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Preface

Intensive research efforts during the past several decades have increased our understanding
of carcinogenesis and have identified a cellular and molecular basis for the multi-step proc‐
ess of cancer development. Technological advances in molecular biology have proven in‐
valuable to the understanding of the pathogenesis of human cancer. The application of
molecular techniques to the study of cancer has not only led to advances in tumor diagnosis
and development of new treatment approaches but also provided markers for the assess‐
ment of prognosis and disease progression.

I wish to thank all the authors of this book for their excellent contributions. They share my
hope that this book provides an update on recent progress in some key areas of cancer re‐
search and assists other scientists in the better understanding of the molecular pathogenesis
of cancer.

I would like to express my gratitude my mentor, professor Shunichi Yamashita (Nagasaki
University, Japan), and to my colleague, professor Serik Meirmanov (Ritsumeikan Asia Pa‐
cific University, Japan) for their professional support in the fields of cancer research and ra‐
diation biology.

Dmitry Bulgin
Center for Regenerative Medicine “ME-DENT”,

Rovinj
Croatia





Chapter 1

Mechanisms of Oncogene Activation

Anca Botezatu, Iulia V. Iancu, Oana Popa, Adriana Plesa, Dana Manda,
Irina Huica, Suzana Vladoiu, Gabriela Anton and Corin Badiu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61249

Abstract

The main modifications that characterize cancer are represented by alterations in onco‐
genes, tumor-suppressor genes, and non-coding RNA genes. Most of these alterations are
somatic and the process is a multistep one. Tumors often arise from an initial trans‐
formed cell, and after subsequent genetic alterations different cytogenetically clones lead
to tumor heterogeneity.

Oncogenes encode proteins that control cell processes such as proliferation and apopto‐
sis. Among these proteins are transcription factors, chromatin remodelers, growth fac‐
tors, growth factor receptors, signal transducers, and apoptosis regulators. Oncogenes
activation by structural alteration (chromosomal rearrangement, gene fusion, mutation,
and gene amplification) or epigenetic modification (gene promoter hypomethylation, mi‐
croRNA expression pattern) confers an increased or a deregulated expression. Therefore,
cells with such alterations possess a growth advantage or an increased survival rate. Giv‐
en the fact that expression profiling of these alterations determines specific signatures as‐
sociated with tumor classification, diagnosis, staging, prognosis, and response to
treatment, it highlights the importance of studying oncogenes activation mechanisms and
the great potential that they hold as therapeutic tools in the near future.

Keywords: Oncogenes, genomic instability, epigenetic modification

1. Introduction

The main modifications that characterize cancer are represented by alterations in oncogenes,
tumor-suppressor genes, and non-coding RNA genes. Most of these alterations are somatic
and the process is a multistep one, although germ-line mutations can predispose a person to
heritable or familial cancer.

© 2016 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.



Tumors often arise from an initial  transformed cell,  and after  subsequent genetic  altera‐
tions  different  cytogenetically  clones  lead  to  tumor  heterogeneity.  Tumor  heterogeneity
determines different clinical phenotypes, leading to an individual response to treatment for
tumors with the same diagnostic type.

Oncogenes encode proteins that control cell processes such as proliferation and apoptosis.
Among  these  proteins  are  transcription  factors,  chromatin  remodelers,  growth  factors,
growth  factor  receptors,  signal  transducers,  and  apoptosis  regulators.  Activation  of
oncogenes by structural  alterations (chromosomal rearrangement,  gene fusion,  mutation,
and  gene  amplification)  or  epigenetic  modification  (gene  promoter  hypomethylation)
confers  an  increased  or  a  deregulated  expression.  Therefore,  cells  with  such  alterations
possess a growth advantage or an increased survival rate.  Translocations and mutations
occur early on in tumor progression, whereas amplification usually occurs during late tumor
stages.

A proto-oncogene is a normal gene that presents a potential to become an oncogene after
a genetic  alteration (mutation),  leading to  an increased expression.  Usually,  proto-onco‐
genes code for proteins that control cell growth and differentiation through signal transduc‐
tion and execution of mitogenic signals. Upon activation, a proto-oncogene (or its product
onco-protein)  becomes  a  tumor-inducing  agent.  Most  known  examples  of  proto-onco‐
genes include RAS, WNT, MYC, ERK,  and TRK.  Another oncogene is the BCR-ABL  gene
found  on  the  Philadelphia  chromosome,  a  piece  of  genetic  material  seen  in  chronic
myelogenous leukemia caused by the translocation of pieces from chromosomes 9 and 22
t (9; 22).

Oncogene products can comprise a variety of molecules such as transcription factors, chro‐
matin remodelers, growth factors, growth factor receptors, signal transducers, and apoptosis
regulators, each playing an important role in neoplastic transformation. For example, studies
have shown that in prostate carcinomas the fusion between the TMPR552 gene and two
transcription factors ERG1 or ETV1 creates a fusion protein that increases proliferation and
inhibits apoptosis of cells in the prostate gland, thereby facilitating their transformation into
cancer cells [1]. Another example is represented by chromatin remodeler factors such as the
MLL gene that plays a critical role in acute lymphocytic leukemia and acute myelogenous
leukemia [2]. Also, an essential role in cancer development is played by apoptosis regulators
such as the BCL2 gene, which is involved in the initiation of almost all follicular lymphomas
and some diffuse large B-cell lymphomas [3].

2. Mutations

Mutations in an oncogene may lead to a change in the structure of encoded protein, enhancing
its transforming activity. Oncogenes are activated by point mutations (substitutions) and may
either enhance or degrade the function of a protein. Table 1 shows the occurrences of mutations
in each oncogene among some tissues [4].
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CANCER TYPE ONCOGENES TYPE

T cell lymphoma KIT KRAS Co-occurred

Acute lymphoblastic leukemia KRAS NRAS Co-occurred

Acute myeloid leukemia
KRAS NRAS Co-occurred

FLT3 KIT Mutually exclusive

Lung adenocarcinoma

BRAF KRAS Mutually exclusive

KRAS NRAS Mutually exclusive

EGFR3 KRAS Mutually exclusive

Pancreatic cancer B-CATENIN KRAS Mutually exclusive

Biliary tract cancer BRAF KRAS Mutually exclusive

Colorectal cancer

BRAF KRAS Mutually exclusive

KRAS PIK3CA Co-occurred

B-CATENIN KRAS Co-occurred

KRAS NRAS Mutually exclusive

Thyroid cancer

BRAF NRAS Mutually exclusive

HRAS NRAS Mutually exclusive

BRAF RET Mutually exclusive

NRAS RET Mutually exclusive

Melanoma

BRAF NRAS Mutually exclusive

BRAF HRAS Mutually exclusive

BRAF KRAS Mutually exclusive

KRAS BRAS Co-occurred

Prostate cancer
HRAS NRAS Mutually exclusive

KRAS NRAS Mutually exclusive

Kidney cancer B-CATENIN WTI Co-occurred

Cervical cancer
PIK3CA KRAS Mutually exclusive

PIK3CA BRAF Mutually exclusive

Table 1. Frequently mutated oncogenes in various type of cancers

In cancer, mutations occur in many oncogenes, most notable being RAS and BRAF. The RAS
family represents the upstream component of the RAS/RAF/MAPK pathway and mutations
in RAS are one of the most common activating events in most of cancers. Mutated RAS
oncogene (KRAS, HRAS, and NRAS) encodes for a protein that remains in the active state and
transduces signals for continuous cell growth. KRAS mutations are common in carcinomas of
the lung, colon, and pancreas [5], whereas mutations of NRAS occur in acute myelogenous
leukemia and the myelodysplastic syndrome [6].

Mechanisms of Oncogene Activation
http://dx.doi.org/10.5772/61249
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BRAF is a protein member of the RAF family (RAF1, BRAF, ARAF), also regulated by RAS
binding. Mutated BRAF oncogene encodes for a protein with a modified kinase domain,
resulting in a constitutively active protein that uncontrollably stimulates the MAP kinase
cascade [7].

2.1. Melanoma

BRAF mutations are the most common somatic mutations in cutaneous melanoma and are
extremely rare in mucosal melanoma. There are found in 48% of metastatic biopsy specimens
and can precede neoplastic transformation [8, 9]. Over 90% of the identified mutations in BRAF
are in codon 600. The most common is BRAFV600E, resulting in substitution of glutamic acid
for valine (BRAFV600E: nucleotide 1799 T>A; codon GTG>GAG). The second most common
mutation is BRAFV600K (5–6%) substituting lysine for valine, (GTG>AAG), followed by
BRAFV600R (GTG>AGG), BRAFV600′E2′ (GTG>GAA). Less common BRAF mutations found
in cutaneous melanoma are BRAF V600D (GTG>GAT) and L597R [10–12].

There were identified mutations in hotspot codons (12, 13, and 61) of different RAS genes
(HRAS, NRAS, or KRAS), but the most prevalent were HRAS substitutions that occurred
preponderent at codon 61 (HRAS Q61L mutation), with fewer mutations at codon 12 and codon
13 [13]. Mutations in N-RAS appear to be significant in melanoma even earlier than the
discovery of BRAF mutations [14]. The base change at position 61 seems to be important in the
activation of N-RAS genes, transforming activity being detected only when mutant codon 61
was present. BRAFV600E mutations are more common in younger persons and in tumors
arising from intermittently sun-exposed skin, exclusive with N-RAS [15].

