a SUMO specific protease,
SENP6, to maintain its desumoylation status in normal conditions [32]. Under DNA damage,
such as those caused by campothecin or IR, the 70 kD subunit of RPA is sumoylated, which in
turn recruits Rad51 to DNA lesions, initiating DNA repair through HR. In addition to the
specific study of RPA, a recent study in yeast identified a large group of proteins participating
in DNA repair and undergoing sumoylation. They showed that defective sumoylation results
in failure to complete replication of a damaged genome and impaired DNA end processing,
highlighting the importance of sumoylation in maintaining genome stability [33].

4. DNA damage processed in heterochromatin

4.1. The heterochromatin feature

Chromatin can be divided into euchromatin and heterochromatin, on the basis of differential
compaction at interphase. Euchromatin is loosely compacted, more accessible to transcrip‐
tional machinery and thus usually actively transcribed. Heterochromatin is typically densely
packed, and was previously thought to be inaccessible to the transcription components [34].
Molecularly, heterochromatin is featured with specific histone modifications, such as di- or
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3.1. H2AX phosphorylation
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a component of the WICH ATP-dependent chromatin remodeling complex [20]. At the early
stage of DDR (<1hr), inhibition of phosphorylation at Tyr142 by knocking down WICH did
not affect γH2AX foci formation, but during the later recovery stages, γH2AX foci was greatly
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transcription, and indeed, rapid loss of nascent RNA and elongating RNA polymerase were
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observed at DNA damage sites. This finding suggests that part of PARP’s regulatory role in
DDR involves repression of transcription.
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ubiquitination, knowledge about sumoylation in DDR is relative rudimentary. In 2009, two
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clearance of 53BP1, RNF8, and RNF168 from DNA damage foci [31]. It is proposed that through
physical interaction with the SUMO moiety, RNF4 promotes DNA repair by mediating
ubiquitylation of sumoylated DDR components at sites of DNA damage.

The role of sumoylation in DNA repair is emphasized by modification of the RPA (replication
protein A) complex [32]. RPA was found to physically associate with a SUMO specific protease,
SENP6, to maintain its desumoylation status in normal conditions [32]. Under DNA damage,
such as those caused by campothecin or IR, the 70 kD subunit of RPA is sumoylated, which in
turn recruits Rad51 to DNA lesions, initiating DNA repair through HR. In addition to the
specific study of RPA, a recent study in yeast identified a large group of proteins participating
in DNA repair and undergoing sumoylation. They showed that defective sumoylation results
in failure to complete replication of a damaged genome and impaired DNA end processing,
highlighting the importance of sumoylation in maintaining genome stability [33].

4. DNA damage processed in heterochromatin

4.1. The heterochromatin feature

Chromatin can be divided into euchromatin and heterochromatin, on the basis of differential
compaction at interphase. Euchromatin is loosely compacted, more accessible to transcrip‐
tional machinery and thus usually actively transcribed. Heterochromatin is typically densely
packed, and was previously thought to be inaccessible to the transcription components [34].
Molecularly, heterochromatin is featured with specific histone modifications, such as di- or
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tri-methylation of histone H3 at lysine 9, and the subsequent recruitment of chromatin
association protein such as heterochromatin protein1 (Hp1) [35]. Heterochromatin can be
further divided into two groups. First is the constitutive heterochromatin, which contains a
high density of repetitive DNA elements, such as satellite sequences and transposable
elements. They remain condensed throughout the cell cycle. A second group is facultative
heterochromatin, which is dynamic chromosomal loci, condensation of which is regulated by
cellular and environmental signals [36].

4.2. The functions of heterochromatin

The major function of heterochromatin is to repress transcription and recombination of the
embedded repetitive DNA sequences. Disruption of heterochromatin increases the occurrence
of spontaneous DSBs, leads to the expansion of DNA repeat arrays, and is correlated with
chromosomal defects, such as translocations and loss of heterozygosity [37]. Mechanistically,
methylated H3 at Lysine9 (H3K9me) and the chromatin-bound Hp1 serve as a platform,
recruiting various proteins to maintain the highly compact feature of heterochromatin. For
example, the HDAC Clr3 is recruited to heterochromatic domains by the yeast Hp1 homolog
Swi6. Deacytylation by Clr3 stabilizes H3 tri-methylation, increase chromatin condensation
and precludes access of Polymerase II [38]. In addition to physically preventing the access of
transcription machinery, heterochromatin structure also promotes the post-transcriptional
silencing of repetitive sequences. This function is achieved by preferentially targeting the RNA
interference components, such as RITS (RNA-induced transcriptional gene silencing) and
RDRC (RNA-directed RNA polymerase complex) through H3K9me and Hp1 [39] [40, 41]. On
the other side, the recruited RNAi machinery can also contribute to the heterochromatic
architecture. In mammalian and drosophila cells, Hp1 shows RNA binding activity, which is
required for assembling of condensed chromatin [42, 43]. It is proposed that the RNA derived
from repetitive DNA sequence might function as a glue to promote folding or clustering of
dispersed heterochromatic loci [36, 41].

4.3. Detection of DSBs in heterochromatin: focusing on γH2A foci

With the realization of heterochromatin structure and functions, the question is how DNA
damages in heterochromatin are detected and repaired. In the following sections, we will
discuss the recent understanding about these issues.

Abundant reports suggest that heterochromatin is refractory to γH2A foci formation upon
ionizing radiation [44-46]. However, it remains to be determined whether this phenomenon is
due to inaccessible to phosphorylation of H2AX, or heterochromatin is more resistant to DNA
damage. Particularly, following DNA damage, chromatin in the vicinity of damaged sites are
rapidly de-condensed, which makes the idea that γH2A foci is absent in highly packed
chromatin a topic of debate [46-48]. On the other side, a recent study utilizing fluorescence in
situ hybridization found that the high amount of proteins bound to heterochromatin, including
Hp1, acts as a protective layer that prevents access to the DNA. Therefore, it seems that
heterochromatin may internally act as an isolator to inhibit DNA damage [49].
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However, those thoughts were revisited by a recent study conducted in drosophila cells. In
2011, Chiolo et al. demonstrated that γH2A foci can be formed in heterochromatin upon DSBs
[50]. Through a serious of live-cell images and immunofluorescence studies, they found that
DSBs and γH2A foci were absent at later time points of IR-induced DSBs (>60 mins post IR),
which is consistent with previous studies. However, at earlier time points of IR treatment (<10
min), both γH2Ax and ATRIP foci can be observed in heterochromatin, with a level equal to
that of non-heterochromatic sites. This study suggests that a complete DDR can occur within
heterochromatin (Figure 2A).

4.4. DSBs repair in heterochromatin

The next question is how cell repairs the DSBs in heterochromatin. Two issues are raised when
considering repair of DNA lesions in heterochromatin. The first is that chromatin compaction
in heterochromatin might restrict the access of DDR proteins to damaged sites. Indeed, it was
found that DSB repair occurs with slower kinetics and is less effective in heterochromatin [51].
Furthermore, a delay in repair of heterochromatic DSBs was observed in human cells [52]. To
overcome the challenge given by tightly compacted chromatin, it was found that the cell can
employ the ATM signaling pathway to relax chromatin [51]. Goodarzi et al. found that ATM
signaling was specifically required for DSBs repair within heterochromatin, by phosphorylat‐
ing a transcription repressor, KAP1 (KRAB-associated protein1). KAP1 induces transcriptional
repression and chromatin condensation through recruitment of Hp1 [53] and Mi2α [54]. In the
absence of ATM, association of KAP1 to chromatin was increased, suggesting phosphorylation
by ATM decreases the affinity of KAP1 for chromatin, which in turn reduces chromatin
condensation [51].

The second issue regarding repair of DSBs in heterochromatin is whether NHEJ or HR pathway
occurs. In the presence of the closely clustered repeats, HR might produce dicentric and
acentric chromosomes, which are known to contribute to human diseases such as cancer and
infertility [55]. In this sense, it would be very risky for cells to choose HR to repair the DSBs,
since this may lead to abnormal genome rearrangements. In other words, NHEJ repair seems
less problematic because small deletions or mutations generally do not affect the function of
tandem repeats as severely as genes. However, reports form Chiolo et al. demonstrated that
DSBs occuring in heterochromatin are repaired by HR, but the underlying mechanism is
distinct from euchromatin [50] (Figure 2A). The most prominent difference is the exclusion of
Rad51, which mediates strand invasion, from the DSBs in the heterochromatic domain.
Exclusion of Rad51 is achieved by protrusion of heterochromatin, which facilitates DSBs
relocalization to the Hp1α periphery. The movement of the DSBs from inside to outside of
heterochromatin depends on checkpoint proteins, such as ATR and resection proteins.
Furthermore, relocalization of heterochromatic DSBs is blocked by the Smc5/6 SUMO ligase
complex, the yeast homolog of which is required to prevent recombinational repair within the
repetitive rDNA locus [56]. It is proposed that Smc5/6 could catalyze sumoylation of one or
more components of the recombination machinery and block further assembly of the HR
machinery [57].
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tri-methylation of histone H3 at lysine 9, and the subsequent recruitment of chromatin
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further divided into two groups. First is the constitutive heterochromatin, which contains a
high density of repetitive DNA elements, such as satellite sequences and transposable
elements. They remain condensed throughout the cell cycle. A second group is facultative
heterochromatin, which is dynamic chromosomal loci, condensation of which is regulated by
cellular and environmental signals [36].

4.2. The functions of heterochromatin

The major function of heterochromatin is to repress transcription and recombination of the
embedded repetitive DNA sequences. Disruption of heterochromatin increases the occurrence
of spontaneous DSBs, leads to the expansion of DNA repeat arrays, and is correlated with
chromosomal defects, such as translocations and loss of heterozygosity [37]. Mechanistically,
methylated H3 at Lysine9 (H3K9me) and the chromatin-bound Hp1 serve as a platform,
recruiting various proteins to maintain the highly compact feature of heterochromatin. For
example, the HDAC Clr3 is recruited to heterochromatic domains by the yeast Hp1 homolog
Swi6. Deacytylation by Clr3 stabilizes H3 tri-methylation, increase chromatin condensation
and precludes access of Polymerase II [38]. In addition to physically preventing the access of
transcription machinery, heterochromatin structure also promotes the post-transcriptional
silencing of repetitive sequences. This function is achieved by preferentially targeting the RNA
interference components, such as RITS (RNA-induced transcriptional gene silencing) and
RDRC (RNA-directed RNA polymerase complex) through H3K9me and Hp1 [39] [40, 41]. On
the other side, the recruited RNAi machinery can also contribute to the heterochromatic
architecture. In mammalian and drosophila cells, Hp1 shows RNA binding activity, which is
required for assembling of condensed chromatin [42, 43]. It is proposed that the RNA derived
from repetitive DNA sequence might function as a glue to promote folding or clustering of
dispersed heterochromatic loci [36, 41].

4.3. Detection of DSBs in heterochromatin: focusing on γH2A foci

With the realization of heterochromatin structure and functions, the question is how DNA
damages in heterochromatin are detected and repaired. In the following sections, we will
discuss the recent understanding about these issues.

Abundant reports suggest that heterochromatin is refractory to γH2A foci formation upon
ionizing radiation [44-46]. However, it remains to be determined whether this phenomenon is
due to inaccessible to phosphorylation of H2AX, or heterochromatin is more resistant to DNA
damage. Particularly, following DNA damage, chromatin in the vicinity of damaged sites are
rapidly de-condensed, which makes the idea that γH2A foci is absent in highly packed
chromatin a topic of debate [46-48]. On the other side, a recent study utilizing fluorescence in
situ hybridization found that the high amount of proteins bound to heterochromatin, including
Hp1, acts as a protective layer that prevents access to the DNA. Therefore, it seems that
heterochromatin may internally act as an isolator to inhibit DNA damage [49].
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However, those thoughts were revisited by a recent study conducted in drosophila cells. In
2011, Chiolo et al. demonstrated that γH2A foci can be formed in heterochromatin upon DSBs
[50]. Through a serious of live-cell images and immunofluorescence studies, they found that
DSBs and γH2A foci were absent at later time points of IR-induced DSBs (>60 mins post IR),
which is consistent with previous studies. However, at earlier time points of IR treatment (<10
min), both γH2Ax and ATRIP foci can be observed in heterochromatin, with a level equal to
that of non-heterochromatic sites. This study suggests that a complete DDR can occur within
heterochromatin (Figure 2A).

4.4. DSBs repair in heterochromatin

The next question is how cell repairs the DSBs in heterochromatin. Two issues are raised when
considering repair of DNA lesions in heterochromatin. The first is that chromatin compaction
in heterochromatin might restrict the access of DDR proteins to damaged sites. Indeed, it was
found that DSB repair occurs with slower kinetics and is less effective in heterochromatin [51].
Furthermore, a delay in repair of heterochromatic DSBs was observed in human cells [52]. To
overcome the challenge given by tightly compacted chromatin, it was found that the cell can
employ the ATM signaling pathway to relax chromatin [51]. Goodarzi et al. found that ATM
signaling was specifically required for DSBs repair within heterochromatin, by phosphorylat‐
ing a transcription repressor, KAP1 (KRAB-associated protein1). KAP1 induces transcriptional
repression and chromatin condensation through recruitment of Hp1 [53] and Mi2α [54]. In the
absence of ATM, association of KAP1 to chromatin was increased, suggesting phosphorylation
by ATM decreases the affinity of KAP1 for chromatin, which in turn reduces chromatin
condensation [51].

The second issue regarding repair of DSBs in heterochromatin is whether NHEJ or HR pathway
occurs. In the presence of the closely clustered repeats, HR might produce dicentric and
acentric chromosomes, which are known to contribute to human diseases such as cancer and
infertility [55]. In this sense, it would be very risky for cells to choose HR to repair the DSBs,
since this may lead to abnormal genome rearrangements. In other words, NHEJ repair seems
less problematic because small deletions or mutations generally do not affect the function of
tandem repeats as severely as genes. However, reports form Chiolo et al. demonstrated that
DSBs occuring in heterochromatin are repaired by HR, but the underlying mechanism is
distinct from euchromatin [50] (Figure 2A). The most prominent difference is the exclusion of
Rad51, which mediates strand invasion, from the DSBs in the heterochromatic domain.
Exclusion of Rad51 is achieved by protrusion of heterochromatin, which facilitates DSBs
relocalization to the Hp1α periphery. The movement of the DSBs from inside to outside of
heterochromatin depends on checkpoint proteins, such as ATR and resection proteins.
Furthermore, relocalization of heterochromatic DSBs is blocked by the Smc5/6 SUMO ligase
complex, the yeast homolog of which is required to prevent recombinational repair within the
repetitive rDNA locus [56]. It is proposed that Smc5/6 could catalyze sumoylation of one or
more components of the recombination machinery and block further assembly of the HR
machinery [57].
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Together, multiple mechanisms exist to guarantee proper DDR in heterochromatin to repair
the damaged DNA without compromising genome stability. With improvements in live-cell
imaging, we speculate that more details, like the process of DNA damage-induced hetero‐
chromatin expansion and reunion of the repaired heterochromatic region, will be revealed.

5. Human aging and chromatin remodeling

Aging is a complex process that has been long thought to be a consequence of unprogrammed
deleterious events and accumulation of random gene mutation. However, with extensive
studies in yeast, worm and mouse, and with the research in premature human aging disease,
novel insights have been gained into the molecular mechanisms underlying aging. In this
section, we will focus on recent understanding about the contributions that chromatin defects
and DNA damage have on human aging.

5.1. Heterochromatin defects in human aging

Through studying the premature aging disorder Hutchinson–Gilford Progeria Syndrome
(HGPS), the molecular mechanisms leading to chromatin defects in aging are being uncovered.
HGPS is an extremely rare genetic disease caused by a point mutation in the LMNA gene,
which encodes the major structural protein Lamin A in the nuclear envelope [58]. LMNA
mutation leads to abnormal splicing defects and consequent production of a truncated form
of lamin A protein, referred to as progerin [59, 60]. Notably, in healthy individuals, the same
splice site in lamin A was used to cause age-related nuclear defects [61], suggesting conserved
mechanism might be shared by both premature and physical human aging process.

One hallmark of human aging, and also in the aging process of other species, is global change
in chromatin structure [62, 63].Particularly, loss of heterochromatin structure, loss of hetero‐
chromatin proteins and altered patterns of histone modifications, such as decreased H3K9me3,
are found in both physiological and premature aging [61, 64-67]. Furthermore, more open
chromatin structure, as indicated by tri-methylation at histone3 lysine4, is implicated in shorter
lifespan in worm [68, 69].