C-KIT gene encodes a receptor tyrosine kinase (KIT). All the mutations were founded in exon
11, 13, and 17. The most common is V559A mutation that results in an amino acid substitution
at position 559 in KIT, from a valine (V) to an alanine (A) [16]. While BRAF and NRAS
mutations are common and significant in cutaneous melanomas, C-KIT mutations were
detected in acral melanomas, mucosal melanomas, conjunctival melanomas, and cutaneous
melanomas [17]

2.2. Colorectal cancer

The development of colorectal cancer (CRC) is a multistep process that occurs due to the
accumulation of several genetic alterations, which are associated with oncogenes and tumor
suppressor genes, as well as genes involved in DNA damage recognition and repair.

Most of the BRAF mutations associated with CRC are located in exons 11 and 15, coding for
the kinase domain. The hotspot mutation at 1796 nucleotide is the T-to-A transversion that
corresponds to the V600E mutation (7–15%) [18].

In colorectal cancer, RAS gene mutations have been reported in 40–50% and the frequency of
KRAS mutations varies between 24–50%. KRAS mutation occurs most commonly in codon 12
and 13 rather than in codon 61, with the most frequent mutations: G12D, G12V, G12C, G13D,
Q61H [19]. KRAS mutations exist in the presence of a vast majority of wild-type KRAS cells,
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which is why they not are detected in initial disease. Thirty-eight percent of patients whose
tumors were initially KRAS wild-type developed KRAS mutations that were detectable in their
sera after 5–6 months of treatment [20]. KRAS is mutated much more frequently than NRAS.
KRAS mutations were studied to determine their role in the predictability of response to
chemotherapy treatment.

2.3. Thyroid cancer

RAS mutations in thyroid cancer occur in both benign tumors and thyroid cancers (both
papillary thyroid carcinoma (PTC) and follicular thyroid cancer (FTC)), with variable frequen‐
cy in anaplastic thyroid cancers. PTCs with RAS mutations tend to display a lower rate of
lymph node metastasis [21]. PTCs with RAS mutations often present a follicular architecture
and a follicular variant of papillary thyroid carcinoma (FVPTC). There are two most common
RAS mutations associated with thyroid cancer: mutations of H-RAS codon 61 and N-RAS
codon 61 [22].

BRAF mutations were first detected missense mutations in thyroid cancer [23], which occurs
in exon 15, due to the substitution of the amino acid valine for glutamic acid at residue position
600 [24]. This mutation is the most frequent genetic change in PTC [25], being found in 36–69%
of PTC cases. BRAF mutation is responsible for the suppression of the sodium/iodide sym‐
porter (NIS), which is involved in iodine metabolism [26]. The V600E mutation comprises more
than 90% of observed BRAF mutations, with the highest rate (77%) in the tall cell variant of
papillary cancer, and the lowest percentage (12%) in the FVPTC. In PTC, BRAF mutation is
more frequent in older patients, associated with extrathyroidal invasion [27]. By contrast,
others have found that the BRAF mutation is not associated with age, gender, multicentricity,
recurrence rate, lymphovascular invasion, or distant metastasis [28].

Activating point mutations of RET oncogenes are associated with hereditary cancer syndrome
(multiple endocrine neoplasia type 2 -MEN 2). RET mutations are mostly missense and located
in exons 10, 11 (extracellular domain of RET), 13, 14, 15, and 16 (in the TK domain) [29–31].
Mutation of the extracellular cysteine in codon 634 in exon 11 of RET causes ligand-independ‐
ent dimerization of receptor molecules and enhances phosphorylation of intracellular sub‐
strates and cell transformation. Mutation of the intracellular TK (codon 918) results in cellular
transformation [32].

There is a high correlation between the position of the point mutation and the phenotype of
the disease. Three subtypes based on clinical presentation are defined: MEN 2A, MEN 2B, and
FMTC. RET mutations are observed in 98% of MEN2A, 95% of MEN 2B, and 88% of familial
medullary thyroid carcinoma (FMTC) [33]. Activating mutations of RET involving exons 10,
11, 13, 14, and 15 (encoding the highly conserved cysteine-rich domain) have been proven to
cause MEN2A. [34]. The mutations for MEN2A are mostly located in exon 10 (10–15%),
including codons 609, 611, 618, and 620, and exon 11 (80–85%), as well as codons 630 and 634
[35]. The mutations characteristic of FMTC occur in exons 10 and 11. However, non-cysteine
point mutations also have been found in exon 8 (codons 532 and 533), exon 13 (codons 768,
790, and 791), exon 14 (codons 804 and 844), exon 15 (codon 891), and exon 16 (codon 912) [35–

Mechanisms of Oncogene Activation
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37]. About 95% of MEN2B patients carry a M918T mutation within exon 16 and 5% have an
A883F mutation in exon 15. Mutation in codon 918 gives a more aggressive phenotype [38].

2.4. Hepatocellular Carcinomas (HCC)

In HCC, only one mutation (KRAS codon 13; Gly to Asp) was detected among patients and no
mutations were found in codons 12 and 61 of KRAS or codons 12, 13, and 61 of the NRAS and
HRAS genes. So, the activation of RAS oncogenes by point mutations does not play a major
role in hepatocellular carcinogenesis [39]. Activating mutations in the BRAF oncogene have
been found in a small fraction of hepatocellular carcinomas. KRAS and BRAF mutations are
rare events in HCC and therefore not a key event in hepatocarcinogenesis [40].

2.5. Pancreatic cancer

The highest incidence of KRAS mutations are found in adenocarcinomas of the pancreas (90%),
with activating point mutations in codon 12 of the KRAS protein, leading to a glycine (G) to
aspartic acid (D) or valine (V) substitution [41]. Single amino acid substitutions at G12, 13, or
Q61 lead to the formation of mutated KRAS that are insensitive to GAP stimulation. This leads
to the accumulation of persistently GTP-bound and active KRAS, which leads to pancreatic
cancer formation [42].

2.6. Cervical cancer

Cervical cancer harbors high rates of potentially targetable oncogenic mutations. KRAS
mutations were identified in low percentage (17%) exclusively in cervical adenocarcinomas.
Most mutations were missense mutations of codon G12, well-described activating mutations,
which have been associated with a worse prognosis in the metastatic process [43].

EGFR mutations were identified in 7.5% of cervical squamous cell carcinomas; a missense
mutation in exon 15 of the EGFR gene produces an alternate spliced transcript (isoform D). Its
presence in both tumor and adjacent normal tissue suggests that EGFR S703F may be a
germline mutation [44, 45].

PIK3CA mutations are present in both squamous cell carcinomas and adenocarcinomas (31%).
The PIK3CA mutations were located in the exon 9 helical domain in two hotspot mutations
(E545K and E542K), which result in the constitutive activation of cellular signaling [46]. PI3KCA
mutations may impart a more aggressive and treatment-resistant phenotype and decreased
survival among patients with these mutations in early stage cancers [47].

3. Gene amplification and chromosomal translocations

The interest regarding the role of genomic context in promoting amplification was intensely
investigated, but is still under debate. An important interest remains to establish the tendency
of some genomic region to be subject to amplification. Past researches showed that different

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis6
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germline mutation [44, 45].

PIK3CA mutations are present in both squamous cell carcinomas and adenocarcinomas (31%).
The PIK3CA mutations were located in the exon 9 helical domain in two hotspot mutations
(E545K and E542K), which result in the constitutive activation of cellular signaling [46]. PI3KCA
mutations may impart a more aggressive and treatment-resistant phenotype and decreased
survival among patients with these mutations in early stage cancers [47].

3. Gene amplification and chromosomal translocations

The interest regarding the role of genomic context in promoting amplification was intensely
investigated, but is still under debate. An important interest remains to establish the tendency
of some genomic region to be subject to amplification. Past researches showed that different
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regions of the genome were more subjected to be amplified than others, but the molecular
substrate was unknown [48]. At present, several mechanisms and models have been proposed
to explain gene amplification in oncogenesis.

3.1. Gene amplification

Besides point mutations resulting in amino acid substitutions, a proto-oncogene may be
activated by chromosomal alterations. Among the most important cromosomal abnormalities
is gene amplification, which is an increase of the copy number for a specific chromosomal
region. The consequence of chromosome fragment amplification is associated with overex‐
pression of the amplified gene(s) and is a characteristic of cancer [49]. Amplified genes
(hundreds of copies of normally diploid genes) may be organized as extrachromosomal
elements (double minute chromosomes) as repeated units at a single locus or scattered
throughout the genome.

At this moment, the relationships between the two forms of gene amplification found in
tumors, the intrachromosomal homogeneously staining regions (HSRs) and the extrachromo‐
somal DNA molecules, double minutes (dmins), are not well understood [50].

Several models for initiation of amplification have been described involving defects in DNA
replication or telomere dysfunction and chromosomal fragile sites. Regarding the DNA
replication initial proposals, based on extra rounds of replication due to replication origins
misfiring appear to be incorrect modification of models invoking replication of extrachromo‐
somal DNA [51]. Another theory involves the double-strand DNA breaks (frequent in
replicating cells) generated by the collapse of replication forks that are unable to progress due
to DNA structure lesions, therefore providing an opportunity to initiate the amplification
process [49].

Telomeres are repetitive nucleotide sequences, with the role to prevent the loss of DNA
sequences, resulted as a consequence of the incomplete DNA replication at the chromosome
ends. Telomere shortening can block cell division; this mechanism appears to prevent genomic
instability and development of cancer in aged cells by limiting the number of cell divisions [52].
Telomerase is responsible for telomere replication and is inactive in most somatic cells. With
every cell division, the DNA telomere sequence is shortened by 40–50 bp. Telomere shortening
in humans can induce replicative senescence, which blocks cell division. When telomeres are
short to a critical length (replicative limit), cellular senescence is induced and normal cells cease
to proliferate. This mechanism appears to prevent genomic instability and development of
cancer in aged cells by limiting the number of cell divisions. In cancer, tumor cells escape
replicative limit and acquire the capability to maintain telomere length through cell divisions
by telomerase reactivation, or by using a recombination-based mechanism and alternate
lengthening of telomeres (ALT) [53, 54]. An experimental murine model (lacking the RNA
component of telomerase-TercK/K mice) for telomere dysfunction demonstrated the promo‐
tion of gene amplification. Tumor genomes arising in mutant mice contain chromosomal
rearrangements, amplifications, and deletions commonly associated with human tumors [55,
56]. Despite the established correlation between telomerase reactivation and telomeres
lengthening in cancer, recent literature review and analysis [52] suggest this is unlikely,
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because shorter telomeres and telomerase inactivation is more often associated with increased
cancer rates, and the mortality from cancer occurs late in life.

In humans, shorter telomeres were associated with poorer health and aging and were also
observed in preneoplastic stages, supporting a role for this mechanism in generating genomic
aberrations in oncogenesis [57–60]. The model for gene amplification due to telomere abnor‐
malities and the break at fragile sites (discussed below) was first described in maize and results
from the breakage/fusion/bridge (B/F/B) cycles [61]. B/F/B cycles are initiated when broken
ends of chromosomes fuse, resulting in a dicentric chromosome. During anaphase, the two
centromeres are pulled in opposite directions and the dicentric chromosome generates a
chromosome with an inverted duplication of terminal sequences to break. The B/F/B cycle
continues in the next cell cycle because this chromosome also has broken ends. The B/F/B cycles
were observed like primary mechanism for gene amplification in hamster cells [62].

In human cancer, evidence of B/F/B cycles was provided by the high frequency of anaphase
bridges in early passage tumor cells and tumors [63, 64]. On the other hand, it was proven that
human tumor cells in culture presenting gene amplification contain DM chromosomes, and
the clones with low-copy amplification contained structures related to B/F/B cycles [65, 66].
There are evidences that B/F/B cycles may generate amplicons. These results were obtained by
cytogenetic analyses of HSRs in tumor cell lines and in model systems with amplifications
following drug treatments [67, 68]. The model explains that loss of the DNA sequences distal
to the gene under selection or their translocation to another chromosome is also possible.

HSR may arise from the integration or fusion of double minute with a chromosome [50].
Currently, the data available suggests that fusion and reintegration constitute a pathway for
the evolution of extrachromosomal elements, but the site of HSR insertion has never been
characterized at a nucleotide resolution [50].

3.2. Fragile sites

Fragile sites are part of normal chromosome structures existing in each individual and
represent chromosome regions that are late in replicating and prone to breakage under
conditions of replication stress. Fragile sites occur after partial inhibition of DNA synthesis
and are constituted in regions presenting site-specific gaps and breaks on metaphase chromo‐
somes. Common fragile sites are normally stable in somatic cells, but it was observed that
following treatment of cultured cells with replication inhibitors, fragile sites display gaps,
breaks, rearrangements [69, 70]. Fragile sites extend over large regions of high DNA flexibility
and are associated with genes.

The molecular nature and mechanisms involved in fragile site instability was unknown till
recently. In many cancer cells, fragile sites and associated genes suffer frequent deletions and/
or rearrangement, demonstrating their role in genome instability during the oncogenesis
process. As a group, fragile sites are heterogeneous and seem to extend over broad regions
0.3–9-Mb long. The regions comprising fragile site are particularly associated with a high
frequency of recombinogenic events, including co-localization with chromosome aberrations
sites related to various cancers [69].

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis8
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Accordingly to several studies, there are around 127 known fragile sites in the human genome,
defined as "common" or "rare" based on their frequency [71, 72]. Common fragile sites (CFSs)
are a normal part of the human genome and are typically replicative stable [73]. CFSs are not
the result of nucleotide repeat expansion mutations. The majority of breakages at CFSs are
further distinguished depending on their sensitivity to the drugs used to induce their expres‐
sion (e.g., low doses of the antibiotic aphidocilin (APH)) [74].

The breakage effect of APH may be reduced by using a co-treatment with low concentrations
of the topoisomerase I inhibitor and camptothecin (CPT) [75]. CFS regions are highly conserved
in vertebrate species, including mouse and primates [76–78]. CFSs initiate proper replication
but slow to complete it, introducing breaks from unreplicated regions of DNA [79]. The
mechanism proposed for CFS instability resides in this late replication. Late replication may
occur due to formation of non-B DNA structures such as hairpins and toroids that block the
replication fork in AT rich regions [80].

Rare fragile sites (RFSs) are classified into two sub-groups based on the compounds that induce
breakage, folate-sensitive groups and nonfolate-sensitive groups, which are sensitive at
bromodeoxyuridine (BrdU) or distamycin A, an antibiotic that binds to AT-pairs of the DNA
sequence. The folate-sensitive group is characterized by an expansion of CGG repeats, while
the nonfolate-sensitive group contains many AT-rich minisatellite repeats [81–83]. The genome
instability mechanism of CGG and AT-rich repeats characteristic for RFSs can form DNA
structure (hairpins and other non-B DNA) replication forks, leading to breakage [84, 85]. On
the other hand, it was demonstrated that DNA polymerase stops at CTG and CGG triplet
repeat sequences, which can result in continuous DNA synthesis via slippage [79].

Fragile site regions are stable in normal cells and become unstable in tumor cells. The breakage
of the fragile sites may be caused by mutations leading to a blockage of replication, or by a cell
cycle perturbation and gene involved in the DNA repair process deregulation [86]. Several
reports developed the concepts that underlie the mechanisms leading to fragile site expression
and chromosomal rearrangements at fragile sites in tumors. The analysis of DNA damage
response in various tumor types, including bladder, breast, colorectal, and lung tumors, found
that early stages of cancer development are associated with an active DNA damage response,
including phosphorylated ATR (ataxia telangiectasia and Rad3-related protein), ATM (ataxia
telangiectasia mutated), CHK1 (checkpoint kinases), CHK2 kinases, phosphorylated histone
H2AX, and p53 [87-88].

These events are linked to a high frequency of LOH (loss of heterozygoty) at known fragile
site regions. The explained mechanisms sustained that in precancerous lesions, the blockage
or collapsed replication leads to ATR activation and with subsequent DNA double strand
breaks. Tumor cells that escape apoptosis or cell cycle arrest will exhibit allelic imbalances,
especially at target fragile sites because of replication sensitivity. Further, the model sustains
the necessity of p53 mutation and/or other genes involved in checkpoints control, leading
therefore to cancer progression. Lesions at common fragile sites are indicators of replication
stress during early stages of tumorigenesis [70].
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Fragile sites regions are targets for the initiation of the amplification process due to breakage.
Several studies showed that boundaries of some amplicons generated through the amplifica‐
tion process mapped to common chromosomal fragile sites in hamster cells [89–90]. Evidences
of the role of fragile sites in human cancer regarding gene amplification are scarce. One
example of cell line model is for the MET amplicons in the esophageal adenocarcinoma map
within the fragile site FRA7G [91].

Aphidicolin-sensitive  fragile  sites  FRA5D,  FRA5F,  and  FRA5C,  which  map  distal  to
dihydrofolate reductase gene (DHFR) on 5q, are infrequently expressed and are less likely
to contribute to the amplification process.  In order for the gene amplification process to
take effect the target gene must be in the close proximity of fragile sites, similar to the MET
amplicon. The breakage at specific genomic sites may not contribute to the amplification
process, and no evidence of recurrent amplicon boundaries was found using array CGH in
a human cell culture system [92].

3.3. Amplified genes in cancer

The amplification process is important for deciphering oncogenesis molecular biology,
prognosis, and targeted therapies. A good example of gene amplification is dihydrofolate
reductase gene (DHFR), which usually occurs during progression of methotrexate-resistant
acute lymphoblastic leukemia [93]. In cancer, the most amplified genes are members of four
different oncogene families: MYC, cyclin D1 (or CCND1), EGFR, and RAS. The amplified DNA
segment usually involves several hundred kilobases and can contain many genes.

In breast cancer, MYC, ERBB2, CCND1, EGFR, or MDM2 were found to be amplified concom‐
itantly [94]. Moreover, it has been reported that there is a direct correlation between the number
of amplifications and an advanced breast cancer and poor survival [95]. MYC oncogene is
amplified in many types of cancer such as small-cell lung cancer, breast cancer, esophageal
cancer, cervical cancer, ovarian cancer, and head and neck cancer [96].