5.2. Molecular mechanisms underlying heterochromatin loss and aging

The above evidence suggests that heterochromatin maintenance is critical for longevity. Now
the question is how such densely compacted chromatin structure regulates human aging.
Unfortunately, due to the complex nature of the aging process and hence experimentally
intractability, it is hard to find a direct causal-effect relationship. But recent studies do shed
light on the heterochromatic sequence transcription and human aging. Shumaker et al found
that associated with the down-regulation of H3K9me3, the satellite III repeat transcripts, which
is locating in the pericentric heterochromatin, were up-regulated. This up-regulation seems to
be sequence-specific since transcription of other group of pericentric repeat, such as α satellite,
was not altered [66]. Interestingly, Larson et al. reported that during Drosophila aging, loss of
heterochromatin leads to an increased transcription of ribosomal DNA [67]. This rDNA locus
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contains exceeded ribosomal genes and usually only 10% of them are transcribed [70]. How
abnormal transcription of heterochromatic sequences regulate aging is currently unknown.
But it is proposed that loss of heterochromatic repeat silencing may affect gene expression
patterns and hence affect the integrity of the transcriptome. It is also intriguing to link the
heterochromatin status, ribosomal RNA synthesis and aging by taking energy metabolism into
account. That is, ribosomal RNA transcription is a rate-limiting step in protein synthesis,
increased RNA transcription would promote growth and accelerate aging [71, 72]

5.3. DNA damage and human aging

Persistent DNA damage is another hallmark in human aging. Most human premature aging
syndromes are caused by various types of DNA damage, and in particular, DSBs [73, 74]. There
is no doubt that chromatin defects and DNA damage are major contributors to human aging.
The question is which one comes first? Do the DNA damage and the DDR lead to chromatin
defects and thus human aging? Or it is that loss of chromatin structure makes the cell more
susceptible to DNA damage, increases genome instability, and therefore promotes human
aging? Observations made by Pegoraro et al. support that chromatin defects occur prior to
DNA damage [75]. They identified that NURD, a protein complex involved in establishment
of heterochromatin [76], is a key modulator in aging-associated chromatin defects. Knocking
down a subunit of NURD complex lead to aberrant chromatin structure (indicated by loss of
H3K9me3 foci) about 50 h earlier than DNA damage (indicated by existence of γH2AX foci).
This observation suggests that epigenetic and chromatin structure changes are in the upstream
of DNA damage events.

How could aberrant chromatin structure cause DNA damage and thus human aging? There
might be two mechanisms. 1) The heterochromatic sequences are highly repetitive. Loss of
chromatin condensation can leads to abnormal recombination of such sequence and thus
genome rearrangement; 2) Heterochromatin confirmation can protect DNA from various
insults and repair the damaged lesion with specific mechanisms, as mentioned above.

The next question is how DNA damage leads to human aging? Numerous studies showed that
DNA damage and mutations accumulate in human aging. In aged human cells, cytogenetically
visible lesions such as translocations, insertions, dicentrics, and acentric fragments are
frequently detected [77]. Several signaling pathways linking DNA damage and aging are also
proposed, such as the ATM-p53 axis [77] and the BRCA1 dependent aging process
[78].However, in addition to being a driver in the accumulation of mutation, recent reports
imply that DNA damage-induced RNA transcription change might be a novel mechanism
leading human aging. The involvement of RNA processing components in DNA repair
strengthens the role of DNA damage in global gene expression changes. For example, a
proteomic screen for mediators of DDR showed that enrichment for RNA processing factors,
such as splicing-regulator phosphatase PPM1G [79]. Furthermore, the deregulation of gene
expression induced by DNA damage resembles increased transcription heterogeneity seen in
aged heart tissue [80]. Specifically, Francia et al. found that small RNA produced by DICER
and DROSHA, two RNases type III enzymes that process non-coding RNA [81], are required
to activate DDR and efficiently repair DNA at the damaged sites [82]. The DICER- and
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Together, multiple mechanisms exist to guarantee proper DDR in heterochromatin to repair
the damaged DNA without compromising genome stability. With improvements in live-cell
imaging, we speculate that more details, like the process of DNA damage-induced hetero‐
chromatin expansion and reunion of the repaired heterochromatic region, will be revealed.
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Aging is a complex process that has been long thought to be a consequence of unprogrammed
deleterious events and accumulation of random gene mutation. However, with extensive
studies in yeast, worm and mouse, and with the research in premature human aging disease,
novel insights have been gained into the molecular mechanisms underlying aging. In this
section, we will focus on recent understanding about the contributions that chromatin defects
and DNA damage have on human aging.

5.1. Heterochromatin defects in human aging

Through studying the premature aging disorder Hutchinson–Gilford Progeria Syndrome
(HGPS), the molecular mechanisms leading to chromatin defects in aging are being uncovered.
HGPS is an extremely rare genetic disease caused by a point mutation in the LMNA gene,
which encodes the major structural protein Lamin A in the nuclear envelope [58]. LMNA
mutation leads to abnormal splicing defects and consequent production of a truncated form
of lamin A protein, referred to as progerin [59, 60]. Notably, in healthy individuals, the same
splice site in lamin A was used to cause age-related nuclear defects [61], suggesting conserved
mechanism might be shared by both premature and physical human aging process.

One hallmark of human aging, and also in the aging process of other species, is global change
in chromatin structure [62, 63].Particularly, loss of heterochromatin structure, loss of hetero‐
chromatin proteins and altered patterns of histone modifications, such as decreased H3K9me3,
are found in both physiological and premature aging [61, 64-67]. Furthermore, more open
chromatin structure, as indicated by tri-methylation at histone3 lysine4, is implicated in shorter
lifespan in worm [68, 69].

5.2. Molecular mechanisms underlying heterochromatin loss and aging

The above evidence suggests that heterochromatin maintenance is critical for longevity. Now
the question is how such densely compacted chromatin structure regulates human aging.
Unfortunately, due to the complex nature of the aging process and hence experimentally
intractability, it is hard to find a direct causal-effect relationship. But recent studies do shed
light on the heterochromatic sequence transcription and human aging. Shumaker et al found
that associated with the down-regulation of H3K9me3, the satellite III repeat transcripts, which
is locating in the pericentric heterochromatin, were up-regulated. This up-regulation seems to
be sequence-specific since transcription of other group of pericentric repeat, such as α satellite,
was not altered [66]. Interestingly, Larson et al. reported that during Drosophila aging, loss of
heterochromatin leads to an increased transcription of ribosomal DNA [67]. This rDNA locus
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contains exceeded ribosomal genes and usually only 10% of them are transcribed [70]. How
abnormal transcription of heterochromatic sequences regulate aging is currently unknown.
But it is proposed that loss of heterochromatic repeat silencing may affect gene expression
patterns and hence affect the integrity of the transcriptome. It is also intriguing to link the
heterochromatin status, ribosomal RNA synthesis and aging by taking energy metabolism into
account. That is, ribosomal RNA transcription is a rate-limiting step in protein synthesis,
increased RNA transcription would promote growth and accelerate aging [71, 72]

5.3. DNA damage and human aging

Persistent DNA damage is another hallmark in human aging. Most human premature aging
syndromes are caused by various types of DNA damage, and in particular, DSBs [73, 74]. There
is no doubt that chromatin defects and DNA damage are major contributors to human aging.
The question is which one comes first? Do the DNA damage and the DDR lead to chromatin
defects and thus human aging? Or it is that loss of chromatin structure makes the cell more
susceptible to DNA damage, increases genome instability, and therefore promotes human
aging? Observations made by Pegoraro et al. support that chromatin defects occur prior to
DNA damage [75]. They identified that NURD, a protein complex involved in establishment
of heterochromatin [76], is a key modulator in aging-associated chromatin defects. Knocking
down a subunit of NURD complex lead to aberrant chromatin structure (indicated by loss of
H3K9me3 foci) about 50 h earlier than DNA damage (indicated by existence of γH2AX foci).
This observation suggests that epigenetic and chromatin structure changes are in the upstream
of DNA damage events.

How could aberrant chromatin structure cause DNA damage and thus human aging? There
might be two mechanisms. 1) The heterochromatic sequences are highly repetitive. Loss of
chromatin condensation can leads to abnormal recombination of such sequence and thus
genome rearrangement; 2) Heterochromatin confirmation can protect DNA from various
insults and repair the damaged lesion with specific mechanisms, as mentioned above.

The next question is how DNA damage leads to human aging? Numerous studies showed that
DNA damage and mutations accumulate in human aging. In aged human cells, cytogenetically
visible lesions such as translocations, insertions, dicentrics, and acentric fragments are
frequently detected [77]. Several signaling pathways linking DNA damage and aging are also
proposed, such as the ATM-p53 axis [77] and the BRCA1 dependent aging process
[78].However, in addition to being a driver in the accumulation of mutation, recent reports
imply that DNA damage-induced RNA transcription change might be a novel mechanism
leading human aging. The involvement of RNA processing components in DNA repair
strengthens the role of DNA damage in global gene expression changes. For example, a
proteomic screen for mediators of DDR showed that enrichment for RNA processing factors,
such as splicing-regulator phosphatase PPM1G [79]. Furthermore, the deregulation of gene
expression induced by DNA damage resembles increased transcription heterogeneity seen in
aged heart tissue [80]. Specifically, Francia et al. found that small RNA produced by DICER
and DROSHA, two RNases type III enzymes that process non-coding RNA [81], are required
to activate DDR and efficiently repair DNA at the damaged sites [82]. The DICER- and
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DROSHA-dependent small RNA products have the sequence of the damaged locus, and can
restore DDR in RNase-treated cells [82]. Intriguingly, these DNA damage-induced RNA can
regulate cellular senescence in cultured human and mouse cells, and in living zebrafish larvae
[82]. Genetic ablation of DICER has been reported to cause premature senescence in both
developing and adult mice [83]. Do the DICER- and DROSHA-dependent, DNA damaged-
induced RNAs affect heterochromatin structure and thus regulating cell senescence and
human aging? Although the methylation status of H3K9 did not alter with DICER or DROSHA
knockdown [82], it is still interesting to check if other heterochromatic proteins, such as Hp1,
which has RNA binding activity, could be affected (Figure 2). Furthermore, does the site-
specific RNA production have any role in the dynamic movement of heterochromatic domain
during DNA damage, for example, the protrusion of heterochromatin? Answering these
questions will be important to gain a comprehensive understanding of the interplay between
chromatin structure and RNA transcription during DDR.

Figure 1. In NHEJ, the heterodimer Ku70/80 interacts with the end of damaged DNA and recruits DNA-PKcs. Artemis,
which processes the ends of DNA and makes them compatible for ligation, is also recruited. Finally, the DNA breaks
were joined by XRCC4/Ligase IV. In HR, a homologous stretch on a sister chromatid is utilized to accurately repair the
DSB. DNA ends are first processed in order to create single strand overhangs. RPA is then coated to these overhangs,
which recruits Rad51 and other co-factors such as Rad52. The Rad51 coated DNA filament then invade the undam‐
aged strands, and a joint molecule is formed by the damaged and undamaged strands. Finally, template guides DNA
synthesis and resolution of the two strands. A-EJ shares the initial resection step with HR but it requires neither ex‐
tended resection nor extended sequence homology. DNA ends that are not bound by Ku70/80 are degraded. Single
strand DNA resection reveals 2-4 (indicated by ATCG in the figure) or more nucleotides which can anneal, creating
branched intermediate structures. The resolution of this intermediate structure results in deletions at the repair junc‐
tions. A-EJ is independent of Ku70/80 but dependent on Ligase III to join the DNA ends.
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6. Conclusions

Since discovery of the function of γH2AX in DDR, dynamic regulation of chromatin in
response to DNA damage has received great attention during these past decades. In this
chapter, we have discussed the contribution of three posttranslational modifications: phos‐
phorylation, PPAR and sumoylation in DDR. We also discussed the current understanding
about heterochromatin changes during DDR and how it regulates human aging. We emphasize
the function of heterochromatin in DDR because this condensed chromatin structure is
particularly involved in human aging. Emerging evidence suggests that heterochromatin is
not refractory to DNA damage, but utilize a different downstream mechanism to repair the
damaged sites and thus prevent unwanted genome recombination. DNA damage may change
the heterochromatin structure by abnormal generation of non-coding RNA at the damaged
locus, which could titrate the RNA-binding heterochromatin proteins (such as Hp1) and lead
to subsequent abnormal heterochromatin structure. The integrity of the transcriptome can also
be affected by DNA damage and regulate human aging. We speculate that the pathways
regarding DNA damage repair in heterochromatin and the interplay between heterochromatic
sequence transcription and human aging will be a hot area for future research (Figure 3).

Figure 2. A. Schematic diagram shows DNA damage response in heterochromatin. Initial DSB recognition is very rapid
in heterochromatin. Rapid phosphorylation and relocalization of H2Ax S139 and other DSB proteins (such as ATRIP)
occur in heterochromatic region. Rad51 recombinase recruitment is inhibited in Hp1-rich heterochromatin, which al‐
lows DSB processing to induce heterochromatin expansion and DSB repaired in euchromatic site. In this way, unwant‐
ed homologous recombination is prevented in heterochromatin. B. A potential model for DNA damage response in
heterochromatin. A typical heterochromatic domain is indicated by the enrichment of Hp1 protein (step 1). Under
DNA damage, double strand breaks occur, which might result in production of site-specific small RNA with sequence
of the damaged site (step 2). Hp1 might bind to the DNA damage-induced small RNA, which leads to its relocalization
and consequent dynamic movement of the heterochromatic domain during DNA damage. Binding of Hp1 to the
small RNA might also facilitate recruiting of other DDR proteins to the damaged heterochromatic sequences, and thus
promoting damage repair. Notably, it still needs to be determined whether the damage-induced RNA is generated in
heterochromatin (step [2]). If this is the case, the role of this RNA in the dynamic movement of heterochromatin dur‐
ing DNA damage also awaits investigation (step 3).
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Figure 3. Interplay between DNA damage, chromatin remodeling and human aging. It is well recognized that DNA
damage leads to chromatin remodeling. On the other hand, abnormal chromatin structures also contribute to DNA
damage and correlate with human aging. Emerging evidence shed light on the DNA damage-induced global tran‐
scription regulation and also locus-specific production of small RNAs. It would be interesting to know through which
mechanism the DNA damage-induced RNA regulates DNA damage response, and whether it affects the chromatin,
especially, heterochromatin structures, and hence modulate human aging.
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1. Introduction

Eukaryotic DNA is tightly packaged into nucleosome repeats, which form the basic unit of
cellular chromatin. The nucleosome consists of an octamer core wrapped with a segment
of 146 base pairs of double stranded DNA. Each octamer core is composed of two molecules
of  each core histone proteins H2A, H2B,  H3 and H4 (Figure 1).  A fifth histone protein,
linker H1, binds to the nucleosomal core particle and assists in further compaction of the
chromatin into higher-order structure(Lusser and Kadonaga, 2003;Roberts and Orkin, 2004).
This  compaction  of  genomic  DNA  into  chromatin  restricts  access  of  a  variety  of  DNA
regulatory proteins to the DNA strand, which are involved in the processes of transcrip‐
tion, replication, DNA repair and recombination machinery. To overcome these barriers,
eukaryotic cells possess a number of multi-protein complexes which can alter the chroma‐
tin structure and make DNA more accessible.  These complexes can be divided into two
groups,  histone-modifying  enzymes  and  ATP-dependent  chromatin  remodelling  com‐
plexes. The histone-modifying enzymes post-translationally modify the N-terminal tails of
histone proteins through acetylation, phosphorylation, ubiquitination, ADP-ribosylation and
methylation. On the other hand, ATP-dependent chromatin remodelling complexes use the
energy  of  ATP  hydrolysis  to  disrupt  the  contact  between  DNA  and  histones,  move
nucleosomes  along  DNA,  and  remove  or  exchange  nucleosomes(Kallin  and  Zhang,
2004;Lusser and Kadonaga, 2003;Roberts and Orkin,  2004).  The importance of chromatin
structure  and  its  functional  role  in  genome  regulation  and  development  is  becoming
increasingly evident, especially in diseases such as cancer.
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distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 8

Chromatin Remodelling During
Host-Bacterial Pathogen Interaction

Yong Zhong Xu, Cynthia Kanagaratham and
Danuta Radzioch

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55977

1. Introduction

Eukaryotic DNA is tightly packaged into nucleosome repeats, which form the basic unit of
cellular chromatin. The nucleosome consists of an octamer core wrapped with a segment
of 146 base pairs of double stranded DNA. Each octamer core is composed of two molecules
of  each core histone proteins H2A, H2B,  H3 and H4 (Figure 1).  A fifth histone protein,
linker H1, binds to the nucleosomal core particle and assists in further compaction of the
chromatin into higher-order structure(Lusser and Kadonaga, 2003;Roberts and Orkin, 2004).
This  compaction  of  genomic  DNA  into  chromatin  restricts  access  of  a  variety  of  DNA
regulatory proteins to the DNA strand, which are involved in the processes of transcrip‐
tion, replication, DNA repair and recombination machinery. To overcome these barriers,
eukaryotic cells possess a number of multi-protein complexes which can alter the chroma‐
tin structure and make DNA more accessible.  These complexes can be divided into two
groups,  histone-modifying  enzymes  and  ATP-dependent  chromatin  remodelling  com‐
plexes. The histone-modifying enzymes post-translationally modify the N-terminal tails of
histone proteins through acetylation, phosphorylation, ubiquitination, ADP-ribosylation and
methylation. On the other hand, ATP-dependent chromatin remodelling complexes use the
energy  of  ATP  hydrolysis  to  disrupt  the  contact  between  DNA  and  histones,  move
nucleosomes  along  DNA,  and  remove  or  exchange  nucleosomes(Kallin  and  Zhang,
2004;Lusser and Kadonaga, 2003;Roberts and Orkin,  2004).  The importance of chromatin
structure  and  its  functional  role  in  genome  regulation  and  development  is  becoming
increasingly evident, especially in diseases such as cancer.