Among the best-known oncogenes that are amplified in cancer cells is N-MYC. This gene codes
for a transcription factor that plays a physiologic role in stimulating cellular proliferation and
is commonly amplified in neuroblastoma where patients have poor clinical prognosis.
Amplification of N-MYC in neuroblastoma has a valuable prognostic significance, and is
correlated with an advanced tumor stage [97], along with MYC and ERBB2 in breast cancer [94].

In malignant thyroid tumors, C-MYC gene overexpression and amplification has also been
correlated with tumor aggressiveness [98]. Overexpression of cyclins is also an important
element in thyroid oncogenesis, playing a crucial role in PTC pathogenesis [98]. CCND1, a cell
cycle key regulator of G1/S transition, is a frequent target of mutagenesis in many tumors;
amplification and rearrangement of its gene can lead to the over-production of this cell cycle
regulatory protein. CCND1 amplification also occurs in breast, esophageal, hepatocellular, and
head and neck cancer [99].

EGFR (ERBB1) is amplified in glioblastoma and head and neck cancer. Amplification of ERBB2
(also called HER2/neu) in breast cancer correlates with a poor prognosis. A monoclonal
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antibody against the product of this oncogene (trastuzumab) is effective in breast cancers that
overexpress HER2/neu.

New data were acquired using array-CGH technique, bringing to knowledge the complex
aspect of oncogene amplification in cancer. Using array-CGH analysis on identification of an
8p12 amplicon in anaplastic thyroid carcinoma (ATC) cell lines, six genes were found to be
amplified, DUSP26,MET, MYC, PVT1, YAP1 and CIAP1 [100]. DUSP26 effectively dephos‐
phorylates p38 and formed a physical complex with p38, promoting the survival of ATC cells
by inhibiting p38-mediated apoptosis.

The AIB1 oncogene is located on chromosome 20q, a region frequently amplified and overex‐
pressed in breast cancer [101–102]. High levels of AIB1 mRNA or protein predict significantly
worse prognosis and overall survival in breast cancer patients [103]. AIB1 is a transcriptional
co-activator that promotes the transcriptional activity of multiple nuclear receptors such as the
estrogen and progesterone receptors [104].

In cervical cancer, the array-CGH technique revealed that the 3q26.3 amplification was the
most consistent chromosomal aberration in primary tissues of cervical carcinoma, and an
increased copy number of PIK3CA gene was identified [105]. PIK3CA is known to be involved
in the PI 3-kinase/AKT signaling pathway, which plays an important role in regulating cell
growth and apoptosis.

In pancreatic cancer, chromosome 19q13 was found amplified containing PAK4 gene [106].
PAK proteins are critical effectors that link Rho GTPases to cytoskeleton reorganization and
nuclear signaling. PAK4 interacts specifically with the GTP-bound form of Cdc42Hs and weakly
activates the JNK family of MAP kinases. PAK4 gene is not in a mutated oncogenic form but
the activation of the PAK4 gene promotes KRAS2 gene mutation, a very frequent event in
pancreatic cancer [106].

DNA amplification represents an important mechanism during human multistep hepatocar‐
cinogenesis. Several genes were found to be amplified within 1q21 amplicon in hepatocellular
carcinoma: CREB3L4 (cyclic AMP responsive element binding protein3-like 4); JTB (Jumping
Translocation Breakpoint) is a transmembrane protein that suffers an unbalanced translocation
in various types of cancers [107]; INTS3 and SNAPAP, whose role in oncogenesis remains to
be defined; SHC1 is involved in signal transduction from receptor tyrosine kinases to down‐
stream signal to RAS [108–109]; CKS1B (CDC28 protein kinase regulatory subunit 1B), Cks1
expression was closely associated with poor differentiation and also negatively associated with
p27kip1 in hepatocellular carcinoma [110]; CHD1L (Chromodomain Helicase/ATPase DNA
Binding Protein 1-Like, also known as Amplified in Liver Cancer 1, ALC1) whose increased
expression was associated with clinicopathological features such as microsatellite tumor
formation, venous infiltration, and advanced tumor stage, overall survival time, and the
disease-free survival rate [111]. Moreover, Glyoxalase 1 (Glo1) gene aberrations are associated
with tumorigenesis and progression in numerous cancers. Hepatocarcinoma cells with genetic
amplified Glo1 gene express higher levels of Glo1 and are more sensitive to cell killing effects
if Glo1 expression is down-regulated [112]. The study supports the potential of Glo1 as
therapeutic target in patients with hepatocellular carcinoma and genetic Glo1 amplification.
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Human oncogene JUN gene amplification/overexpression was found in highly aggressive
sarcomas and in hepatocellular carcinomas, along with amplification/overexpression of
MAP3K5. JUN overexpression could interfere with adipocytic differentiation and promote
angiogenesis [113, 114].

Amplification of the FGFR2 gene was identified in a subset of Chinese and Caucasian patients
with gastric cancer. Fibroblast growth factor receptor family members (FGFR1–4) belong to
the RTK superfamily. Through interaction with FGF ligands, the receptors are involved in
diverse cellular functions including regulation of development processes, mediation of cell
proliferation, and differentiation, as well as angiogenesis and tissue regeneration [115, 116].
FGF ligand binding leads to kinase activation and downstream signaling to phosphoinositide
3-kinase (PI3K)-AKT and mitogen-activated protein kinase–extracellular signal–regulated
kinase (MAPK-ERK) pathways [117]. Genetic modifications or overexpression of FGFRs have
been associated with tumorigenesis and progression in breast, prostate, stomach, and hema‐
tologic malignancies [118, 119]. FGFR2 amplification leads to constitutive activation of the
FGFR2 signaling pathway in gastric cancer, and furthermore inhibition of this pathway using
a well-tolerated, potent, and selective inhibitor can lead to rapid and durable tumor regressions
in FGFR2-amplified gastric cancer xenograft models, representing an important treatment
target [120].

3.4. Chromosomal translocations

Chromosomal translocations (CTs) are very common in human cancer, and the molecular
mechanisms involved are complex and poorly understood. CTs are involved in several types
of cancer, particularly in hematopoietic and lymphoid tumors [121]. This type of chromosomal
abnormality seems to provide a selective growth advantage for some stem or progenitor cells,
which may further initiate the development of some malignant tumors. In case of oncogenes,
CTs may change the original locations of proto-oncogenes, generating effects on the gene
products through two major ways [122, 123]. One is to generate oncogenic fusion proteins and
the other way is that proto-oncogenes are brought into proximity with regulatory elements,
causing the overexpression of proto-oncogene.

The first specific chromosomal translocation identified in human cancer was the Philadelphia
chromosome [t(9;22)], which underlies chronic myeloid leukemia (CML). The fusion of
chromosomes 9 and 22 leads to the joining of two unrelated genes, the C-ABL gene, which
encodes a tyrosine kinase and is located on chromosome 9, and the gene BCR (for breakpoint
recombination) located on chromosome 22.10 [124]. A chimeric protein (BCR-ABL) with novel
transforming properties is formed from this specific chromosomal rearrangement. BCR-ABL
oncoprotein has an abnormal tyrosine kinase activity and is associated with the tumorigenesis
of CML and acute lymphoblastic leukemia (ALL) [124]. Duplication of the Philadelphia
chromosome leads to accelerated CML blast phase, suggesting that increased copies of this
aberrant gene confer a dose-dependent transforming effect [125]. Similar to t(9;22) in acute
promyelocytic leukemia (APL), a chromosomal rearrangement joins a novel gene t(15;17),
resulting in the formation of promyelocytic leukemia-retinoic acid receptor α (PML-RARα)
fusion oncoprotein [126].
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PML-RAR function is unknown, but this translocation underlies the response of this leukemia
type to treatment with trans-retinoic acid. Another intergenic, CT t(12;21), leads to a novel
chromosomal translocation product, TEL-AML1, which requires a specific treatment for
pediatric acute lymphoblastic leukemia [127].

A classic example is the overexpression of proto-oncogene c-MYC in Burkitt lymphoma due
to t(8;14) that results in c-MYC gene juxtaposed to immunoglobulin heavy chain (IGH)
regulatory elements [128, 129]. Further expression of the gene is directed by the strong
immunoglobulin heavy-chain enhancer, which is constitutively active in B lymphocytes. Thus,
c-MYC overexpression is a potent force driving cellular proliferation.

The t(11;14) translocation juxtaposes CCND1 and immunoglobulin enhancer elements and is
characteristic of mantle-cell lymphoma. The t(11;14) translocation juxtaposes CCND1 and
immunoglobulin enhancer elements [130].