© 2013 Xu et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Figure 1. Schematic representation of a nucleosome (A) and major histone modifications (B). Modifications on
histones are described in text. The major modifications shown include acetylation (A), methylation (M), phosphoryla‐
tion (P) and ubiquitination (U). Histone modifications mainly occur on the N-terminal tails of histones but also on the
C-terminal tails and globular domains, for example, ubiquitination of the C-terminal tails of H2A and H2B and acetyla‐
tion and methylation of the globular domain of H3 at K56 and K79, respectively.

Intracellular pathogens, through a long-standing coexistence with host cells, have evolved
mechanisms that provide pathogens with the amazing capacity to adapt and survive in the
variable and often hostile environments of their hosts (Galan and Cossart, 2005). The concept
of chromatin modification as a mechanism by which pathogens affect host immune responses
to facilitate infection has emerged in recent years. For example, listeriolysin O (LLO), secreted
by Listeria monocytogenes, induces a dramatic dephosphorylation of histone H3 at serine 10 and
deacetylation of histone H4, and these modifications are associated with changes in host gene
expression during early stages of infection (Hamon et al., 2007). Arbibe and colleagues also
indicate that Shigella flexneri effector OspF dephosphorylates ERK and p38 mitogen-activated
protein kinase (MAPK) in the nucleus; this subsequently prevents histone H3 phosphorylation
at Ser10 at the promoters of a specific subset of genes, which blocks the activation of nuclear
factor –κB (NF-κB)- responsive genes leading to a compromised inflammation in the infected
tissue(Arbibe et al., 2007). These results suggest a strategy developed by microbial pathogens
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to manipulate the host cellular function through histone modification and subversion of host
innate immune responses for their survival or to infect the host.

Histone acetylation/deacetylation is a key epigenetic regulator of chromatin structure and gene
expression, in combination with other posttranslational modifications. These patterns of
histone modification are maintained by histone modifying enzymes such as histone acetyl‐
transferases (HATs) and histone deacetylases (HDACs). While HATs acetylate histones,
conferring an ‘’open” chromatin structure that allows transcriptional activation, HDACs have
the opposite effect resulting in transcriptional repression by closing chromatin structure.
Global HDAC-mediated transcriptional changes can have a concomitant effect on cell function
– an epigenetic mechanism often exploited by viruses to promote infection (Punga and
Akusjarvi, 2000;Radkov et al., 1999;Valls et al., 2007). Recent reports also show that intracellular
bacteria manipulate host cell epigenetics to facilitate infection (Arbibe et al., 2007;Hamon et
al., 2007;Hamon and Cossart, 2008). Disruption of HDAC activity with inhibitors or by siRNA
affects gene expression profilling in different cell types (Glaser et al., 2003a;Glaser et al.,
2003b;Lee et al., 2004;Zupkovitz et al., 2006). The potential of HDAC inhibitors in treatment of
infection has being studied.

In this chapter, the chromatin modifications in host cells induced by bacterial pathogens and
their effects on host gene expression and infection will be reviewed. Furthermore, the potential
role of HDAC inhibitors, as a therapeutic immunomodulator, in treatment of infections will
also be discussed.

2. Chromatin structure in transcription regulation

The packaging of DNA into chromatin does not only simply facilitate the compaction of
eukaryotic DNA genomes into the cell nucleus but also plays a profound and ubiquitous roles
in almost all DNA-related cellular processes such as DNA replication, repair, recombination
and transcription (Clapier and Cairns, 2009;Li et al., 2007a). Chromatin structure is not a simple
static unit. It possesses dynamic properties that are orchestrated by ATP-dependent chroma‐
tin-remodeling complexes and histone-modifying enzymes. In conjunction with other co-
regulators, these chromatin remodelers modify histone-DNA interaction and regulate
transcription at specific genomic loci.

2.1. Histone modifications and transcription

Histone sequences are highly conserved. A core histone protein typically consists of an
unstructured N-terminal tail, a globular core including a central histone-fold domain, and a
conformationally mobile C-terminal tail (Garcia et al., 2007b;Mersfelder and Parthun, 2006).
Both N-terminal tails and globular domains are subject to a variety of posttranslational
modifications (Kouzarides T, Cell, 2007, 128:693-705) (Figure 1). At least fourteen different
types of posttranslational (or covalent) modifications involving more than 60 different residues
on histones have been reported to date including acetylation, methylation, phosphorylation,
ubiquitination, poly-ADP ribosylation, sumoylation, butyrylation, formylation, deimination,
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Intracellular pathogens, through a long-standing coexistence with host cells, have evolved
mechanisms that provide pathogens with the amazing capacity to adapt and survive in the
variable and often hostile environments of their hosts (Galan and Cossart, 2005). The concept
of chromatin modification as a mechanism by which pathogens affect host immune responses
to facilitate infection has emerged in recent years. For example, listeriolysin O (LLO), secreted
by Listeria monocytogenes, induces a dramatic dephosphorylation of histone H3 at serine 10 and
deacetylation of histone H4, and these modifications are associated with changes in host gene
expression during early stages of infection (Hamon et al., 2007). Arbibe and colleagues also
indicate that Shigella flexneri effector OspF dephosphorylates ERK and p38 mitogen-activated
protein kinase (MAPK) in the nucleus; this subsequently prevents histone H3 phosphorylation
at Ser10 at the promoters of a specific subset of genes, which blocks the activation of nuclear
factor –κB (NF-κB)- responsive genes leading to a compromised inflammation in the infected
tissue(Arbibe et al., 2007). These results suggest a strategy developed by microbial pathogens
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to manipulate the host cellular function through histone modification and subversion of host
innate immune responses for their survival or to infect the host.

Histone acetylation/deacetylation is a key epigenetic regulator of chromatin structure and gene
expression, in combination with other posttranslational modifications. These patterns of
histone modification are maintained by histone modifying enzymes such as histone acetyl‐
transferases (HATs) and histone deacetylases (HDACs). While HATs acetylate histones,
conferring an ‘’open” chromatin structure that allows transcriptional activation, HDACs have
the opposite effect resulting in transcriptional repression by closing chromatin structure.
Global HDAC-mediated transcriptional changes can have a concomitant effect on cell function
– an epigenetic mechanism often exploited by viruses to promote infection (Punga and
Akusjarvi, 2000;Radkov et al., 1999;Valls et al., 2007). Recent reports also show that intracellular
bacteria manipulate host cell epigenetics to facilitate infection (Arbibe et al., 2007;Hamon et
al., 2007;Hamon and Cossart, 2008). Disruption of HDAC activity with inhibitors or by siRNA
affects gene expression profilling in different cell types (Glaser et al., 2003a;Glaser et al.,
2003b;Lee et al., 2004;Zupkovitz et al., 2006). The potential of HDAC inhibitors in treatment of
infection has being studied.

In this chapter, the chromatin modifications in host cells induced by bacterial pathogens and
their effects on host gene expression and infection will be reviewed. Furthermore, the potential
role of HDAC inhibitors, as a therapeutic immunomodulator, in treatment of infections will
also be discussed.

2. Chromatin structure in transcription regulation

The packaging of DNA into chromatin does not only simply facilitate the compaction of
eukaryotic DNA genomes into the cell nucleus but also plays a profound and ubiquitous roles
in almost all DNA-related cellular processes such as DNA replication, repair, recombination
and transcription (Clapier and Cairns, 2009;Li et al., 2007a). Chromatin structure is not a simple
static unit. It possesses dynamic properties that are orchestrated by ATP-dependent chroma‐
tin-remodeling complexes and histone-modifying enzymes. In conjunction with other co-
regulators, these chromatin remodelers modify histone-DNA interaction and regulate
transcription at specific genomic loci.

2.1. Histone modifications and transcription

Histone sequences are highly conserved. A core histone protein typically consists of an
unstructured N-terminal tail, a globular core including a central histone-fold domain, and a
conformationally mobile C-terminal tail (Garcia et al., 2007b;Mersfelder and Parthun, 2006).
Both N-terminal tails and globular domains are subject to a variety of posttranslational
modifications (Kouzarides T, Cell, 2007, 128:693-705) (Figure 1). At least fourteen different
types of posttranslational (or covalent) modifications involving more than 60 different residues
on histones have been reported to date including acetylation, methylation, phosphorylation,
ubiquitination, poly-ADP ribosylation, sumoylation, butyrylation, formylation, deimination,
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citrullination, isomerisation, O-GlcNAcylation, crotonylation and hydroxylation (Martin and
Zhang, 2007;Ruthenburg et al., 2007;Sakabe et al., 2010;Tan et al., 2011). The majority of known
histone modifications are located within the N-terminal tails of core histones. These modifi‐
cations play an important role in the control of chromatin dynamics and its availability for
transcription (Kouzarides, 2007). It has been suggested that all these modifications are
combinatorial and interdependent and therefore may constitute a ``histone code`` (Jenuwein
and Allis, 2001;Strahl and Allis, 2000). According to this hypothesis, the “histone code” is read
by effector proteins (readers) which recognize and bind to modifications via specific domains
and result in distinct and consistent cellular processes, such as replication, transcription, DNA
repair and chromosome condensation (Kouzarides, 2007;Shi and Whetstine, 2007). Specific
histone modifications are essential for partitioning the genome into functional domains, such
as transcriptionally silent heterochromatin and transcriptionally active euchromatin (Martin
and Zhang, 2005).

There are two major mechanisms underlying the function of histone modifications (Kouzar‐
ides, 2007;Ruthenburg et al., 2007). The first is the modulation of chromatin structure either by
altering DNA-nucleosome interaction or by altering nucleosome-nucleosome interactions via
changing the histone charges or by addition of physical entities. For example, histone acety‐
lation, a modification associated with transcriptional activation, has been proposed to unfold
chromatin structure via neutralization of the basic charges of lysines (Kouzarides, 2007).
Indeed, in vitro studies using recombinant nucleosomal arrays have demonstrated that
acetylation of H4K16 restricts the formation of a 30-nanometer fiber and the generation of
higher-order structures (Shogren-Knaak et al., 2006;Shogren-Knaak and Peterson, 2006).
Secondly, histone modifications provide docking sites for the recruitment of specific binding
proteins, which recognize and interact with modified histones via specialized domains such
as bromo-, chromo- and PHD (plant homeodomain) domains, thereby influence chromatin
dynamics and function (Wysocka et al., 2005;Wysocka et al., 2006b;Zeng and Zhou, 2002). A
number of proteins have been identified that are recruited to specific modifications. For
example, methylation of H3K4, H3K9 and H3K27 can be recognized by inhibitor of growth
(ING) proteins, heterochromatin protein 1 (HP1) and polycomb proteins, respectively. It has
been shown that histone modification binding proteins can tether, directly or indirectly, an
enzyme to chromatin. The activity of this recruited enzyme can be regulated (Pena et al.,
2006;Shi et al., 2006;Wysocka et al., 2006b). BPTF, a component of the NURF chromatin
remodelling complex, binds to H3K4me3 via a PHD domain and tethers the SNF2L ATPase
to H0XC8 gene and activates the expression of the latter (Wysocka et al., 2006b). JMJD2A and
CHD1, two other H3K4me-binding proteins, possess enzymatic activities themselves and can
directly deliver enzymatic activities to chromatin when recruited (Huang et al., 2006;Pray-
Grant et al., 2005;Sims, III et al., 2005).

The link between histone modifications and transcriptional regulation has been widely
studied. It has been found that a specific modification can be associated with transcriptional
activation or repression. Among the histone modifications, methylation and acetylation of H3
and H4 play a major role in the regulation of transcriptional activity (Berger, 2007;Jenuwein
and Allis, 2001;Li et al., 2007a;Shahbazian and Grunstein, 2007). Methylation, which occurs on
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either a lysine or an arginine residue, is catalyzed by three different classes of methyltransfer‐
ases: SET domain-containing histone methyltransferases (HMTs), non-SET domain-containing
lysine methyltransferases as well as protein arginine methyltransferase (PRMT). Methylation
is implicated in both activation and repression of transcription depending on the methylation
site and the type of methyltransferase involved (Shilatifard, 2006;Wysocka et al., 2006a). For
example, methylation of lysine 4, 36 or 79 of H3 correlates with activation of transcription
whereas methylation of lysine 9, 27 of H3 or lysine 20 of H4 is usually linked to transcriptional
repression (Pawlak and Deckert, 2007). Type I PRMT, such as CARM1 (cofactor associated
arginine methyltransferase 1), PRMT1 and PRMT2, catalyze the formation of monomethyl-
and asymmetric dimethyl-arginine derivatives and is involved in transcriptional activation.
Type II PRMT, such as PRMT5, catalyzes the formation of monomethyl- and symmetric
dimethyl-arginine derivatives and is involved in transcriptional repression. In addition, a
lysine can be mono-, di- or trimethylated with different effect on gene transcription (Santos-
Rosa et al., 2002;Schneider et al., 2005). Both lysine and arginine methylations can be reversed
by histone demethylases, which had been discovered many years after the discovery of HMTs.
LSD1 was the first histone demethylase discovered in 2004 and was shown to demethylate
H3K4 and to repress transcription (Shi et al., 2004). However, LSD1 was also shown to
demethylate H3K9 and activate transcription when present in a complex with the androgen
receptor (Metzger et al., 2005). Following the discovery of LSD1, a number of other related
enzymes were subsequently discovered. Among them, Jumonji domain–containing 6 protein
(JMJD6) is the only direct arginine demethylase reported to date shown to demethylate H3 at
arginine 2 and H4 at arginine 3 (Chang et al., 2007). In addition, human peptidylarginine
deiminase 4 protein (Pad4) can regulate histone arginine methylation by converting mono-
methylated arginine into citrulline via demethylimination or deimination (Cuthbert et al.,
2004;Wang et al., 2004). Histone methylation may affect the binding of other histone-modifying
enzymes to the chromatin, which then mediates other posttranscriptional modifications, such
as histone phosphorylation and DNA methylation (Mosammaparast and Shi, 2010;Pedersen
and Helin, 2010).