The ability to grow leukemic cells in culture long enough to allow cytogenetic analysis has
facilitated the characterization of chromosomal translocations in leukemia. However, specific
chromosomal translocations have also been observed in solid tumors. Aside from interchro‐
mosomal translocations, intrachromosomal translocations are also associated with cancer.
Around 60–70% of PTCs have a characteristic inv(10)(q11.2q21). The breakpoint is represented
by RET gene locus (10q11.2), which is relegated to the opposite breakpoint of the H4 (D10S170)
or NCOA4 (ELE1) gene (10q21) in the same chromosome [131]. The H4 protein is widely
expressed in the nucleus and cytoplasm and its function is unknown [132]. In PTC, many types
of rearrangement loci (11 rearranged forms) were noted and PTC1(H4, CCDC6)-RET and
PTC3(NCOA4)-RET are the most common [133]. PTC2-RET is a less common type of PTC-RET
[134]. These rearrangements can lead to constitutively ligand-independent RET activity
involved in thyroid carcinogenesis. The hypothesis sustain that the distances between RET
and H4 loci are 18 Mb, therefore chromosome folding may close the two loci to each other in
thyroid cells, increasing the probability of recombination between them in the interphase
nuclei. This chromosomal folding is specific for thyroid cells, and this may explain why inv(10)
(q11.2q21) is frequently seen in PTC [135].

It has been shown that in prostate carcinomas, the fusion between TMPR552 gene and two
transcription factors ERG1 or ETV1 creates a fusion protein that increases proliferation and
inhibits apoptosis of cells in the prostate gland, thereby facilitating their transformation into
cancer cells [1].

The translocations of ETS are often found in human cancer, such as Ewing sarcoma [136–137],
leukemia [138–139], prostate cancer [140], and breast cancer [141]. These once disparate tumors
are now defined by a chromosomal translocation fusing the EWS gene to a number of tran‐
scription factors of the ETS gene family (the most common chimeric protein is EWS-FLI1) [142].
This chimeric product presumably acts directly on target promoters to direct the expression
of genes that induce cellular proliferation. Identification of EWS translocations allowed the
molecular grouping of a class of tumors whose proliferation is driven by similar genetic
alterations and that respond to similar chemotherapeutic regimens.
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4. Oncogene hypomethylation

The first epigenetic modification observed in human cancer was the loss of DNA methylation
at the 5’citosine level (m5C residues replaced by unmethylated C residues), reported in 1983
[143]. This discovery was often regarded as an unwelcome complication, and all of the attention
was focused on the opposite effect hypermethylation of promoters of genes that are silenced
in cancers (e.g., tumor-suppressor genes). Global hypomethylation of DNA in cancer was
found associated especially with repeated DNA elements; this modification did not represent
a research direction for many years [144]. However, changes in the pattern of DNA methylation
have been a consistent modification in cancer cells. Both hypo- and hypermethylation were
observed at various loci, but at this moment it is clear that DNA methylation plays an important
role in carcinogenesis.

New deep sequencing methylome analyses have shown much more cancer-linked hypome‐
thylation of unique gene sequences and hypermethylation of repeated sequences than
previously found [145–148]. Targeting DNA repetitive sequence, DNA hypomethylation may
induce genomic instability and mutation events in cancer genomes [149–152] by altering the
intranuclear positioning of chromatin enhancing recombination [153–155] and activating
retroviral elements [156]. Promoter hypomethylation of some genes may be associated with
the development of cancer by regulating the activity of genes [157].

4.1. Genomic hypomethylation profiles in cancer

DNA methylation principally occurs at 5’ cytosine from dinucleotide CpG sites [158, 159]. CpG
dinucleotides are found in C+G-rich regions in the genome termed CpG islands, localized
frequently at promoter or gene regulatory level. However, the vast majority of CpG dinucleo‐
tides are localized within the intergenic and intronic regions of the DNA, particularly within
repeat sequences and transposable elements. Unmethylated CpG islands at gene level are
associated with gene transcription. In normal somatic cells, between 70% and 90% of CpG
dinucleotides are methylated, which constitute approximately 0.75–1% of the total number of
bases in the genome, while most CpG islands are unmethylated [160]. A part of genes promoter
region are methylated as part of normal developmental processes or tissue specific (e.g., germ-
line specific genes-MAGE genes) [161]. In X chromosomes in female dosage compensation
(imprinted genes of X chromosomes in females), where only one of two copies is active,
methylation of regulatory regions is involved in the repression of the expression of the silent
loci [162].

Recently, high-resolution genome-wide analyses of DNA methylation changed the idea that
considers oncogenesis being characterized predominantly of hypomethylated DNA repeats
and hypermethylated gene regions [163–164]. The hallmark for cancer is represented by global
losses of DNA methylation with local hypermethylation and hypomethylation of specific
genes [165–167].

Evaluation of the majority of cancers showed that a major contributor to global DNA hypo‐
methylation is hypomethylation of tandem and interspersed DNA repeats [165, 168]. Several
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studies using CpG methylation-sensitive restriction endonucleases or sodium bisulfite
reported that hypomethylation was often found at gene sequence level (including metastasis-
associated genes) [157, 165].

4.2. Hypomethylation of DNA repeats sequence in cancer

Repeat sequences are represented by transposable elements found interspersed throughout
the genome, or simple repeat sequences, such as DNA satellites, found in pericentromeric or
subtelomeric region of chromosomes. These are normally methylated within the healthy
genome [169].

In cancer, hypomethylation of DNA repeats is a result of the demethylation process rather than
the preexisting hypomethylation in a cancer stem cell [170]. The frequency of cancer-associated
hypomethylation of DNA repeats is dependent with disease progression (tumor grade, stage)
[171, 172]. Hypomethylation is also seen in tumor adjacent tissues and in benign tumors (breast
fibroadenomas and ovarian cystadenomas), but at a lower level than cancer [145, 165, 173, 174].

Hypomethylation may affect transcription and hypomethylation of interspersed DNA repeats
within promoter modifies the chromatin boundaries resulting in transcription activation of
nearby genes [175, 176]. Along with the effects upon transcription, hypomethylation can affect
alternative splicing and hypomethylation of a minor portion of interspersed DNA repeats may
occasionally cause induction of retroviral element transcription [156]. Several studies reported
numerous evidences for the causal relationships between DNA hypomethylation and in‐
creased transcription as well as hypomethylation and cancer [177–179].

Regions of cancer-associated changes in DNA methylation are found in short interspersed or
clustered regions, as well as in long blocks [180–182]. Dante et al. described hypomethylation
of LINE-1 (a highly repeated interspersed repeat) in mononuclear cells from patients with
chronic lymphocytic leukemia [183]. Along with hypomethylation of LINE-1, Alu repeats were
also subsequently observed hypomethylated in many other types of cancers [183–186]. In
breast adenocarcinomas, ovarian epithelial cancers, and Wilms tumors, a hypomethylation of
centromeric and juxtacentromeric satellite DNA was noted [173, 174, 187]. Moreover, another
classes of tandem repeats (macrosatellite DNAs) and segmental duplications were found
hypomethylated in various cancers [188–190]. The loss of DNA methylation in cancer varies
according to the tumor type and subclasses of DNA repeat [191–193].

Gathering the result of the presented studies, we may conclude that in many types of cancer,
hypomethylation of DNA repeats represents a highly informative prognostic marker and/or
predictor of survival [194–197].

4.3. Hypomethylation of DNA gene enhancer sequence in cancer

Gene expression levels may be further modulated by DNA methylation levels at upstream
enhancer sites [198], which can affect the binding of transcription factors at (CpG) islands [199].
In normal cells, DNA demethylation at enhancer’s level is correlated with upregulation of
expression of the associated gene. It was shown that the binding of FoxA1/FOXA1 transcrip‐
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tional factors to enhancers is inhibited by DNA methylation at the respective binding site [200].
In this case, modification of DNA methylation status (demethylation) at the enhancer level
may lead to an open chromatin state allowing the access of transcription factors at the active
enhancer [201–202]. Following DNA demethylation, FoxD3 transcription factor binds at the
enhancer level, allowing the recruitment of FoxA1 and conversion of the enhancer to a state
that is set for activity. Local DNA demethylation leads also to changes in histone H3K27 or
H3K9 methylation [200]. FOXA1 is an important factor for oncogenesis being involved in
various types of cancer [203]. Thus, DNA hypomethylation from transcription regulatory
regions may cause changes in expression [204].

4.4. Genomic hypomethylation in promoters and within gene bodies

Hypomethylation of transcription regulatory regions is less frequent than hypermethylation
of CpG island promoters in cancer. Some of the gene regions (including transcription control
sequences) were associated with loss of DNA methylation. Currently, there are data that
sustain that promoter hypomethylation of some genes may be associated with the develop‐
ment of cancer, regulating the activity of genes [157]. For example, promoter hypomethylation
of specific immunity-related genes (e.g., cytokine IL-10) may activate the specific gene
expression to inhibit the immune response in breast cancer [205], and the promoter hypome‐
thylation of SPAN-Xb, an immunogenic antigen, can induce de novo B-cell response in
myeloma cells [206]. However, the biological significance of promoter hypomethylation in
cancer is still poorly understood [144]. Hypomethylation of gene promoters must cooperate
with other key activators such as transcriptional factors to control gene expression [207, 208].

Promoters may overlap tissue-specific (T-DMR) or cancer-specific (C-DMR) differentially
methylated DNA regions [209]. Most of the non-imprinted, autosomal T-DMR promoters are
not the main type of vertebrate DNA promoters, and the genes presenting T-DMR promoters
become activated after experimentally induced demethylation 5-deoxyazacytidine [209].

Intragenic epigenetic marks have been also involved in normal gene expression regulation and
inverse relationships between imprinted gene expression and DNA methylation level was
observed [210]. T-DMR regions were found not only inside many genes, but also in down‐
stream promoters, flanking certain subsets of genes [211, 212]. Moreover, besides first exon,
T-DMRs are also present at exonic and intronic sequences, insulators, intragenic ncRNA genes,
and 3 ‘terminal regions [213, 214].

The role of these regions is to connect DNA and chromatin, inducing tissue-specific chromatin
epigenetic marks inside genes [215, 216]. This relationship between DNA and chromatin
modification at gene level may help determine alternative promoter usage, modulate the rate
of transcription initiation or elongation, and direct the choice of alternative splice sites [217,
218]. For moderately expressed genes, DNA methylation level in the middle of the gene is
correlated with higher transcription rates, being related to nucleosome positioning [219]. In
genes with CpG-poor promoters, methylated sequences located downstream binds Polycomb
repressor complexes [212], which are being associated with repression of promoters [220].
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On the other hand, certain histone modifications may direct the choice of splice junction
through direct interactions with proteins that mark exon–intron junctions, altering rates of
transcription and nucleosome positioning [221, 222]. As we mentioned before, DNA methyl‐
ation may also be involved in regulating alternative splicing, intron–exon junctions being
enriched in sharp transitions in DNA methylation levels [223] (e.g., malignant prostate cancer
cells have enrichment of DNA hypermethylation at exon–intron junctions [224]). Therefore,
these findings highlight the involvement of DNA methylation levels in determining alternative
splicing in tumor cells, suggesting that cancer-associated DNA hypomethylation in intronic
and exonic sequences can modulate the amount and type of gene products and thereby
contribute to tumor formation or progression.

TGFB2 gene contains an intronic Alu repeat that was found hypomethylated in some cancer
cell lines. Their hypomethylation at this site might be related to the significant upregulation
of TGFB2 gene, being an example of cancer-associated hypomethylation and a target chromatin
associated epigenetic changes [225]. PRDM16 presents gene-body hypomethylation (overlap‐
ping an exon) in some of the cancer cell lines, whereas NOTCH2 also showed gene-body
hypomethylation (in a subregion of repetitive DNA).

Gene encoding the protease urokinase (PLAU/uPA) is overexpressed and was found hypo‐
methylated along with tumor progression in breast cancers and prostate cancers [157]. Also,
other genes were observed to display hypomethylation and transcriptional activation in
cancer, S100A4, mesothelin, claudin4, trefoil factor 2, maspin, PGP9.5, POMC, and the
heparinase gene [144].

DNA hypomethylation is closely associated with morphological dedifferentiation in thyroid
cancers. Four oncogenes (INSL4, DPPA2, TCL1B and NOTCH4) were frequently regulated by
hypomethylation in anaplastic and medulary carcinoma [226].

Hematopoietin, TNF, IL1, IL10, and IL17 families of cytokines had a significant tendency to be
hypomethylated in five cancer types (colon, kidney, stomach, lung, and breast) [227].

Hypomethylation and increased expression in cancer has been shown for R-RAS [228]. A
strong association of CDH3 promoter demethylation and P-cadherin expression evident with
histological grade and invasiveness in breast cancer was observed [229]. In Stage III and IV
gastric cancer cyclin D2 activation is associated with promoter demethylation, activation of
synuclein γ is associated with progression and metastatic potential in a range of solid tumors,
and maspin expression in colorectal cancer is associated with microsatellite unstable tumors
[230–232].

Hypomethylation and overexpression of some imprinted genes, including the IGF-IIand H19
genes, are implicated in carcinogenesis [233–235].

The putative oncogene, ELMO3, is overexpressed in non-small cell lung cancer in combination
with hypomethylation of its promoter and these cancer-specific events are associated with the
formation of metastases [236].

Aberrant hypomethylation and overexpression of WNT5A may be functionally important in
the progression of prostate cancer. Along with WNT5A, S100P, and CRIP1, which have been
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previously implicated in cancer progression, are also regulated at the transcriptional level in
prostate cancer by hypomethylation [237].

Evidence is accumulating for the biological significance and clinical relevance of DNA
hypomethylation in cancer and for cancer-linked demethylation, and those seem to be highly
dynamic processes.

5. MicroRNA genes

At present, a special consideration is given to small non-coding RNA molecules (microRNA)
to their functions and involvement in human diseases. There are an extensive number of
studies that link microRNA alterations to cancer pathogenesis. MicroRNA genes encode for a
single RNA strand of about 21 to 23 nucleotides, which regulate gene expression by specifically
targeting certain mRNAs in order to prevent them from coding for a specific protein. Some
microRNA genes are mapped in chromosomal regions that undergo rearrangements, dele‐
tions, and amplifications in cancer. A growing amount of data demonstrates that microRNA
genes display a different pattern of expression in various malignancies; they are found up-
regulated or down-regulated and therefore can function either as oncogenes activating the
malignant transformation (by down-regulating tumor-suppressor genes), or as tumor-
suppressor genes blocking the malignant transformation (by down-regulating oncogenes). In
numerous types of cancers, many different microRNA have been shown to act as oncogenes,
their expression profiling presenting specific signatures associated with malignant transfor‐
mation. Cancer-associated microRNA molecules are also called oncomir (oncomiR).

The first microRNA that has been proven to act as oncogene in human cancer was miR-17/92
polycistronic cluster known as OncomiR-1, which comprises six microRNAs: miR-17, miR-18a,
miR-19a, miR-20a, miR-19b-1, and miR-92a-1 [238]. The miR-17/92 cluster is located in the locus
of intron 3 of C13orf25 gene at 13q31.3, in a region frequently amplified in several types of
lymphomas and solid tumor. It has been shown that the locus is amplified and overexpressed
in human B cell lymphomas, malignant lymphoma cell lines and in lung cancers especially
with small-cell lung cancer histology [239, 240]. Insertional mutagenesis studies using
retroviruses indicates that miR-17/92 acts as an oncogene in T cell lymphomas; it was shown
that soon after SL3-3 murine leukemia virus infection, mice developed tumors if provirus
integrates into the proximity of the gene encoding miR-17/92 cistron [241]. Moreover, other
studies uncovered that C-MYC and E2F3 gene products may induce miR-17/92 polycistronic
expression through direct binding to the cluster promoter. Two microRNAs belonging to the
cluster, miR-17-5p and miR-20a negatively regulate E2F1 activity, which confirms that the
miR-17/92 can promote cell proliferation through the exchange of E2F1 to E2F3 pro-apoptotic
proliferative [242]. Thus, miR-17/92 represents an anti-apoptotic oncogene and miR-20a
inhibition using antisense oligonucleotides can induce apoptosis after treatment with doxor‐
ubicin [243].

Along with the miR-17/92 cluster from the miR-17 family, two other paralogue miRNA gene
clusters are produced, miR-106b/25 and miR-106a/363, which possess oncogenic potential and
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are known to be involved in wide types of cancers. The miR-106b/25 cluster is located in intron
13 of the minichromosome maintenance complex component 7 (MCM7) oncogene at 7q22.1
and it contains the following three miRNAs: miR-106b, miR-93, and miR-25. Recently, findings
sustain the oncogenic potential of this cluster and reports correlate miR-106b/25 member
expression levels with processes such as tumor growth, cell survival, and angiogenesis [244,
245]. The oncogenic potential of the miR-106b/25 cluster in malignant transformation is
achieved by targeting and down-regulation of several tumor-suppressor genes such as p21,
E2F1, and PTEN [246–248]. Furthermore, other recent work suggests that in breast cancer cells,
miR-106b/25 cluster overexpression leads to overcoming doxorubicin-induced senescence and
cells become drug resistant through a mechanism that involves targeting E-cadherin transcrip‐
tional activators EP300 [249]. The second cluster, miR-106a/363, is located on chromosome X
(Xq26.2) and comprises of six miRNAs: miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2, and
miR-363. A series of reports indicates an oncogenic potential for members of the cluster, for
example miR-106a and miR-92-2 were found overexpressed in colon and prostate cancer and
also in leukemia and Ewing Sarcoma [250–252].

Another important oncomir is represented by miR-155 found overexpressed in several
malignancies: chronic lymphocytic leukemia (CLL), B cell lymphoma, Hodgkin's lymphoma
or Burkitt's type, and breast cancer. Some reports have shown that clinical isolates from B cell
lymphomas, including those with large cells, contain a number of copies of miR-155, about 30
times higher than normal B cells [253–256]. Also, results suggest that the pancreatic ductal
adenocarcinomas overexpression of miR-155 determined decreased levels of TP53INP1
leading to apoptosis elusion and cell growth development [257].

A promising oncomir is also miR-21, one of the most common miRNA associated with human
cancers. MicroRNA-21 high expression has been found in a variety of cancers including breast
cancer, brain malignant tumors, glioblastomas, pancreatic, colorectal, liver, gastric, lung, skin,
thyroid, ovarian, esophagus, prostate, cervical, and different lymphatic and hematopoietic
cancers [250, 258–263]. Elevated miR-21 levels have been linked to cell proliferation, apoptosis
reduction, and cell migration in neoplastic transformation; it has been found that this oncomir
targets and down-regulates a number of tumor-suppressor genes including PTEN, PDCD4,
BCL2, RECK, JAG1, HNRPK, BTG2, TGFBRII, and thus sustaining cancer's invasion and
metastasis [264, 265]. Moreover, experiments using transfection of MCF-7 cell lines with anti-
miR-21 oligonucleotide conducted to cell growth suppression in vitro and tumor growth in
vivo had an increase of programmed cell death rate [266].