Acetylation, another well-characterized modification, occurs on lysine residues mainly in
the N-terminal tail of core histones. However, a lysine 56 within the globular domain of
H3 (H3K56) has been found to be acetylated in yeast. Yeast protein SPT10, a putative histone
acetyltransferase (HAT), was shown to mediate the H3K56 acetylation of histone genes at
their  promoter  regions.  H3K56  acetylation  allows  the  recruitment  of  Snf5,  an  essential
component  of  SWI/SNF  chromatin  remodeling  complex  and  subsequently  regulating
transcription  (Xu  et  al.,  2005).  Compared  with  the  SPT10,  the  Rtt109  acetyltransferase
mediates H3K56 acetylation more globally (Driscoll et al., 2007;Han et al., 2007;Schneider et
al., 2006). The acetylation level correlates with transcriptional activation (Davie, 2003;Legube
and Trouche, 2003). The level of acetylation is balanced by HATs and HDACs. Generally,
increased levels  of  histone acetylation by HATs enhance chromatin decondensation and
DNA  accessibility  for  transcription  factors  to  activate  gene  expression.  In  contrast  to
acetylation, deacetylation of histones catalyzed by HDACs leads to chromatin condensa‐
tion  and gene  silencing  (Berger,  2007;Li  et  al.,  2007a).  The  relationship  between histone

Chromatin Remodelling During Host-Bacterial Pathogen Interaction
http://dx.doi.org/10.5772/55977

177



citrullination, isomerisation, O-GlcNAcylation, crotonylation and hydroxylation (Martin and
Zhang, 2007;Ruthenburg et al., 2007;Sakabe et al., 2010;Tan et al., 2011). The majority of known
histone modifications are located within the N-terminal tails of core histones. These modifi‐
cations play an important role in the control of chromatin dynamics and its availability for
transcription (Kouzarides, 2007). It has been suggested that all these modifications are
combinatorial and interdependent and therefore may constitute a ``histone code`` (Jenuwein
and Allis, 2001;Strahl and Allis, 2000). According to this hypothesis, the “histone code” is read
by effector proteins (readers) which recognize and bind to modifications via specific domains
and result in distinct and consistent cellular processes, such as replication, transcription, DNA
repair and chromosome condensation (Kouzarides, 2007;Shi and Whetstine, 2007). Specific
histone modifications are essential for partitioning the genome into functional domains, such
as transcriptionally silent heterochromatin and transcriptionally active euchromatin (Martin
and Zhang, 2005).

There are two major mechanisms underlying the function of histone modifications (Kouzar‐
ides, 2007;Ruthenburg et al., 2007). The first is the modulation of chromatin structure either by
altering DNA-nucleosome interaction or by altering nucleosome-nucleosome interactions via
changing the histone charges or by addition of physical entities. For example, histone acety‐
lation, a modification associated with transcriptional activation, has been proposed to unfold
chromatin structure via neutralization of the basic charges of lysines (Kouzarides, 2007).
Indeed, in vitro studies using recombinant nucleosomal arrays have demonstrated that
acetylation of H4K16 restricts the formation of a 30-nanometer fiber and the generation of
higher-order structures (Shogren-Knaak et al., 2006;Shogren-Knaak and Peterson, 2006).
Secondly, histone modifications provide docking sites for the recruitment of specific binding
proteins, which recognize and interact with modified histones via specialized domains such
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CHD1, two other H3K4me-binding proteins, possess enzymatic activities themselves and can
directly deliver enzymatic activities to chromatin when recruited (Huang et al., 2006;Pray-
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The link between histone modifications and transcriptional regulation has been widely
studied. It has been found that a specific modification can be associated with transcriptional
activation or repression. Among the histone modifications, methylation and acetylation of H3
and H4 play a major role in the regulation of transcriptional activity (Berger, 2007;Jenuwein
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example, methylation of lysine 4, 36 or 79 of H3 correlates with activation of transcription
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by histone demethylases, which had been discovered many years after the discovery of HMTs.
LSD1 was the first histone demethylase discovered in 2004 and was shown to demethylate
H3K4 and to repress transcription (Shi et al., 2004). However, LSD1 was also shown to
demethylate H3K9 and activate transcription when present in a complex with the androgen
receptor (Metzger et al., 2005). Following the discovery of LSD1, a number of other related
enzymes were subsequently discovered. Among them, Jumonji domain–containing 6 protein
(JMJD6) is the only direct arginine demethylase reported to date shown to demethylate H3 at
arginine 2 and H4 at arginine 3 (Chang et al., 2007). In addition, human peptidylarginine
deiminase 4 protein (Pad4) can regulate histone arginine methylation by converting mono-
methylated arginine into citrulline via demethylimination or deimination (Cuthbert et al.,
2004;Wang et al., 2004). Histone methylation may affect the binding of other histone-modifying
enzymes to the chromatin, which then mediates other posttranscriptional modifications, such
as histone phosphorylation and DNA methylation (Mosammaparast and Shi, 2010;Pedersen
and Helin, 2010).

Acetylation, another well-characterized modification, occurs on lysine residues mainly in
the N-terminal tail of core histones. However, a lysine 56 within the globular domain of
H3 (H3K56) has been found to be acetylated in yeast. Yeast protein SPT10, a putative histone
acetyltransferase (HAT), was shown to mediate the H3K56 acetylation of histone genes at
their  promoter  regions.  H3K56  acetylation  allows  the  recruitment  of  Snf5,  an  essential
component  of  SWI/SNF  chromatin  remodeling  complex  and  subsequently  regulating
transcription  (Xu  et  al.,  2005).  Compared  with  the  SPT10,  the  Rtt109  acetyltransferase
mediates H3K56 acetylation more globally (Driscoll et al., 2007;Han et al., 2007;Schneider et
al., 2006). The acetylation level correlates with transcriptional activation (Davie, 2003;Legube
and Trouche, 2003). The level of acetylation is balanced by HATs and HDACs. Generally,
increased levels  of  histone acetylation by HATs enhance chromatin decondensation and
DNA  accessibility  for  transcription  factors  to  activate  gene  expression.  In  contrast  to
acetylation, deacetylation of histones catalyzed by HDACs leads to chromatin condensa‐
tion  and gene  silencing  (Berger,  2007;Li  et  al.,  2007a).  The  relationship  between histone
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acetylation and gene expression has been well  documented (Verdone et al.,  2006).  HATs
can also  acetylate  non-histone  proteins,  such as  transcription factors  and nuclear  recep‐
tors to facilitate gene expression (Bannister and Miska, 2000;Masumi, 2011)

Other histone modifications, such as phosphorylation, ubiquitylation and sumoylation, have
also been shown to be involved in transcriptional regulation. For example, H3S10 phosphor‐
ylation has been demonstrated to be involved in the activation of NF-κB-regulated genes as
well as “immediate early” genes, such as c-fos and c-jun (Macdonald et al., 2005). Ubiquitina‐
tion of H2AK119 and H2BK120 are associated with transcriptional repression and activation,
respectively (Wang et al., 2006;Zhu et al., 2005).

2.2. Chromatin remodelling complex and transcription

The second major class of chromatin-modifying factors are the protein complexes that use
energy from ATP hydrolysis to alter nucleosomal structure and DNA accessibility and hence
are generally referred to as chromatin remodeling complex (Flaus and Owen-Hughes,
2004;Saha et al., 2006). Each ATP-dependent chromatin-remodeling complex characterized to
date contains a highly conserved ATPase subunit that belongs to the SNF2 ATPase superfamily
(Marfella CGA, Mutate Res, 2007). Based on the similarities of their ATPase subunits and the
presence of other conserved domains, these complexes can be classified into at least four
different families (Figure 2): the SWI/SNF (mating type switching /sucrose non-fermenting)
family; the ISWI (imitation switch) family; the NuRD/Mi-2/CHD (chromodomain helicase
DNA-binding) family and INO80 (inositol requiring 80) family (Farrants, 2008;Saha et al.,
2006). The ATPase subunits of the SWI/SNF family members, including yeast Snf2 and Sth1,
Drosophila melangaster brahma (BRM) and mammalian BRM and BRG1 (brahma-related gene
1), contain an C-terminal bromodomains which recognize and binds to acetylated histone tails
(Hassan et al., 2002;Marfella and Imbalzano, 2007). The members of ISWI family, such as yeast
homologues ISW1 and ISW2, and mammalian homologues SNF2H and SNF2L, each contains
an ATPase subunit with homology to Drosophila ISWI protein and has nucleosome-stimulated
ATPase activity. These enzymes are characterized by the presence of a SANT (SWI3-ADA2-
NCoR-TFIIIB) domain, which functions as a histone-tail-binding module (Boyer et al., 2004;de
la Serna et al., 2006). SANT domain has been found in a number of transcriptional regulatory
proteins and is therefore thought to play a role in transcriptional regulation (Aasland et al.,
1996;Boyer et al., 2002). The NuRD/Mi-2/CHD family members include a number of proteins
that are highly conserved from yeast to humans and are characterized by the presence of two
N-terminal chromodomains involved in the remodeling of chromatin structure and regulation
of transcription (Brehm et al., 2004;Eissenberg, 2001;Jones et al., 2000). The INO80 family
contains the INO80 remodeling complex (INO80.com) and the SWR1 remodeling complex
(SWR1.com), which are distinguished by the split ATPase domains and the presence of two
RuvB-like proteins, Rvb1 and Rvb2 (Bao and Shen, 2007).

ATP-dependent chromatin remodelers can reposition (slide, twist, or loop) nucleosomes along
the DNA, evict histones from DNA or facilitate exchange of histone variants, and thus creating
nucleosome-free regions for gene activation (Figure 3) (Wang et al., 2007).
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Figure 2. ATPase subunits of the four main families of ATP-dependent chromatin remodeling complexes. The
ATPase subunit of each ATP-dependent chromatin-remodeling complex belongs to the SNF2 ATPase superfamily,
whose ATPase domain comprises an N-terminal DExx and a C-terminal HELICc subdomain, separated by an insert re‐
gion. The SWI/SNF family contains an HSA domain for actin binding, and a bromodomain which recognizes and binds
to the acetylated histone tails. The ISWI family contains the SANT and SLIDE domains, important for histone binding.
The CHD/NURD/Mi-2 family is characterized by the presence of two N-terminal chromodomains that is involved in the
remodeling of chromatin structure and the transcriptional regulation of genes. The INO80 family, like the SWI/SNF
family, also contains an HSA domain, however the insert region between the DExx and the HELICc subdomains is three
times longer than that of other three families.

Figure 3. Mechanisms of ATP-dependent chromatin remodeling activity to alter the accessibility of nucleoso‐
mal DNA. Upon utilization of the energy from ATP hydrolysis, the nucleosomal structure is altered to make protected
region of chromatin available to DNA binding protein complexes, such as transcription factors, which involves mobili‐
zation of nucleosome position(sliding), dissociation of DNA-histone contact (unwrapping), and eviction of histones
(histone eviction). In some cases ATP dependent remodeling complexes can use the energy from ATP hydrolysis to in‐
troduce histone variants into the nucleosome (exchange of histone variants), such as H2A–H2B or H2A variants
(H2Avar)–H2B dimers.
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3. The role of chromatin remodelling in the regulation of inflammatory
gene expression

The inflammatory response is a defense mechanism developed in higher organisms to protect
themselves from infection with pathogens. It demands rapid and coordinated regulation of
expression of multiple inflammatory genes in immune cells, including macrophages. It has
increasingly become clear that alterations of chromatin architecture orchestrated by histone
modifications and ATP-dependent chromatin remodeling complexes play a key role in
controlling of inflammatory response genes (Medzhitov and Horng, 2009;Smale, 2010).

3.1. LPS-induced chromatin modification and target gene expression

LPS, a large molecule consisting of a lipid and a polysaccharide joined by a covalent bond, is
the major component of the outer membrane of gram-negative bacteria and is one of the best-
characterized agonist of host inflammatory response. LPS is recognized by Toll-like receptor
4 (TLR4) and activates the downstream signaling pathways, including the NF-κB signaling
cascades, MAPK cascades and interferon regulatory factor (IRF) signaling cascades and induce
the transcription of proinflammatory cytokine genes such as interleukin-6 (IL-6), IL-12 and
tumor necrosis factor (TNF) (Akira and Takeda, 2004;Takeda et al., 2003). The first evidence of
the involvement of chromatin remodeling in LPS-induced gene expression dates back to 1999,
when it was observed that nucleosome remodeling appears to contribute to the rapid induction
of p40 subunit of IL-12 (IL-12p40). Upon activation by LPS, a positioned nucleosome, which
spans the IL-12p40 gene promoter, is rapidly and selectively repositioned prior to initiation of
transcription process (Weinmann et al., 1999). Further studies demonstrated that the nucleo‐
some remodeling by LPS requires TLR4 signaling but is independent of c-Rel, one of the NF-
κB subunits required for transcription of integrated Il-12p40 promoter (Weinmann et al.,
2001). In the year 2000, Saccani and colleagues (Saccani et al., 2002) revealed that upon LPS
stimulation, H3 phosphorylation at serine 10 (H3S10) occurs selectively on the IL-12p40
promoter as well as promoters of a subset of other NF-κB-responsive proinflammatory genes
such as IL-6, IL-8, and CC-chemokine ligand 2 (CCL2) but not TNF-α, MIP-1α and CCL3. This
phosphorylation event was shown to be dependent on the activation of p38 MAPK signaling
pathway by LPS, and specific inhibition of p38 activation blocks H3S10 phosphorylation,
recruitment of NF-κB to the selective promoters and gene expression (Saccani et al., 2002).
Therefore, it is postulated that phosphorylation of H3S10 via the p38 MAPK signaling pathway
promotes the loosening of chromatin at certain selective promoters, thereby permitting
accessibility to NF-κB and allowing transcription to occur. There are some evidence that link
H3S10 mark with transcriptional activation. Serine to alanine substitution at position 10 of H3
or deletion of Snf1, a histone H3 kinase which phosphorylates the serine 10, abrogates
transcriptional activation of LPS- inducible genes (Lo et al., 2001;Lo et al., 2000).

LPS activates TLR-dependent signaling to produce inflammatory cytokines and chemokines,
which contribute to the efficient control and clearance of invading pathogens. However,
production of these inflammatory mediators is tightly regulated because excessive production
results in amplified inflammatory response and fatal illness characteristic of severe septic
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shock. Therefore, the host has readily available mechanisms in place which allow to dampen
the response to LPS or even confer unresponsiveness to successive stimuli with LPS, a
phenomenon named LPS or endotoxin tolerance (Cavaillon and Adib-Conquy, 2006;Cavaillon
et al., 2003). The mechanisms underlying endotoxin tolerance are not completely understood,
but are characterized by impaired TLR-mediated activation of both NF-κB- and MAPK-
dependent genes (Adib-Conquy et al., 2006;Adib-Conquy et al., 2000). Endotoxin tolerance has
been shown to be associated with chromatin remodeling in the promoter regions of several
tolerizable genes (Chan et al., 2005;El et al., 2007). Chang and colleagues have demonstrated
that chromatin remodeling and NF-κB p65 recruitment at the IL-1β gene promoter are altered
in LPS-tolerant THP-1 cells, when compared to normal THP-1 cells (Chan et al., 2005). Upon
LPS treatment, increased phosphorylation of H3S10 and demethylation of H3K9 are observed
in normal THP-1 cells, which represent an “open” chromatin state; however, these modifica‐
tions are impaired in LPS-tolerant cells. Concomitantly, recruitment of NF- κB p65 but not NF-
κB p50 to the IL-1 gene promoter is impaired in LPS-tolerant cells despite that the activation
and nuclear accumulation of NF- κB is not changed. Similar histone modifications and NF- κB
binding were also observed at the TNF-α promoter during endotoxin tolerance (El et al., 2007).
Interestingly, LPS tolerance negatively regulates expression of proinflammatory mediators
without affecting antimicrobial effectors. Using microarrays and real-time PCR, Foster and
colleagues (Foster et al., 2007) identified two classes of genes based on their responsiveness to
re-stimulation with LPS: so called tolerizable genes, which include proinflammatory media‐
tors, and non-tolerizable genes, which include antimicrobial effectors. Induction of tolerance
to LPS inhibits expression of the proinflammatory genes, while the other group of genes remain
inducible. Both classes of gene promoters show H4 acetylation and H3K4 tri-methylation,
which mark an “open” chromatin state, upon initial stimulation with LPS; however, this kind
of “open” chromatin state and recruitment of Brg1 are lost in tolerizable genes upon LPS re-
stimulation. In contrast, these epigenetic marks are maintained in the genes that remain
inducible. Aung and colleagues reported that HDACs are transiently repressed then induced
to express in murine bone marrow-derived macrophages when treated with LPS. HDACs are
recruited to different gene promoters to regulate the expression of the latter.

3.2. Manipulation of host chromatin remodelling process by bacteria to facilitate infection

Interestingly, intracellular pathogens, such as Listeria monocytogenes, Shigella flexneri, and
Helicobacter pylori, affecting the expression of host defense gene via modulation of chromatin
structure has also been reported in recent years. Listeria monocytogenes is a gram positive
bacterium that causes listeriosis. Two different mechanisms have been reported to be used by
L. monocytogenes to modify histones during the course of infection. In endothelial cells, L.
monocytogenes has been shown to selectively induce serine 10 phosphorylation and lysine 14
acetylation of H3 and lysine 8 acetylation of H4 at the IL-8 but not the Interferon-γ (IFN-γ)
gene promoter through the activation of p38 and ERK MAPK pathway. A subsequent study
showed that activation of p38 MAPK signaling pathway and NF-κB by L. monocytogenes
depends on nucleotide-binding oligomerization domain-containing protein 1 (NOD1 ). NOD1
is critical for L. monocytogenes induced secretion of IL-8. Interestingly, only invasive bacteria
which can enter into the host cell cytoplasm induce IL-8 production in endothelial cells (Opitz
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Therefore, it is postulated that phosphorylation of H3S10 via the p38 MAPK signaling pathway
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accessibility to NF-κB and allowing transcription to occur. There are some evidence that link
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or deletion of Snf1, a histone H3 kinase which phosphorylates the serine 10, abrogates
transcriptional activation of LPS- inducible genes (Lo et al., 2001;Lo et al., 2000).

LPS activates TLR-dependent signaling to produce inflammatory cytokines and chemokines,
which contribute to the efficient control and clearance of invading pathogens. However,
production of these inflammatory mediators is tightly regulated because excessive production
results in amplified inflammatory response and fatal illness characteristic of severe septic
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LPS treatment, increased phosphorylation of H3S10 and demethylation of H3K9 are observed
in normal THP-1 cells, which represent an “open” chromatin state; however, these modifica‐
tions are impaired in LPS-tolerant cells. Concomitantly, recruitment of NF- κB p65 but not NF-
κB p50 to the IL-1 gene promoter is impaired in LPS-tolerant cells despite that the activation
and nuclear accumulation of NF- κB is not changed. Similar histone modifications and NF- κB
binding were also observed at the TNF-α promoter during endotoxin tolerance (El et al., 2007).
Interestingly, LPS tolerance negatively regulates expression of proinflammatory mediators
without affecting antimicrobial effectors. Using microarrays and real-time PCR, Foster and
colleagues (Foster et al., 2007) identified two classes of genes based on their responsiveness to
re-stimulation with LPS: so called tolerizable genes, which include proinflammatory media‐
tors, and non-tolerizable genes, which include antimicrobial effectors. Induction of tolerance
to LPS inhibits expression of the proinflammatory genes, while the other group of genes remain
inducible. Both classes of gene promoters show H4 acetylation and H3K4 tri-methylation,
which mark an “open” chromatin state, upon initial stimulation with LPS; however, this kind
of “open” chromatin state and recruitment of Brg1 are lost in tolerizable genes upon LPS re-
stimulation. In contrast, these epigenetic marks are maintained in the genes that remain
inducible. Aung and colleagues reported that HDACs are transiently repressed then induced
to express in murine bone marrow-derived macrophages when treated with LPS. HDACs are
recruited to different gene promoters to regulate the expression of the latter.

3.2. Manipulation of host chromatin remodelling process by bacteria to facilitate infection

Interestingly, intracellular pathogens, such as Listeria monocytogenes, Shigella flexneri, and
Helicobacter pylori, affecting the expression of host defense gene via modulation of chromatin
structure has also been reported in recent years. Listeria monocytogenes is a gram positive
bacterium that causes listeriosis. Two different mechanisms have been reported to be used by
L. monocytogenes to modify histones during the course of infection. In endothelial cells, L.
monocytogenes has been shown to selectively induce serine 10 phosphorylation and lysine 14
acetylation of H3 and lysine 8 acetylation of H4 at the IL-8 but not the Interferon-γ (IFN-γ)
gene promoter through the activation of p38 and ERK MAPK pathway. A subsequent study
showed that activation of p38 MAPK signaling pathway and NF-κB by L. monocytogenes
depends on nucleotide-binding oligomerization domain-containing protein 1 (NOD1 ). NOD1
is critical for L. monocytogenes induced secretion of IL-8. Interestingly, only invasive bacteria
which can enter into the host cell cytoplasm induce IL-8 production in endothelial cells (Opitz
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et al., 2006). In another study, L. monocytogenes has been found to induce a dramatic H3
dephosphorylation at serine 10 (H3S10) as well as a deacetylation of H4 during early phase of
infection (Hamon et al., 2007). In contrast to the report described as above, entry of bacteria
into the host cells is not required for these histone modifications. The LLO released by L.
monocytogenes is a member of CDC (cholesterol-dependent cytolysin) toxin family, which is
identified as a major effector sufficient for induction of H3S10 dephosphorylation and H4
deacetylation. LLO –induced H3S10 dephosphorylation specifically occurs in the case of genes
whose expression is regulated by LLO, a number of which are involved in immunity. Inter‐
estingly, other members of the large family of CDC toxins, such as PFO and PLY secreted by
Clostridium perfringens and Streptococcus pneumonia, respectively, dephosphorylate H3S10
through a mechanism analogous to that of LLO (Hamon et al., 2007), suggesting that different
bacteria may subvert immune response through a similar mechanism.

Shigella flexneri is a human intestinal pathogen, causing dysentery by invading the epithelium
of the colon and is responsible, worldwide, for more than one million deaths per year. Arbibe
and colleagues have shown that S. flexneri infection abrogates phosphorylation of H3S10 at the
promoters of a specific subset of genes, such as IL-8 and CCL-20. The underlying mechanism
is that the type III effector protein, OspF, secreted by S. flexneri enters into the nucleus and
specifically dephosphorylates ERK and p38 MAPKs and then blocks MAPK-dependent
phosphorylation of H3S10. This occurs in a gene-selective way, and renders selected gene
promoter sites inaccessible to NF-κB, thereby reducing the expression of a subset of NF-κB-
responsive genes, including IL8 (Arbibe et al., 2007). This specificity might be a consequence
of OspF’s ability to inactivate MAPKs, thereby preventing them from entering into nucleus.
Once activated, MAPKs translocate into nucleus and are recruited to the chromatin covering
their target genes, where they regulate the phosphorylation of transcription factors, histones
and chromatin-remodeling enzymes (Chow and Davis, 2006). It has been shown that OspF–
induced down-regulation of inflammatory response is accomplished through the interaction
of OspF with host retinoblastoma (Rb) protein, which has been linked to histone modification
(Zurawski et al., 2009). OspF also has the phosphothreonine lyase activity, a unique activity
that has been found in a family of conserved effectors secreted by type III secretion system
including OspF, SpvC from nontyphoid Salmonella species, and HopAI1 from the plant
pathogen Pseudomonas syringae (Kramer et al., 2007;Li et al., 2007b;Zhang et al., 2007). These
effectors specifically inactivate their host MAPK pathway by carrying out a β elimination
reaction to irreversibly remove the phosphate moiety from the phosphothreonine in phos‐
phorylated MAPKs. Inhibition of MAPK signaling by OspF attenuates the recruitment of
polymorphonuclear leukocytes to Shigella infection sites by suppressing the activation of a
portion of NF-κB-responsive genes in mice (Arbibe et al., 2007), thereby contributing to the
survival and persistent infection of the pathogens.

Helicobacter pylori is a Gram-negative bacterium that colonizes the human gastric mucosa. The
chronic infection generates a state of inflammation which may develop toward chronic gastritis,
peptic ulcers and gastric malignancies (Peek, Jr. and Crabtree, 2006). The virulence factors of
Helicobacter pylori have been suggested to play a crucial role in the development of inflamma‐
tion and in affecting the host immune system (Gebert et al., 2003;Lu et al., 2005). For example, in
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mouse macrophage, H. pylori peptidyl prolyl cis-, trans-isomerase (HP0175) has been shown to
induce H3S10 phosphorylation at the IL-6 promoter resulting in increased IL-6 gene transcrip‐
tion and protein expression (Pathak et al., 2006). HP0175-induced IL-6 gene transcription is
dependent on the TLR4 –dependent activation of ERK and p38 MAPKs, which subsequently
activate mitogen- and stress-activated protein kinase 1 (MSK1), a serine kinase responsible for
H3S10 phosphorylation. This modification allows for recruitment of NF-κB to the IL-6 promot‐
er and activation of gene transactivation. Interestingly, H. pylori infection has also been shown
to dephosphorylate H3S10 and deacetylate H3K23 in a time- and dose- dependent manner in
gastric epithelial cells (Ding et al., 2010). Therefore, the effect of a specific histone modification
in host cells appears to be cell type specific and gene promoter specific. Further studies demon‐
strate that cag pathogenicity island (PAI) is responsible for the dephosphorylation of H3S10 and
this modification is independent of ERK and p38 signaling pathways as well as IFN signaling.
In addition, H3S10 dephosphorylation is associated with changes in the host gene expression,
which contributes to bacterial infection and pathogenesis (Ding et al., 2010). Treatment of gastric
epithelial cells with TSA, a general inhibitor of HDACs which non-specifically increases histone
H3 and H4 acetylation at multiple sites results in altered gene transcription pattern in both IL-8
and c-fos genes upon H. pylori infection. TSA reduces IL-8 but increases c-fos gene transcrip‐
tion in the presence of H. pylori infection (Ding et al., 2010). H. pylori has also been shown to
regulate the cell cycle controlled protein p21(WAF), which is associated with the release of
HDAC-1from the promoter and histone H4 acetylation (Xia et al., 2008).

4. Chromatin remodeling and IFN-γ-induced transcriptional response

IFN-γ is a cytokine secreted by activated T cells and natural killer cells. IFN-γ can induce
expression of  the major histocompatibility complex class II  (MHC-II)  on the cell  surface
(Boehm et  al.,  1997),  which presents antigens to CD4+ T cells and plays a crucial  role in
normal immune response. IFN-γ activates gene expression mainly via the activation of JAK
(Janus tyrosine kinase)/STATI (signal transducer and activator of transcription) signaling
pathway, leading to the translocation of active STAT1 homodimers into the nucleus. The
STAT1 homodimers then bind to the IFN-γ -activated sites (GAS) present in the promot‐
ers of IFN-γ -responsive genes thereby mediating the transcription of these genes, includ‐
ing class II transactivator (CIITA), which is necessary for both constitutive and inducible
expression of MHC-II (Schroder et al., 2004).

Chromatin remodeling, mediated by ATP-dependent chromatin remodeling complex and
or histone-modifying enzymes, has also been shown to be involved in the activation of IFN-
γ -responsive genes, such as CIITA and HLA-DR (Ni et al., 2005;Pattenden et al., 2002;Zika
et al., 2003). SWI/SNF complex often cooperates with histone-modifying enzymes to regulate
transcription of genes, including those which are induced by IFN-γ (Chi, 2004;Wright and
Ting,  2006).  Studies  have  demonstrated  that  the  SWI/SNF  complex  and  CREB-binding
protein  (CBP),  a  transcriptional  co-activator  with  histone  acetyltransferase  activity,  are
recruited  to  CIITA  promoter  in  an  IFN-γ-inducible  fashion,  leading  to  transcriptional
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identified as a major effector sufficient for induction of H3S10 dephosphorylation and H4
deacetylation. LLO –induced H3S10 dephosphorylation specifically occurs in the case of genes
whose expression is regulated by LLO, a number of which are involved in immunity. Inter‐
estingly, other members of the large family of CDC toxins, such as PFO and PLY secreted by
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is that the type III effector protein, OspF, secreted by S. flexneri enters into the nucleus and
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phosphorylation of H3S10. This occurs in a gene-selective way, and renders selected gene
promoter sites inaccessible to NF-κB, thereby reducing the expression of a subset of NF-κB-
responsive genes, including IL8 (Arbibe et al., 2007). This specificity might be a consequence
of OspF’s ability to inactivate MAPKs, thereby preventing them from entering into nucleus.
Once activated, MAPKs translocate into nucleus and are recruited to the chromatin covering
their target genes, where they regulate the phosphorylation of transcription factors, histones
and chromatin-remodeling enzymes (Chow and Davis, 2006). It has been shown that OspF–
induced down-regulation of inflammatory response is accomplished through the interaction
of OspF with host retinoblastoma (Rb) protein, which has been linked to histone modification
(Zurawski et al., 2009). OspF also has the phosphothreonine lyase activity, a unique activity
that has been found in a family of conserved effectors secreted by type III secretion system
including OspF, SpvC from nontyphoid Salmonella species, and HopAI1 from the plant
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effectors specifically inactivate their host MAPK pathway by carrying out a β elimination
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phorylated MAPKs. Inhibition of MAPK signaling by OspF attenuates the recruitment of
polymorphonuclear leukocytes to Shigella infection sites by suppressing the activation of a
portion of NF-κB-responsive genes in mice (Arbibe et al., 2007), thereby contributing to the
survival and persistent infection of the pathogens.
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chronic infection generates a state of inflammation which may develop toward chronic gastritis,
peptic ulcers and gastric malignancies (Peek, Jr. and Crabtree, 2006). The virulence factors of
Helicobacter pylori have been suggested to play a crucial role in the development of inflamma‐
tion and in affecting the host immune system (Gebert et al., 2003;Lu et al., 2005). For example, in
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mouse macrophage, H. pylori peptidyl prolyl cis-, trans-isomerase (HP0175) has been shown to
induce H3S10 phosphorylation at the IL-6 promoter resulting in increased IL-6 gene transcrip‐
tion and protein expression (Pathak et al., 2006). HP0175-induced IL-6 gene transcription is
dependent on the TLR4 –dependent activation of ERK and p38 MAPKs, which subsequently
activate mitogen- and stress-activated protein kinase 1 (MSK1), a serine kinase responsible for
H3S10 phosphorylation. This modification allows for recruitment of NF-κB to the IL-6 promot‐
er and activation of gene transactivation. Interestingly, H. pylori infection has also been shown
to dephosphorylate H3S10 and deacetylate H3K23 in a time- and dose- dependent manner in
gastric epithelial cells (Ding et al., 2010). Therefore, the effect of a specific histone modification
in host cells appears to be cell type specific and gene promoter specific. Further studies demon‐
strate that cag pathogenicity island (PAI) is responsible for the dephosphorylation of H3S10 and
this modification is independent of ERK and p38 signaling pathways as well as IFN signaling.
In addition, H3S10 dephosphorylation is associated with changes in the host gene expression,
which contributes to bacterial infection and pathogenesis (Ding et al., 2010). Treatment of gastric
epithelial cells with TSA, a general inhibitor of HDACs which non-specifically increases histone
H3 and H4 acetylation at multiple sites results in altered gene transcription pattern in both IL-8
and c-fos genes upon H. pylori infection. TSA reduces IL-8 but increases c-fos gene transcrip‐
tion in the presence of H. pylori infection (Ding et al., 2010). H. pylori has also been shown to
regulate the cell cycle controlled protein p21(WAF), which is associated with the release of
HDAC-1from the promoter and histone H4 acetylation (Xia et al., 2008).

4. Chromatin remodeling and IFN-γ-induced transcriptional response

IFN-γ is a cytokine secreted by activated T cells and natural killer cells. IFN-γ can induce
expression of  the major histocompatibility complex class II  (MHC-II)  on the cell  surface
(Boehm et  al.,  1997),  which presents antigens to CD4+ T cells and plays a crucial  role in
normal immune response. IFN-γ activates gene expression mainly via the activation of JAK
(Janus tyrosine kinase)/STATI (signal transducer and activator of transcription) signaling
pathway, leading to the translocation of active STAT1 homodimers into the nucleus. The
STAT1 homodimers then bind to the IFN-γ -activated sites (GAS) present in the promot‐
ers of IFN-γ -responsive genes thereby mediating the transcription of these genes, includ‐
ing class II transactivator (CIITA), which is necessary for both constitutive and inducible
expression of MHC-II (Schroder et al., 2004).