Altogether, these studies illustrate a major role for microRNA genes in cancer pathogenesis
(Table 2); many of them have oncogenic activity and could represent valuable biomarkers very
useful for cancer screening or assessment of the therapeutic effects of anti-cancer treatments.

MicroRNA Cancer type miRNA function Potential targets Reference

miR-21 Glioblastoma
Increase cell growth

Inhibit apoptosis
Promote cell cycle

HNRNPK|TP63 [267]
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MicroRNA Cancer type miRNA function Potential targets Reference

Breast

- RECK|TIMP3 [268]

Increase cell growth
Increase metastasis

PTEN [269, 270]

Promote cell growth
Promote cell migration
Promote tumor growth

ANKRD46 [271]

-
PDCD4
PTEN
BCL2

[272]

Promote cell invasion
Promote metastasis

TPM1
PDCD4

SERPINB5
[265]

Cervix

Increase cell Proliferation
Inhibit apoptosis

Increase cell migration
CCL20 [273]

Promote cell proliferation PDCD4 [274]

Prostate

Promote epithelial-
mesenchymal transition

BTG2 [275]

Induce tumor
angiogenesis

Activate AKT/ERK
signaling

[276]

Increase docetaxel
resistance

PDCD4 [277]

Promote cell proliferation
Promote tumor growth

[278]

Inhibit apoptosis
Promote cell motility
Promote cell invasion

MARCKS [279]

Blood
Promote cell migration

Reduce apoptosis
Promote cell growth

PDCD4 [280, 281]

miR-221 and 222

Prostate
Promote cell cycle G1/S

transition
Increase colony formation

CDKN1B [282]

Breast

Increase cell migration
Increase cell invasion

epithelial-mesenchymal
transition

TRPS1 [283]
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MicroRNA Cancer type miRNA function Potential targets Reference

Increase tamoxifen
resistance

CDKN1B [284]

Glioblastoma Increase cell invasion TIMP3 [285]

Promote cell proliferation
Promote cell invasion

inhibit apoptosis
GJA1 [286]

Thyroid
Promote cell transition to

cell cycle S phase
CDKN1B [287]

Lung
Induce TRAIL resistance
Increase cell migration

PTEN
TIMP3

[288]

miR-155

Blood

Increase cell proliferation
Increase clonogenity

Inhibit apoptosis
HDAC4 [289]

Promote PI3K-AKT
signaling

PIK3R1 [290]

Increase cell proliferation BCL2 [291]

Reduce cell cycle arrest SMAD5 [292]

Breast

Promote cell survival
Induce chemoresistance

Inhibit apoptosis
FOXO3 [293]

Promote cell proliferation
Promote tumor
development

SOCS1 [294]

miR-17/92
cluster

Blood

Increase cell growth
Increase cell cycle G1/S

transition
CDKN1A [295]

Increase cell proliferation
Increase imatinib -
induced cell death

[296]

Suppress apoptosis PTEN [297, 298]

Retinoblastoma Promote cell proliferation p21 and p57 [299]

Colon Promote angiogenesis
TSP-1
CTGF

[300]

Breast ERa [301]

Lung

Promote cell growth
Reduce reactive oxygen

species (ROS) generation
HIF-1a [302]
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MicroRNA Cancer type miRNA function Potential targets Reference

HIF-1a, PTEN,
BCL2L11, CDKNA and

TSP-1.
[303,304]

miR-106b-25
cluster

Breast

Activate TGF-beta
signaling

Induce epithelial
mesenchymal transition
Induce a tumor initiating

cell phenotype

SMAD7 [305]

Gastric E2F1 [306]

miR-191
Liver

Promote epithelial-
mesenchymal transition
Increase cell migration
Increase cell invasion

TIMP3 [307]

Promote cell proliferation
Inhibit apoptosis

Promote tumor growth
[308]

Gastric NDST1 [309]

(Source: OncomiRDB: http://bioinfo.au.tsinghua.edu.cn/member/jgu/oncomirdb/) [310].

Table 2. OncomiRs in human cancer

6. Concluding remarks

Oncogene activation by structural alteration (chromosomal rearrangement, gene fusion,
mutation, and gene amplification) or epigenetic modification (gene promoter hypomethyla‐
tion, microRNA expression pattern) confers an increased or a deregulated expression.
Therefore, cells with such alterations possess a growth advantage or an increased survival rate.
Given the fact that expression profiling of these alterations determines specific signatures
associated with tumor classification, diagnosis, staging, prognosis and response to treatment,
it highlights the importance of studying oncogenes activation mechanisms and the great
potential that they hold as therapeutic tools in the near future.
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Abstract

Multiple cell cycle regulatory proteins play an important role in oncogenesis. Cancer
cells may arise from dysregulation of various genes involved in the regulation of the
cell cycle. In addition, cyclin-dependent kinase inhibitors are regarded as key
regulators for cancer cell proliferation. Accordingly, permission of impaired cells by
cell cycle checkpoints suppresses carcinogenesis. P53, a multifunctional protein,
controls G1-S transition, which is the strongest tumor suppressor involved in the
regulation of cell cycle. The p53 is stimulated by cellular stress like oxidative stress.
Upon activation, p53 leads to cell cycle arrest and promotes DNA repair; otherwise,
it induces apoptosis. One of the target effectors of p53 is the phosphatase and tensin
homolog deleted on chromosome 10 (PTEN). The tumor suppressor PTEN is a dual-
specificity phosphatase which has protein phosphatase activity and lipid phosphatase
activity that antagonizes PI3K/AKT activity. The PI3K/AKT cell survival pathway is
shown as regulator of cell proliferation. The p53 cooperates with PTEN and might be
an essential barrier in development of cancers. BRCA1 plays an important role in DNA
repair processes related to maintenance of genomic integrity and control of cell
growth. The inactivation of these tumor suppressor proteins confers a growth
advantage of cancer. This chapter summarizes the function of several tumor suppres‐
sors in the cell cycle regulation.

Keywords: p53, PTEN, BRCA1, AKT, MDM2, p21WAF1, protein interaction, pro‐
tein expression, cell signaling, DNA repair, cell cycle regulation
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1. Introduction

Mechanisms of cell cycle are predominantly controlled by p53 tumor suppressor [1, 2]. The
p53 transcription factor can bring G1 arrest of the cell cycle by transactivating several down‐
stream molecules [3, 4], which regulates various signaling pathways involved in the cellular
response to genome stress and DNA damage. Through the stress-induced activation, p53
triggers the expression of target genes that protect the genetic reliability of cells [5]. Germinal
mutations of the p53 gene constitute an etiological base of Li-Fraumeni syndrome, which is a
sporadic heterogeneous autosomal dominant inherited oncogenic disorder [6]. BRCA1, a
famous breast cancer tumor suppressor, is associated with breast and ovarian cancer risk and
genetic susceptibility [7]. Studies have shown that p53 as well as BRCA1 plays a key role in
DNA damage responses [8]. In addition, BRCA1 could work together with phosphatase and
tensin homolog deleted in chromosome 10 (PTEN), which is also a tumor suppressor gene that
is deleted or mutated in a range of human cancers [7, 9], and may be a critical protection in
development of several tumors [7, 9]. Actually, PI3K/AKT pathway is constitutively active in
BRCA1 defective human cancer cells [10]. Both PTEN and BRCA1 genes are documented as
one of the most frequently deleted and/or mutated in various human cancers. Loss or decrease
of these PTEN or BRCA1 activities, by either mutation or reduced expression, seems to have
a critical role in various cancer developments. PTEN prevents the activation of PI3K/AKT
pathway by dephosphorylating the membrane phospholipid PIP3 [11]. Loss of PTEN results
in increased AKT recruitment to the plasma membrane and stimulates the signaling pathway.
Mutations in PTEN genome are the cause of distinctive hamartoma syndromes (PTEN-related
Proteus syndrome, Cowden syndrome, Proteus-like syndrome, Bannayan-Riley-Ruvalcaba
syndrome) with higher risk for a development of several tumors [12]. Furthermore, BRCA1
and PTEN have been shown to be involved in a complex linkage on the interaction with the
p53 as presented in Figure 1. Although they are functionally distinct, mutual cooperation has
been proposed. These tumor suppressors regulate diverse cellular activities including DNA
damage repair, cell cycle arrest, cell differentiation, cell proliferation, cell migration, and cell
apoptosis [13]. Importantly, mutations in all of these genes have been associated with increased
risk of developing cancers. This review summarizes the function of the tumor suppressors in
DNA repair and cell cycle regulation. We will also discuss the role of cellular signaling through
protein interaction pathways for the potential implications in the fundamental DNA repair
and cell cycle regulation.