Chromatin remodeling, mediated by ATP-dependent chromatin remodeling complex and
or histone-modifying enzymes, has also been shown to be involved in the activation of IFN-
γ -responsive genes, such as CIITA and HLA-DR (Ni et al., 2005;Pattenden et al., 2002;Zika
et al., 2003). SWI/SNF complex often cooperates with histone-modifying enzymes to regulate
transcription of genes, including those which are induced by IFN-γ (Chi, 2004;Wright and
Ting,  2006).  Studies  have  demonstrated  that  the  SWI/SNF  complex  and  CREB-binding
protein  (CBP),  a  transcriptional  co-activator  with  histone  acetyltransferase  activity,  are
recruited  to  CIITA  promoter  in  an  IFN-γ-inducible  fashion,  leading  to  transcriptional
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activation of  CIITA (Kretsovali  et  al.,  1998;Pattenden et  al.,  2002).  HLA-DR is  a  MHC–II
surface molecule whose transcriptional activation is tightly associated with CIITA. Howev‐
er,  forced  expression  of  CIITA in  BRG1-  and  BRM-deficient  SW13  cells  cannot  activate
expression of the MHC-II genes (Mudhasani and Fontes, 2002). BRG1 or BRM represent the
catalytic subunit of mammalian SWI/SNF chromatin remodeling complex, suggesting that
the  SWI/SNF  complex,  which  contains  BRG1  might  play  additional  roles  in  MHC-II
expression. Further studies have indicated that BRG1 is recruited by CIITA to the MHC-
II gene promoters and this recruitment is essential for activation of MHC-II gene expres‐
sion (Mudhasani and Fontes, 2002). Interestingly, CIITA itself has intrinsic HAT activity,
which can bind not onlyBRG1 but also HATs, such as CBP and/or p300 (Ting and Trowsdale,
2002). Furthermore, CIITA is associated with increased acetylation modifications of H3 and
H4 at  MHC-II  promoter  mediated  directly  through its  intrinsic  HAT activity  or  by  the
recruitment of HATs, such as CBP (Beresford and Boss, 2001;Kretsovali et al., 1998). IFN-γ
induced  transactivation  of  CIITA  and  expression  of  MHC-II  is  inhibited  by  HDACs/
mSin3A corepressor complex whereas enhanced by TSA, a general inhibitor of HDAC. Co-
immunoprecipitation assay revealed that CIITA interacts strongly with HDAC1 and weakly
with HDAC2 (Zika et al.,  2003). All these data suggest that CIITA may act as a modula‐
tor to coordinate functions of chromatin remodeling complex, HATs and HDACs.

In the context  of  host-pathogen interaction,  intracellular  pathogens have been shown to
subvert the host immune response by affecting the macrophage responsiveness to IFN-γ
but the underlying mechanism remains unclear. Intracellular pathogens may affect IFN-γ
response via different ways.  For example,  Leishamania donovani  inhibited IFN-γ response
through down-regulation of IFN-γ receptor expression or interfering with the JAK/STAT1
signaling pathway (Nandan and Reiner,  1995;Ray et  al.,  2000).  By contrast,  mycobacteria
such as Mycobacterium avium and Mycobacterium tuberculosis impair IFN-γ response through
inhibition of IFN-γ -responsive gene expression without interfering with the JAK/STAT1
signaling pathway (Kincaid EZ, J Immunol, 2003, 171:2042-2049). Interestingly, only a subset
of IFN-γ responsive genes get affected, including CIITA, HLA-DR and CD64, while others
remained unaffected (Pennini et  al.,  2006;Wang et  al.,  2005).  Further studies showed that
infection with M. tuberculosis affects the chromatin remodeling on CIITA gene since IFN-γ
-induced histone acetylation and recruitment of BRG1 were both impaired (Pennini et al.,
2006). Additionally, LpqH, a mycobacterial cell wall protein, induces binding of the C/EBP
transcriptional  repressor  to  the  CIITA  promoter  and  inhibits  IFN-γ  -induced  CIITA
transcription  (Pennini  et  al.,  2007).  It  has  been  shown that  C/EBP can  recruit  HDAC-1-
containing transcriptional repressor complex to the promoter of peroxisome proliferator-
activated receptor beta thereby inhibiting its transcription (Di-Poi et al.,  2005).  Therefore,
M. tuberculosis  might induce the recruitment of C/EBP resulting in transcriptional repres‐
sion.  The  exact  molecular  mechanism  by  which  M.  tuberculosis  inhibits  IFN-γ  -induced
CIITA transcription remains to be elucidated. Similarly to CIITA, IFN-γ -induced histone
acetylation gets  impaired at  the  HLA-DR promoter  and HLA-DR transcription becomes
inhibited when the cells get infected with M. tuberculosis. Furthermore, inhibition of HDAC
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activities  rescues  histone  acetylation,  suggesting  a  role  of  HDACs in  the  transcriptional
repression induced by M. tuberculosis  (Wang et al.,  2005). Indeed, Mycobacterial infection
increases the expression of mSin3A (a co-repressor associated HDACs), enabling competi‐
tion with CBP for binding to the HLA-DR promoter.

A recent study has demonstrated that infection with Toxoplasma gondii renders murine
macrophages globally unresponsive to IFN-γ stimulation without affecting the nuclear
translocation of STAT1 triggered by IFN-γ in infected macrophages. However, the binding of
STAT1 to the STAT1-responsive promoters is aberrant. A number of genes, which were
induced by IFN-γ in uninfected macrophages, were not induced in the T. gondii-infected cells.
Among them, there are several genes previously shown to be repressed by T. gondii, such as
CIITA, MHC class II molecule H2-Eα, and interferon- regulatory factor 1(IRF-1) (Lang et al.,
2012). By analyzing the underlying mechanism, the authors revealed that assembly of chro‐
matin remodeling complex and histone acetylation at the IFN-γ -responsive promoters are
impaired upon infection with T. gondii. Treatment with HADC inhibitor restores the respon‐
siveness of T. gondii-infected macrophages to IFN-γ, leading to an increase in the expression
of IFN-γ-inducible genes, such as CIITA and H2-A/E.

5. The potential role of HDAC inhibitors in treatment of infection

HDAC inhibitors have been developed clinically for cancer therapy due to their abilities to
induce  cell-cycle  arrest  and  apoptosis  (Adcock,  2007).  Studies  have  demonstrated  that
HDAC inhibitors can exert anti-inflammatory effects via the suppression of cytokine and
nitric oxide production (Blanchard and Chipoy, 2005;Dinarello et al., 2011), suggesting their
therapeutic potential in inflammatory diseases including infectious diseases. For example,
HDAC inhibitors have been examined for the treatment of HIV infection and the current
results are exciting and encouraging (Wightman et al., 2012). Couple of other studies have
demonstrated that HDAC inhibitors, TSA and apicidin, can inhibit the growth of Plasmodi‐
um falciparum, the main parasite causing malaria in humans (Colletti et al., 2001a;Colletti et
al.,  2001b).  Similarly,  azelaic  bishydroxamic  acid  and suberohydroxamic  acid,  two other
HDAC inhibitors,  also  show anti-malarial  activity  against  P.  falciparum  (Andrews  et  al.,
2000). The potential of HDAC inhibitors as anti-bacterial agents has also been investigat‐
ed; however, the results are contradictory.

5.1. Inhibition of infection by targeting histone modifying enzymes in the pathogen

Candida albicans is an opportunistic pathogen that is normally found in the gut microflora of
healthy individuals; however, C. albicans can cause severe and life-threatening diseases in
immuosuppressed patients such as HIV infected, organ transplant and cancer chemotherapy
patients (Tzung et al., 2001). There is a very high rate of mortality from systemic candidiasis,
ranging between 14 and 90% and averaging between 30 to 40%, depending on the disease
group studied (Blot et al., 2003). For patients with Candida infections, antifungal drug resistance
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activation of  CIITA (Kretsovali  et  al.,  1998;Pattenden et  al.,  2002).  HLA-DR is  a  MHC–II
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expression. Further studies have indicated that BRG1 is recruited by CIITA to the MHC-
II gene promoters and this recruitment is essential for activation of MHC-II gene expres‐
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CIITA transcription remains to be elucidated. Similarly to CIITA, IFN-γ -induced histone
acetylation gets  impaired at  the  HLA-DR promoter  and HLA-DR transcription becomes
inhibited when the cells get infected with M. tuberculosis. Furthermore, inhibition of HDAC

Chromatin Remodelling184

activities  rescues  histone  acetylation,  suggesting  a  role  of  HDACs in  the  transcriptional
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is a major clinical problem. H3K56 acetylation is mediated by HAT Rtt109 and seems to be
much more abundant in yeasts than in mammals (Garcia et al., 2007a;Xie et al., 2009), and close
homologues of Rtt109 have not yet been detected in mammals (Bazan, 2008). Therefore, it is
expected that Rtt109 might be a unique target for antifungal therapeutics. Indeed, Wurtele and
colleagues demonstrated that modulation of the acetylation of H3K56 exhibits potential as an
anti-fungal therapy (Wurtele et al., 2010). Interestingly, similar results have been found in a
study by Lopes da Rosa et al (Lopes da et al., 2010). Wurtele and colleagues showed that deleting
Rtt109, an acetyltransferase of H3K56, leads to increased sensitivity to some anti-fungal drugs.
Both teams also demonstrated that Rtt109 mutants are considerably less virulent in a mouse
model infected with C.albicans. Wurtele and colleagues further investigated how the growth
of C. albicans is affected by chemical modification of H3 in vitro and in vivo. They have observed
that the growth of C. albicans is greatly inhibited when HST3, the H3 deacetylase acting on
lysine 56, is inhibited by nicotinamide (a form of Vitamin B3 and product of the NAD+-
dependent deacetylation reaction). Furthermore, modulation of H3K56 acetylation reduces the
virulence of wild-type C. albicans in mice when nicotinamide was given in the drinking water
of mice to repress HST3 (Wurtele et al., 2010). These results, together with the study by Lopes
da Rosa and colleagues, provide basis for targeting H3 modifying enzymes to fight fungal
infections. Although important catalytic residues in Rtt109 are much different from those in
mammalian homologues, it is still a challenge to find suitable fungal-specific inhibitors of H3
modifying enzymes in the future.

5.2. Effects of HDAC inhibitors on host defense against bacterial infection

In a mouse model of septic shock induced by LPS, administration of of suberoylanilide
hydroxamic acid (SAHA) (50mg/kg intraperitoneally), improves long-term survival rates of
mice whether given before or post a lethal dose of LPS, which may be due to the down-
regulation of MyD88-dependent pathway and decreased expression of proinflammatory
mediators such as TNF-alpha, IL-1β, and IL-6 (Li et al., 2010;Li et al., 2009). Further studies
demonstrated that treatment with SAHA increases anti-inflammatory IL-10 levels while
decreasing proinflammatory IL-6 and MAP kinase production in the liver of septic shock mice
(Finkelstein et al., 2010). In contrast, it has also been shown that treatment with HDAC
inhibitors lead to impaired host defense against bacterial infections. Studies have shown that
HDAC inhibitors, TSA, SAHA, and VPA, can impair innate immune responses to TLR agonists
by down-regulating the expression of genes involved in microbial sensing, such as C-type
lectins and adhesion molecules, as well as genes involved in host defense, such as cytokines
and chemokines, thereby increasing susceptibility to infection (Roger et al., 2011). Interestingly,
while LPS-induced IFN-β production is enhanced by HDAC inhibitors, the expression of a
number of IFN-β /STAT1-dependent genes is strongly inhibited by TSA and VPA, suggesting
that increased IFN-β production cannot overcome the potent inhibitory effects of HDAC
inhibitors. Surprisingly, VPA was shown to increase the mortality of mice infected with C.
albicans or K. pneumonia, but protect mice from toxic shock and severe sepsis in mouse models
(Roger et al., 2011). When murine macrophages were treated with TSA and VPA, their ability
to kill Escherichia coli and Staphyloccocus aureus was attenuated, with impaired phagocytosis
and production of reactive oxygen and nitrogen species (Mombelli et al., 2011). Together, these
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data reveal the complex effector mechanisms of HDAC inhibitors and suggest that more
studies are required to fully understand this complex process.

6. Concluding remarks

The activation and suppression of  innate immunity are central  principles  of  host-patho‐
gen  interaction  and  need  to  be  very  well  controlled.  To  establish  persistent  infection,
intracellular  pathogens  must  acquire  efficient  mechanisms  to  evade  the  host  immune
response. Interference with host posttranscriptional modifications by bacterial pathogens is
a strategy widely used by the pathogens to promote survival and replication during the
course of infection. MAPK, IFN-γ and transcription factor NF-κB signaling pathways are
common targets for bacteria-induced posttranscriptional modifications (Ribet and Cossart,
2010). Interestingly, in the past few years, evidence has accumulated that targeting of histone
modifications and chromatin remodeling, and subsequently subverting the host immune
response, is a new and exciting field in the study of host-pathogen interaction. Phosphory‐
lation of H3 and acetylation of H3 and/or H4 at lysine residues are frequently associated
with transactivation. Conversely, dephosphorylation and methylation of histones are more
often associated with gene suppression (Berger, 2002;Kouzarides, 2007;Verdone et al., 2006).
Several strains of bacteria, including L. monocytogenes,  C. perfringens,  S. pneumonia  and H.
pylori, induce the same dephosphorylation of H3S10, while S. flexneri blocks phosphoryla‐
tion of H3S10; all of which lead to decreased phosphorylation of H3S10 and are associat‐
ed with altered host immune response.

The molecular mechanisms by which bacterial infection induces histone modification and
chromatin remodeling remain to be understood. For many pathogens, it is very difficult to
hypothesize  about  the  extent  or  the  mechanics  of  epigenetic  change they might  induce.
Currently available data largely provide snapshots of what is happening to the usual host
genes studied in an infection model. More comprehensive global studies, such as ChIP-on–
chip (chromatin immunoprecipitation coupled with expression microarray technology) for
mapping  global  chromatin  modifications,  are  now  necessary  and  possible.  This  might
provide  fundamental  clues  to  better  understand  the  role  and  mechanism  of  chromatin
regulation  in  the  control  of  immune  gene  expression  in  inflammatory  and  infectious
diseases.
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Rtt109, an acetyltransferase of H3K56, leads to increased sensitivity to some anti-fungal drugs.
Both teams also demonstrated that Rtt109 mutants are considerably less virulent in a mouse
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of C. albicans is affected by chemical modification of H3 in vitro and in vivo. They have observed
that the growth of C. albicans is greatly inhibited when HST3, the H3 deacetylase acting on
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mice whether given before or post a lethal dose of LPS, which may be due to the down-
regulation of MyD88-dependent pathway and decreased expression of proinflammatory
mediators such as TNF-alpha, IL-1β, and IL-6 (Li et al., 2010;Li et al., 2009). Further studies
demonstrated that treatment with SAHA increases anti-inflammatory IL-10 levels while
decreasing proinflammatory IL-6 and MAP kinase production in the liver of septic shock mice
(Finkelstein et al., 2010). In contrast, it has also been shown that treatment with HDAC
inhibitors lead to impaired host defense against bacterial infections. Studies have shown that
HDAC inhibitors, TSA, SAHA, and VPA, can impair innate immune responses to TLR agonists
by down-regulating the expression of genes involved in microbial sensing, such as C-type
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1. Introduction

Defects in epigenetic mechanisms can give rise to several neurological and behavioral
phenotypes. Rett syndrome (MIM 312750) is a pervasive neurodevelopmental disorder that is
primarily caused by mutations in a gene encoding methyl-CpG-binding protein 2. The
functions of the protein are related to DNA methylation, a key epigenetic mechanism that plays
a critical role in gene silencing through chromatin remodeling. Rett syndrome was the first
human disorder in which a link between epigenetic modification and neuronal dysfunction
was discovered. In this chapter, the clinical features and the molecular pathology of Rett
syndrome will be discussed.

1.1. History

Rett syndrome was first recognized by the Viennese pediatrician Andreas Rett. In 1965, he
observed two girls sitting on their mothers’ laps in his waiting room. Both girls were pro‐
foundly intellectually disabled and were continually wringing their hands in the same unusual
manner. Dr. Rett recollected seeing such behavior in previous patients and searched for their
files with his secretary. They found several girls with a similar developmental history and
clinical features. He realized that these symptoms constituted something other than cerebral
palsy, which was the usual designation at the time. In 1966, Dr. Rett published the first
description of the disorder that now bears his name [1]. His paper, however, remained
unnoticed by the medical community until the 1980s, when Swedish child neurologist Bengt
Hagberg with colleagues published the same clinical findings and named the disorder Rett
syndrome [2]. Later, diagnostic criteria were proposed [3], and Rett syndrome became
recognized worldwide by pediatricians, neurologists, geneticists, and neuroscientists. Despite
great effort, the genetic cause of the disorder was not determined until more than 30 years after
the first clinical account. In 1999, mutations within the methyl-CpG-binding protein 2 gene
(MECP2) were identified in patients with Rett syndrome [4], which became a turning point in
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Rett syndrome research. This discovery allowed the molecular confirmation of clinical cases
and contributed to amendments of the diagnostic criteria [5]. Most importantly, this finding
started an extensive investigation into the molecular mechanisms that underlie the pathology
of Rett syndrome.

1.2. Occurence

The estimated prevalence of Rett syndrome is 1:10,000 females by the age of 12 years old [6]
with no specific ethnic or geographical preference. Rett syndrome is one of the leading genetic
causes of profound mental retardation in females, second only to Down syndrome [7]. Male
cases are very rare, and their phenotypic manifestations are different from those observed in
girls with Rett syndrome.

2. Clinical aspects of Rett syndrome

2.1. Symptoms and stages

Rett syndrome, in its classic form, begins to manifest in early childhood and is character‐
ized by neurodevelopmental regression that severely affects motor, cognitive, and commu‐
nications skills.

Prenatal  and  perinatal  periods  are  usually  normal.  Affected  girls  appear  to  develop
normally during the first 6 to 18 months of life and seem to achieve appropriate develop‐
mental  milestones.  Nevertheless,  retrospective analyses of  home videos often show that,
even during this  period,  affected female  infants  display  some suboptimal  development.
This underdevelopment may include subtle motor and behavioral abnormalities, as well as
hypotonia  and  feeding  problems.  General  mobility  and  eye-hand  coordination  may  be
inadequate, and an excess of repetitive hand patting can be observed even during the first
year of life. However, the overall developmental pattern is not obviously disturbed. The
child is usually quiet and placid, and the parents often describe the child as “very good”
[1, 8-11]. The characteristic clinical features appear successively over several stages, forming
a distinctive disease progression pattern (Figure 1).

Stage  I:  Early  onset  stagnation  (age  of  onset:  6-18  months).  Psychomotor  development
begins to slow, but the general developmental pattern is not significantly abnormal. The
deceleration  of  head  growth  (which  eventually  leads  to  microcephaly),  growth  retarda‐
tion, and weight loss occur in most patients. The child is delayed or ceases in the acquisi‐
tion  of  skills.  Although  babbling  and  new  words  may  appear,  language  skills  usually
remain poor. A girl with Rett syndrome may become irritable and restless, and she may
begin to display some autistic features, such as emotional withdrawal and indifference to
the surrounding environment [11, 13, 14]

Stage II: Developmental regression (age of onset: 1-4 years). This stage may occur over a
period of days to weeks and is characterized by a rapid reduction or loss of acquired skills,
especially purposeful hand use, speech, and interpersonal contact [15]. In some patients, the
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decline of motor and communicative performances is more gradual. Interest in people and
objects is diminished, but eye contact may be preserved [11]. Voluntary hand use, such as
grasping and reaching out for toys, is replaced with repetitive stereotypic hand movements,
the hallmark of Rett syndrome. Patterns consisting of wringing, hand washing, mouthing,
clapping, rubbing, squeezing, and other hand automatisms occur during waking hours [1, 16,
17]. Febrile seizures are often present, and epileptic paroxysms occur in most patients [18, 19].
The severity of seizures can vary, ranging from relatively mild or easily controlled by medi‐
cation to severe drug-resistant episodes [20]. Irregular breathing patterns, such as episodes of
hyperventilation, breath holding, and aerophagia, usually develop toward the end of the
regression period. Panting, spitting, and hypersalivation are also frequent symptoms [8, 21].

Stage III: Pseudostationary period (age of onset: 4-7 years, after stage II). This stage can last
for years or decades and is characterized by a relative stabilization of the disorder course.
Patients may recover some skills, which were lost during the regression stage. Patients can
become more joyful and sociable, and they may use eye pointing as a typical way to commu‐
nicate and to express their needs. Some patients may even learn new words and use simple
phrases in a meaningful way. Nevertheless, they continue to suffer from gross cognitive
impairments [14]. Despite improved eye contact and non-verbal communication ability, the
loss of motor functions further progresses in this stage. Stereotypic hand movements become
prominent, as do breathing irregularities. Many patients develop scoliosis, which is often
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Figure 1. Onset and progression of Rett syndrome [12]
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rapidly progressive and eventually requires surgical treatment. Cold feet and lower limbs,
with or without color and atrophic changes, are also common. These conditions occur due to
poor perfusion, which is a consequence of altered autonomic control. Sleeping patterns are
often disturbed and are characterized by frequent nighttime waking and daytime sleeping.
Unexplained night laughing, sudden agitation and crying spells may also be present [11].

Stage IV: Late motor deterioration (age of onset: 5-15 years, after stage III). Non-verbal
communication and social skills continue to improve gradually. Despite persistent serious
cognitive impairment, older patients with Rett syndrome are usually, in contrast to patients
with childhood autism, sociable and pleasant with others [22]. Seizures become less frequent
and less severe, and stereotypic hand movements become less intense. However, motor
deterioration continues with age. Most patients, who previously could walk, become nonam‐
bulatory and wheelchair-dependent. Decreased mobility leads to pronounced muscle wasting
and rigidity, and, at older ages, the patients often develop Parkinsonian features [11, 23, 24].

Females  with  Rett  syndrome often  survive  into  adulthood and older  age,  but  their  life
expectancy is  less  than that  of  the healthy population.  The estimated annual  death rate
from Rett syndrome is 1.2%. Approximately 25% of these deaths are sudden and they may
occur due to autonomic nervous system disturbances or cardiac abnormalities [25-27].

Many  other  features  are  associated  with  Rett  syndrome,  but  they  are  not  considered
diagnostic. The patients are generally small for their age [28], which may be due to poor
self-feeding abilities and problems with chewing and swallowing. They often suffer from
gastroesophageal reflux and bloating. Decreased intestinal motility often results in severe
constipation.  Electroencephalogram  results  tend  to  be  abnormal  but  without  any  clear
diagnostic pattern. A prolonged QTc interval is observed in many patients and presents a
risk for cardiac arrhythmia [26].

2.2. Rett syndrome variants

At least five atypical variants have been delineated in addition to classic Rett syndrome. These
variants do not have all of the diagnostic features, and they are either milder or more severe
than the classic form.

The most common atypical variant of Rett syndrome is “forme fruste”. This mild variant is
characterized by a protracted clinical course with partially preserved communication skills
and gross motor functions. Other neurological abnormalities that are typical for Rett syndrome
are more subtle and can be easily overlooked in this variant [30]. The mild forms of Rett
syndrome also include the late regression variant, which manifests in patients of preschool or
early school age [30], and the preserved speech variant (also called the Zappella variant) in
which patients have preserved language skills and normal head sizes [31].

Severe variants include the early-onset seizure variant (the Hanefeld variant) with the onset
of seizures before the age of 6 months [32] and the congenital variant, which is rare and lacks
the early period of normal psychomotor development [33]. The Hanefeld variant is often
caused by mutations in the CDKL5 gene [34], and most cases of the congenital variant are
related to mutations in the FOXG1 gene [35]. These genetic abnormalities raise the question of
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whether these variants are separate clinical entities, different from MECP2-related Rett
syndrome [11].

2.3. Diagnostic criteria

Despite a known genetic cause, Rett syndrome remains a clinical diagnosis. Its diagnosis is
based on several well-defined criteria (Table 1), which were revised several times over the past
few decades, most recently in 2010 [29].

Consider Rett syndrome diagnosis when postnatal deceleration of head growth is observed

Required for classic Rett syndrome

1. A period of regression followed by recovery or stabilization

2. All main and all exclusive criteria

3. Supportive criteria are not required, although often present in classic Rett syndrome

Required for atypical or variant Rett syndrome

1. A period of regression followed by recovery or stabilization

2. At least 2 of 4 main criteria

3. 5 out 11 supportive criteria

Main criteria

1. Partial or complete loss of acquired purposeful hand skills

2. Partial of complete loss of acquired spoken language

3. Gait abnormalities: impaired ability (dyspraxia) or absence of ability (apraxia)

4. Stereotypic hand movements such as hand wringing/squeezing, clapping/tapping, mouthing and washing/

rubbing automatisms

Exclusion criteria for classic Rett syndrome

1. Brain injury secondary to trauma (perinatally or postnatally), neurometabolic disease or severe infection that cause

neurological problems

2. Grossly abnormal psychomotor development in the first 6 months of life

Supportive criteria for atypical or variant Rett syndrome

1. Breathing disturbances when awake (hyperventilation, breath-holding, forced expulsion of air or saliva, air

swallowing)

2. Bruxism when awake (grinding or clenching of the teeth)

3. Impaired sleep pattern

4. Abnormal muscle tone

5. Peripheral vasomotor disturbances

6. Scoliosis/kyphosis

7. Growth retardation

8. Small cold hands and feet

9. Inappropriate laughing/screaming spells

10. Diminished sensitivity to pain

11. Intense eye communication and eye-pointing behavior

Table 1. Diagnostic criteria for Rett syndrome [29]
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3. The genetics of Rett syndrome

3.1. Mapping of the causative gene

The mode of inheritance of Rett syndrome was difficult to identify because more than 99%
of  the  cases  are  sporadic,  and  the  patients  rarely  reproduce.  Therefore,  the  traditional
genome-wide linkage analysis was not an applicable method for mapping the disease locus.
The  lack  of  males  manifesting  the  classic  Rett  syndrome  phenotype  together  with  the
occurrence  of  families  with  affected half-sisters  suggested an  X-linked dominant  inheri‐
tance  with  lethality  in  hemizygous  males  [2,  36].  Focused  exclusion  mapping  of  the  X
chromosome in available familial  cases was used to narrow down the candidate region,
and the subsequent  analysis  of  candidate  genes in  the patients  finally  revealed disease-
causing mutations in the MECP2 gene [4].

3.2. MECP2 gene

The MECP2 gene (MIM 300005) is located on Xq28 and undergoes X chromosome inactivation
(XCI) in females [37, 38]. The gene spans approximately 76 kb and consists of four exons, which
encode methyl-CpG-binding protein 2 (MeCP2). Alternative splicing of exon 2 and several
polyadenylation signals in a conserved and unusually long 3’ untranslated region (3’UTR) give
rise to eight different transcripts regulated in a tissue-specific and developmental stage-specific
manner [39-42]. For example, the shortest transcript (1.8 kb) is predominant in adult muscles,
heart, blood, and liver. The longest transcript (10.2 kb) occurs at the highest levels in the brain
[41, 42]. The unique expression patterns of each transcript suggest a specific biological
significance, such as a role in mRNA stability, nuclear export, folding, and sub-cellular
localization, thus affecting the levels of the resulting protein [39]. The longest transcript also
has one of the longest 3’ UTR tails in the human genome (8.5 kb), with several blocks of highly
conserved residues between the human and mouse genomes. These findings argue in favor of
a potential regulatory role of the 3’ UTR of the MECP2 gene [43].

3.3. MECP2 mutations

Mutations in the MECP2 gene are identified in 90-95% of classic Rett syndrome patients [4,
44]. Because only the coding region and the adjacent non-coding parts of the gene are routinely
analyzed, it is highly probable that mutations in more remote regulatory elements are
responsible for the rest of the cases. The frequency of MECP2 mutations in patients with
atypical Rett syndrome variants varies considerably between studies. However, the frequency
is generally lower (only 20-70% of patients have MECP2 mutations) than in the classic form
[44-46], suggesting that mutations of regulatory elements or other genes are involved more
often in atypical Rett syndrome than in the classic Rett syndrome. The identification of CDKL5
mutations in the Hanefeld variant and FOXG1 mutations in the congenital variant strongly
support the latter idea.

According to the Human Gene Mutation Database [47], more than 550 mutations have been
identified in the MECP2 gene in patients with Rett syndrome. The spectrum of mutations is

Chromatin Remodelling204

heterogeneous, including missense and nonsense mutations, deletions, insertions, duplica‐
tions, splice-site mutations, and large deletions of several exons or the entire MECP2 gene.
More than 99% of the mutations occur de novo and mostly originate on the paternal X chro‐
mosome, which explains the high occurrence of Rett syndrome in the female gender [4, 48,
49]. Familial cases of Rett syndrome (mostly affected sisters or maternal half-sisters) are very
rare. MECP2 mutations in these patients are inherited from an asymptomatic or very mildly
affected mother, who carries a somatic mutation, but does not manifest the full pathogenic
phenotype due to favorable XCI pattern [50, 51]. Another explanation for transmission of a
MECP2 mutation to the next generation is a germline mosaicism for a mutation. It is suggested
when the MECP2 mutation identified in several affected children is not present in somatic cells
of their parents [51, 52].

The majority of point mutations in the MECP2 gene are C>T transitions, presumably resulting
from the spontaneous deamination of methylated cytosines [53]. The mutations are scattered
throughout the coding sequence and splice sites, with the exception of exon 2. The eight most
common mutations, which are also C>T transitions, account for approximately 70% of the Rett
syndrome cases. Approximately 10% of cases are due to deletions, which are mostly clustered
in the terminal segment of the coding region [12].

3.4. MECP2 mutations in males and other disorders

Mutations in the MECP2 gene have long been considered lethal in hemizygous males, and Rett
syndrome has been assumed to be exclusively a female disorder. More recently, MECP2
mutations were not only identified in males but also in females with phenotypes different from
Rett syndrome. MECP2-related disorders thus represent a broad spectrum of phenotypes in
both genders.

The estimated frequency of MECP2 mutations in boys with mental retardation is 1.3-1.7% [54].
Typical Rett syndrome features have been observed almost exclusively in boys with Klinefelter
syndrome (47,XXY) [55] or somatic mosaicism for a MECP2 mutation [56, 57]. Other pheno‐
types include severe congenital encephalopathy with death in the first years of life [58-60] and
mild to severe intellectual disability with or without various neurological and psychiatric
symptoms [54, 61]. The most common MECP2 mutations detected in males are duplications
of the whole MECP2 gene (and usually genes in its vicinity). This finding indicates that, besides
the lack, an overabundance of fully functional MeCP2 protein is also harmful to the CNS.
MECP2 duplication syndrome is usually very mild or does not manifest in females. In boys,
this syndrome is characterized by infantile hypotonia, severe mental retardation, loss of
speech, recurrent respiratory infections, seizures, and spasticity [62-64].

In females, MECP2 mutations have been detected in patients with mild mental retardation,
learning disabilities or autism [65, 66]. More severe cases include severe mental retardation
with seizures and Angelman-like syndrome [67, 68].
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In females, MECP2 mutations have been detected in patients with mild mental retardation,
learning disabilities or autism [65, 66]. More severe cases include severe mental retardation
with seizures and Angelman-like syndrome [67, 68].

Rett Syndrome
http://dx.doi.org/10.5772/55020

205



3.5. MeCP2 protein

The MeCP2 protein is ubiquitously expressed, but it is particularly abundant in the brain [41,
69]. The protein levels are low during embryogenesis, but they progressively increase during
postnatal neuronal maturation and synaptogenesis [70-75]. High expression of MeCP2 in
mature neurons implies its involvement in postmitotic neuronal functions, such as the
modulation of neuronal activity and plasticity [12].

MeCP2 occurs in two isoforms that arise from alternative splicing of exon 2, and they differ
only by their N-termini (Figure 2). MeCP2 e1 (498 amino acids), generated by exons 1, 3, and
4, is the dominant MeCP2 isoform in the brain [76-78]. The MeCP2 e2 isoform (486 amino acids)
is encoded by exons 2, 3, and 4. Both isoforms were initially assumed to be functionally
equivalent, but recent observations imply that additional isoform-specific functions may exist.
This idea is strongly supported by the fact that no mutations in exon 2 have been found in Rett
syndrome patients, which contrasts with the finding of identified mutations in exon 1. Thus,
defects in MeCP2 e2 may lead to non-Rett phenotypes or fatally affect embryo viability [79, 80].
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Figure 2. MECP2 gene structure and the isoforms MeCP2 e1 and MeCP2 e2 with different N-termini due to alternative
splicing of exon 2 and different translation start sites.

Apart from different N-terminal regions, both isoforms share the same amino acid sequence,
including at least three functional domains and two nuclear localization signals (Figure 2). The
methyl-CpG-binding domain (MBD) (amino acids 78-162) mediates binding to symmetrically
methylated CpG dinucleotides [81, 82], with a preference for CpGs with adjacent A/T-rich
motifs [83]. The MBD also binds to unmethylated four-way DNA junctions, which suggests
the role of MeCP2 in higher-order chromatin interactions [84]. The transcriptional repression
domain (TRD) (amino acids 207-310) interacts with numerous proteins, such as co-repressor
factors and histone deacetylases, HDAC1 and HDAC2. The nuclear localization signals (NLS)
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(amino acids 173-193 and 255-271) mediate transportation of the protein into the nucleus [85].
The C-terminal domain (amino acids 325-486) facilitates binding to DNA [86] and it most likely
increases protein stability [87]. This domain also contains conserved poly-proline motifs that
can bind to group II WW domain splicing factors [88].

3.6. MeCP2 function

The original model suggested that MeCP2 is a global transcriptional repressor [89], and it was
based on in vitro experiments in which MeCP2 inhibited transcription from methylated
promoters. Briefly, the protein binds to the promoters of target genes via its MBD, and the TRD
then recruits the co-repressor Sin3A and HDACs [90, 91]. These interactions lead to the
deacetylation of histones, resulting in chromatin condensation and the repression of down‐
stream genes. In addition to Sin3A, other co-repressors, such as c-Ski and N-CoR, may interact
with MeCP2 [92]. The compaction of chromatin can also be promoted through direct interac‐
tion with the C-terminal domain [93], which is an example of HDAC-independent MeCP2-
mediated transcriptional repression. The TRD may also directly interact with transcription
factor IIB; therefore, MeCP2 may silence transcription by interfering with the assembly of the
transcriptional preinitiation complex [94]. Additional factors interacting with the TRD include
Brahma, which is a catalytic component of the SWI/SNF-related chromatin-remodeling
complex (at least in NIH 3T3 cells) [95], DNA methyltransferase 1 [96], and ATRX, a SWI2/
SNF2 DNA helicase/ATPase [97].

Surprisingly, transcriptional profiling studies did not reveal major gene expression changes
caused by the lack of functional MeCP2 protein [98, 99]. These observations, together with
additional evidence, implied that MeCP2 regulates the transcription of tissue-specific genes in
specific brain regions during certain developmental stages instead of acting as a global
repressor [98, 100-102]. However, recent studies suggest that MeCP2 reduces genome-wide
transcriptional noise, potentially by repressing spurious transcription of repetitive elements
[103, 104]. Surprisingly, MeCP2 also interacts with the transcriptional activator CREB, and its
genomic distribution is often associated with actively transcribed genes [105, 106]. MeCP2
apparently has dual roles in transcriptional regulation as a repressor and as an activator, and
it performs different downstream responses depending on the context.

MeCP2 additionally acts as an architectural chromatin protein that is involved in chromatin
remodeling and nucleosome clustering, which is consistent with the fact that the majority of
MeCP2-binding sites are located outside of genes [105, 107]. MeCP2 can bind in vitro to
chromatin fibers and compact them into higher order structures [93, 108, 109].

For further complexity, MeCP2 may also be involved in RNA splicing. Its interaction with the
RNA-binding protein Y box-binding protein 1 (YB-1) has been observed, and MeCP2-deficient
mice showed aberrant alternative splicing patterns [110].

MeCP2 functions are undeniably much more complex than initially anticipated (Figure 3),
although the precise mechanisms of their regulation remain unknown.
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stream genes. In addition to Sin3A, other co-repressors, such as c-Ski and N-CoR, may interact
with MeCP2 [92]. The compaction of chromatin can also be promoted through direct interac‐
tion with the C-terminal domain [93], which is an example of HDAC-independent MeCP2-
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factor IIB; therefore, MeCP2 may silence transcription by interfering with the assembly of the
transcriptional preinitiation complex [94]. Additional factors interacting with the TRD include
Brahma, which is a catalytic component of the SWI/SNF-related chromatin-remodeling
complex (at least in NIH 3T3 cells) [95], DNA methyltransferase 1 [96], and ATRX, a SWI2/
SNF2 DNA helicase/ATPase [97].

Surprisingly, transcriptional profiling studies did not reveal major gene expression changes
caused by the lack of functional MeCP2 protein [98, 99]. These observations, together with
additional evidence, implied that MeCP2 regulates the transcription of tissue-specific genes in
specific brain regions during certain developmental stages instead of acting as a global
repressor [98, 100-102]. However, recent studies suggest that MeCP2 reduces genome-wide
transcriptional noise, potentially by repressing spurious transcription of repetitive elements
[103, 104]. Surprisingly, MeCP2 also interacts with the transcriptional activator CREB, and its
genomic distribution is often associated with actively transcribed genes [105, 106]. MeCP2
apparently has dual roles in transcriptional regulation as a repressor and as an activator, and
it performs different downstream responses depending on the context.

MeCP2 additionally acts as an architectural chromatin protein that is involved in chromatin
remodeling and nucleosome clustering, which is consistent with the fact that the majority of
MeCP2-binding sites are located outside of genes [105, 107]. MeCP2 can bind in vitro to
chromatin fibers and compact them into higher order structures [93, 108, 109].

For further complexity, MeCP2 may also be involved in RNA splicing. Its interaction with the
RNA-binding protein Y box-binding protein 1 (YB-1) has been observed, and MeCP2-deficient
mice showed aberrant alternative splicing patterns [110].

MeCP2 functions are undeniably much more complex than initially anticipated (Figure 3),
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Figure 3. Representation of multiple MeCP2 roles [111].

3.7. MeCP2 target genes

A comprehensive knowledge of the target genes that are controlled by MeCP2 is essential for
understanding the pathomechanisms of Rett syndrome and subsequently developing effective
therapeutic strategies. Multiple studies have attempted to identify genes with altered expres‐
sion in neuronal and nonneuronal tissues from Rett syndrome patients and mouse models,
but these studies have often yielded conflicting results [102, 106, 112, 113]. Nevertheless,
several candidate target genes have been proposed (Table 2). One of the most extensively
studied target genes is the brain-derived neurotrophic factor gene (Bdnf), which has been
shown to be up and down regulated in an activity-dependent manner through MeCP2
phosphorylation in mice [113-115]. Other targets, such as the imprinted genes Dlx5 and Dlx6,
also revealed a novel mode of gene repression mediated by MeCP2 through the formation of
a silent chromatin loop (Figure 3) [116, 117].
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Gene Function Reference

UBE3A member of ubiquitin proteasome pathway, transcriptional co-activator [118]

GABRB3 neurotransmission (GABA-A receptor) [118]

PCDHB1 cell adhesion [119]

PCDH7 cell adhesion [119]

Bdnf neuronal development and survival, neuronal plasticity, learning and memory

(brain derived neurotropic factor)

[113, 114]

Dlx5 neuronal transcription factor (probably involved in control of GABAergic

differentiation)

[116]

Sgk1 hormone signaling (regulation of renal functions and blood pressure) [120]

Fkbp5 hormone signaling (regulation of glucocorticoid receptor sensitivity) [120]

Uqcrc1 member of mitochondrial respiratory chain [121]

ID1, ID2, ID3, ID4transcription factors (involved in cell differentiation and neural development) [122]

FXYD1 ion channel regulator [123]

IGFBP3 hormone signaling (regulation of cell proliferation and apoptosis) [124]

GDI1 regulation of GDP/GTP exchange [112]

APLP1 enhancer of neuronal apoptosis [112]

CLU Extracellular molecular chaperone [112]

Crh neuropeptide (regulation of neuroendocrine stress response) [125]

Table 2. Some of MeCP2 target genes.

3.8. The effect of MECP2 mutations on MeCP2 function

Mutations in the MECP2 gene are not likely to act in a dominant-negative mechanism because
only one allele is active in each female cell due to XCI. The functional consequences of missense
mutations on the function of the MeCP2 protein are sometimes especially difficult to predict.
This difficulty is because testing the protein’s various functions can be problematic because
there are still many MeCP2 roles that are as yet unknown or not fully understood. Generally,
mutations in the NLS prevent the transportation of the protein to the nucleus. Mutations
located within the MBD reduce the affinity of the protein for methylated DNA [87, 126].
However, several mutant proteins with mutations in the MBD have been shown to bind to
heterochromatin [127]. Proteins with an intact MBD but with a mutated TRD retain their ability
to bind to methylated DNA, but they have impaired repressing activity [87]. Other mutations
may affect the stability or the structure (secondary or tertiary) of the protein, and they may
interfere with other functions of the protein.
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3.9. Genotype-phenotype correlation

The severity of the clinical manifestations in Rett syndrome patients is widely variable and is
relevant beyond the context of classic vs. atypical variants. Therefore, much effort has been
devoted to uncovering the relationships between various MECP2 mutations and the variability
of clinical features. Such knowledge may provide information on the likely clinical profile of
new cases with specific MECP2 mutations and may be useful in designing specific preventive
therapeutic interventions.

The general genotype-phenotype correlations were confirmed by numerous studies. As
expected, patients with early truncating mutations (specifically p.R168X, p.R270X, p.R255X),
large deletions of several exons, or the entire MECP2 gene usually have the most severe clinical
presentations. A milder phenotype is often associated with late truncating mutations that do
not affect the MBD or the TRD, such as p.R294X. Interestingly, late truncating mutations
together with the missense mutation p.R133C, which is located in the MBD, are frequently
detected in patients with a preserved speech variant of Rett syndrome [128-133].

Despite some overall trends, considerable variability in clinical severity is often observed
among patients with the same MECP2 mutation [128, 130, 134]. Such variations may be caused
by a different XCI pattern. Favorable skewing of XCI has been observed in some patients with
milder phenotypes [135-137] and in asymptomatic carrier mothers [58, 135, 138]. However,
XCI cannot be used as the single predictor because, according to several studies, it has
limitations in explaining all of the differences of Rett syndrome severity [139-141]. Other
modulation factors have been considered, such as BDNF [142, 143] and APOE [144].

3.10. Genetic counseling

A negative result from the MECP2 analysis (usually including analysis of the entire coding
region and copy number analysis of large deletions/duplications) does not rule out the
diagnosis of Rett syndrome because regulatory and non-coding regions are not routinely
analyzed. The recurrence risk in a family with a single Rett syndrome case and an otherwise
negative family history is very low (less than 0.5%) because the majority of MECP2 mutations
arise de novo. Mothers of the patients, however, should be tested for MECP2 mutations found
in their daughters to rule out the possibility of being asymptomatic carriers. In such case, the
recurrence risk is 50%. Prenatal diagnosis may be performed even in pregnancies of non-carrier
mothers due to the likelihood of germline mosaicism.

4. Management of Rett syndrome

Currently, there is no effective cure for Rett syndrome. However, hopes for developing a
targeted therapy have risen following the announcement of a study that rescued the patho‐
logical phenotype in a mouse model after postnatal reactivation of Mecp2 [145, 146]. Treatment
strategies are currently symptomatic and preventive. These strategies are aimed at ameliorat‐
ing specific symptoms, such as seizures, mood disturbances, sleeping and feeding problems,
as well as maintaining and improving motor and communication functions.
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Rehabilitation programs and physical  therapy help to  control  and improve balance and
movement, maintain flexibility and strengthen muscles. These programs should be adapted
to the patient’s individual state and needs. Proper physical therapy is also important for
preventing joint contractures and other deformities, such as scoliosis. Occupational therapy
is  recommended for  improving  purposeful  hand use  and to  attenuate  stereotypic  hand
movements. Particular care should be taken to preserve and maintain alternative commu‐
nication (eye contact,  eye pointing, facial expressions, signs, etc.)  and thereby improving
social interactions. Receiving necessary nutrients and maintaining an adequate weight may
result in improved growth. To ensure appropriate caloric and nutritional intake, a high-
fat, high-calorie diet or gastrostomy feeding may be required. Sufficient intake of fluid and
high-fiber food is necessary to prevent constipation. The patients with cardiac conduction
defects  (such as  prolonged QTc  intervals)  should avoid certain  medications,  which may
worsen  the  condition.  These  medications  include  several  antipsychotics  (thioridazine,
tricyclic  antidepressants),  certain  antiarrhythmics  (quinidine,  sotalol,  amiodarone),  and
antibiotics (erythromycin) [147].

Early diagnosis and intervention, together with life-long management focused on each
patient’s specific needs, can significantly improve the health, quality of life, and longevity of
patients with Rett syndrome.

5. Conclusion

Much progress has been made in the identification of the multiple roles of the MeCP2 protein
in the brain since its discovery. Nevertheless, many mysteries still remain in understanding
the precise mechanisms of how MECP2 mutations affect protein function and subsequently
contribute to the pathogenesis of Rett syndrome. A significant phenotypic overlap between
Rett syndrome and several neurodevelopmental disorders implies that a common pathogenic
process may induce or at least contribute to these conditions. The identification of pathogenic
MECP2 mutations in a portion of patients without the classic Rett syndrome phenotype
strengthens this theory. Understanding the molecular pathology underlying Rett syndrome
will therefore shed more light on the role of epigenetic modifications in neuronal development
and function, and it may provide insight into the pathogenesis of other neurodevelopmental
disorders.
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large deletions of several exons, or the entire MECP2 gene usually have the most severe clinical
presentations. A milder phenotype is often associated with late truncating mutations that do
not affect the MBD or the TRD, such as p.R294X. Interestingly, late truncating mutations
together with the missense mutation p.R133C, which is located in the MBD, are frequently
detected in patients with a preserved speech variant of Rett syndrome [128-133].

Despite some overall trends, considerable variability in clinical severity is often observed
among patients with the same MECP2 mutation [128, 130, 134]. Such variations may be caused
by a different XCI pattern. Favorable skewing of XCI has been observed in some patients with
milder phenotypes [135-137] and in asymptomatic carrier mothers [58, 135, 138]. However,
XCI cannot be used as the single predictor because, according to several studies, it has
limitations in explaining all of the differences of Rett syndrome severity [139-141]. Other
modulation factors have been considered, such as BDNF [142, 143] and APOE [144].

3.10. Genetic counseling

A negative result from the MECP2 analysis (usually including analysis of the entire coding
region and copy number analysis of large deletions/duplications) does not rule out the
diagnosis of Rett syndrome because regulatory and non-coding regions are not routinely
analyzed. The recurrence risk in a family with a single Rett syndrome case and an otherwise
negative family history is very low (less than 0.5%) because the majority of MECP2 mutations
arise de novo. Mothers of the patients, however, should be tested for MECP2 mutations found
in their daughters to rule out the possibility of being asymptomatic carriers. In such case, the
recurrence risk is 50%. Prenatal diagnosis may be performed even in pregnancies of non-carrier
mothers due to the likelihood of germline mosaicism.

4. Management of Rett syndrome

Currently, there is no effective cure for Rett syndrome. However, hopes for developing a
targeted therapy have risen following the announcement of a study that rescued the patho‐
logical phenotype in a mouse model after postnatal reactivation of Mecp2 [145, 146]. Treatment
strategies are currently symptomatic and preventive. These strategies are aimed at ameliorat‐
ing specific symptoms, such as seizures, mood disturbances, sleeping and feeding problems,
as well as maintaining and improving motor and communication functions.
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Rehabilitation programs and physical  therapy help to  control  and improve balance and
movement, maintain flexibility and strengthen muscles. These programs should be adapted
to the patient’s individual state and needs. Proper physical therapy is also important for
preventing joint contractures and other deformities, such as scoliosis. Occupational therapy
is  recommended for  improving  purposeful  hand use  and to  attenuate  stereotypic  hand
movements. Particular care should be taken to preserve and maintain alternative commu‐
nication (eye contact,  eye pointing, facial expressions, signs, etc.)  and thereby improving
social interactions. Receiving necessary nutrients and maintaining an adequate weight may
result in improved growth. To ensure appropriate caloric and nutritional intake, a high-
fat, high-calorie diet or gastrostomy feeding may be required. Sufficient intake of fluid and
high-fiber food is necessary to prevent constipation. The patients with cardiac conduction
defects  (such as  prolonged QTc  intervals)  should avoid certain  medications,  which may
worsen  the  condition.  These  medications  include  several  antipsychotics  (thioridazine,
tricyclic  antidepressants),  certain  antiarrhythmics  (quinidine,  sotalol,  amiodarone),  and
antibiotics (erythromycin) [147].

Early diagnosis and intervention, together with life-long management focused on each
patient’s specific needs, can significantly improve the health, quality of life, and longevity of
patients with Rett syndrome.

5. Conclusion

Much progress has been made in the identification of the multiple roles of the MeCP2 protein
in the brain since its discovery. Nevertheless, many mysteries still remain in understanding
the precise mechanisms of how MECP2 mutations affect protein function and subsequently
contribute to the pathogenesis of Rett syndrome. A significant phenotypic overlap between
Rett syndrome and several neurodevelopmental disorders implies that a common pathogenic
process may induce or at least contribute to these conditions. The identification of pathogenic
MECP2 mutations in a portion of patients without the classic Rett syndrome phenotype
strengthens this theory. Understanding the molecular pathology underlying Rett syndrome
will therefore shed more light on the role of epigenetic modifications in neuronal development
and function, and it may provide insight into the pathogenesis of other neurodevelopmental
disorders.
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