2. Characteristics of p53, PTEN, and BRCA1

The p53 gene encodes a nuclear 393-amino-acid protein which is a transcription factor (Figure
2). The p53 tumor suppressor plays an essential role in regulating cellular processes including
cell cycle arrest, apoptosis, cell metabolism, and cell senescence. Inactivation of p53 gene is
related to the development of most types of cancers [14], suggesting that p53 also plays a critical
role in preventing normal cells to becoming cancer cells. In addition, importance of p53 as an
inherited cancer susceptibility gene has been revealed in the Li-Fraumeni syndrome [15].
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Multiple mechanisms have been shown to accomplish the regulation of p53 activity, which
controls the selectivity of p53 for specific transcriptional targets [16]. Discharge of p53 from
normal repression by binding with molecules such as MdmX or Mdm2 may be a crucial step
in the activation of p53 [17, 18]. Functional activation of p53 links with its higher DNA-binding
ability, transcriptional activation, then increased expression of the target genes of p53, which
are all related to cell cycle regulation and/or cellular apoptosis.

PTEN tumor suppressor gene is also frequently deleted and mutated in several human cancers
[19]. The gene product is a 53-kDa protein with homology to tensin and protein tyrosine
phosphatases. Human genomic locus of the PTEN consists of 9 exons on chromosome 10q23.3
encoding a 5.5-kb mRNA that postulates a 403-amino-acid open reading frame [20]. Schematic
construction of the predicted PTEN protein is presented in Figure 2. The PTEN protein consists
of amino-terminal phosphatase, carboxyl-terminal C2, and PDZ (PSD-95, DLG1, and ZO-1)
binding domains [21]. The structure offers PTEN with its preference for acidic phospholipid
substrates including phosphatidylinositol 3,4,5-triphosphate (PIP3), as the PTEN CX5R(S/T)
motif resides within an active site that surrounds the catalytic core with three basic residues,
which are critical for PTEN lipid phosphatase activity [22]. PTEN negatively regulates the
activity of PI3K/AKT signaling through converting PIP3 into phosphatidylinositol 4,5-
bisphosphate (PIP2) [23]. PIP3 is the principal second messenger of the PI3K pathway that

Figure 1. Schematic illustration of the integrative signaling model of tumor suppressors including p53, PTEN, and
BRCA1 is shown. Typical examples of molecules known to act on the cell proliferation, DNA damage response, and
cell cycle regulation via the regulatory pathway are shown. Note that some critical pathways have been omitted for
clarity.
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mediates receptor tyrosine kinase (RTK) signaling to the cell survival kinase AKT. In general,
growth factors stimulate RTKs, then activate PI3K and AKT. Upon activation, the inositol ring
phosphorylated by PI3K serves to fix AKT to the plasma membrane, where it is sequentially
phosphorylated and completely activated by 3-phosphoinositide-dependent kinases PDK1
and PDK2 [24]. Subsequently, activated AKT phosphorylates target proteins involved in cell
survival, cell cycling, proliferation, and cell migration [25]. PTEN may act as a regulator of
keeping basal levels of PIP3 under a threshold for those signaling activation. Overexpression
of PTEN inhibits cell growth by supporting cell cycle arrest, which requires the lipid phos‐
phatase activity of PTEN [26], which correlates with reduced levels and nuclear localization
of cyclin-D1 [27], an important molecule of cell cycle regulated by PTEN and AKT. In addition,
PTEN induces the cell cycle arrest by upregulating the cell cycle inhibitor p27KIP1 [28].
However, studies have shown many tumor suppressive activities for PTEN that are working
within the nucleus, where catalysis of PIP3 does not appear to characterize a main function of
the enzyme. The nuclear PTEN activities may include the regulation of genomic stability and
several gene expression, indeed despite that the central role of PTEN is as a negative regulator
of the PI3K pathway. PTEN activity can be regulated by posttranslational regulation including
phosphorylation, oxidation, and acetylation [29, 30].

BRCA1 cDNA encodes for 1863-amino-acid protein with two nuclear localization signals (NLS)
and an amino terminal conserved RING finger motif which is the shared motif present in E3
ubiquitin ligases [31] (Figure 2). The RING finger domain interacts with E2 ubiquitin ligases
and applies E3 ligase activity [32]. Knock-in mice with deficient BRCA1 activity exhibit diverse
genomic instability and tumor-forming phenotypes [33]. Exon 11 encodes an unstructured
region of the BRCA1 protein that is phosphorylated by the ATM and Chk2 kinases in a DNA-
damage-dependent manner [34, 35], and the specific function of BRCA1 may be regulated by

Figure 2. Schematic structures of p53, PTEN, and BRCA1 proteins are shown. The predicted consensual domain struc‐
tures for each protein are depicted. The functionally key sites including the sites of protein phosphorylation are shown.
Note that the sizes of protein are modified for clarity. Activation = transactivation domain; PxxP = proline-rich region;
RING = (Really Interesting New Gene) finger domain, NLS = Nuclear Localization Signal, BRCT = BRCA1 C Terminus;
C2 domain = a protein structural domain involved in targeting proteins to cell membranes; PDZ = a common structural
domain in signaling proteins (PSD95, Dlg, ZO-1, etc.)
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Figure 2. Schematic structures of p53, PTEN, and BRCA1 proteins are shown. The predicted consensual domain struc‐
tures for each protein are depicted. The functionally key sites including the sites of protein phosphorylation are shown.
Note that the sizes of protein are modified for clarity. Activation = transactivation domain; PxxP = proline-rich region;
RING = (Really Interesting New Gene) finger domain, NLS = Nuclear Localization Signal, BRCT = BRCA1 C Terminus;
C2 domain = a protein structural domain involved in targeting proteins to cell membranes; PDZ = a common structural
domain in signaling proteins (PSD95, Dlg, ZO-1, etc.)
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phosphorylation. BRCA1 becomes more phosphorylated after exposure to the DNA-damaging
agents [36]. The carboxyl-terminal domain of BRCA1 is involved in association with specific
phosphorylated proteins [37]. Because BRCA1 plays a crucial role in maintaining genome
stability, the mutation of BRCA1 is associated with increased genomic instability in cells, which
consequently accelerates the mutation rate of the other critical genes. Inherited BRCA1
germline mutation is revealed as a genetic susceptibility leading to high risk of breast and
ovarian cancers [38]. Although BRCA1 gene mutations are rare in breast and/or ovarian
cancers, BRCA1 protein expression is often decreased in sporadic cancer specimens. Princi‐
pally, the role of BRCA1 in cell cycle control has been understood by its ability to interact with
various cyclin proteins and various cyclin-dependent kinases [39, 40].

3. Relationship among PTEN, p53, BRCA1, and MDM2

The PTEN and p53 complex augments the p53-DNA binding and the transcriptional action
[41], which may upregulate the expression of PTEN itself and p21WAF1, which is a key
molecule involved in cell cycle arrest [42]. Indeed, a superior function of p53 is to work as a
transcription factor by attaching to the definite DNA consensus sequence on the p53 responsive
genes. Consequently, p53 indirectly inhibits production of PIP3 by inducing the expression of
this PTEN. In addition, PTEN associates with p53 and regulates the transcriptional activity of
p53 by modulating its DNA binding. PTEN is also required for the maintenance of p53
acetylation [43], which is essential for target gene transcription. An adjacent function of PTEN
as a tumor suppressor is accomplished through the stabilization of the p53 protein. PTEN and
p53 form a complex in the nucleus under hypoxic conditions [44]. Nuclear PTEN is sufficient
to reduce cancer progression in a p53-dependent manner [45]. In addition, the nuclear PTEN
seems to mediate DNA damage repair through modulating the activity of DNA repair
molecules. The PI3K-dependent activation of AKT indirectly leads to the inhibition of p53
functions by activating another tumor suppressor MDM2 [46]. Activation of AKT has the
potential of reducing the p53-mediated cell cycle checkpoints through phosphorylation and
appropriation of p21WAF1 [47]. By the way, several PI3K inhibitors favorably reduce prolif‐
eration of BRCA1-defective breast cancer cells. For example, BEZ235 inhibits not only PI3K/
mTOR but also ATM/ATR [48, 49]. It is possible that ATM pathways are involved in upregu‐
lation of the PI3K/AKT pathway in BRCA1-defective cancer cells. In contrast, BRCA1 may
regulate the PI3K/AKT pathway by acting on upstream kinases of AKT. Overexpression of
wild-type BRCA1 could further reduce basal phosphorylation of AKT levels in MCF7 cells [10,
50]. In addition, reduced levels of PTEN are associated with radio-resistance which can be
suppressed by the ectopic PTEN expression [51, 52].

MDM2 controls carcinogenesis, whose mRNA level is also transcriptionally regulated by p53
in response to DNA damage [53]. MDM2 protein and subcellular localization are post-
translationally modulated by AKT [53]. Besides inhibiting the PI3K/AKT signaling, PTEN also
promotes translocation of the MDM2 into the nucleus. Furthermore, PTEN modulates MDM2
transcription by negatively regulating its promoter [41]. PTEN controls MDM2 promoter
activity through its lipid phosphatase activity, independent of the p53 activity [53]. In PTEN-
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null cells, MDM2 promoter activity is upregulated, resulting in increased MDM2 expression
[53]. MDM2 also regulates the activity of p53 protein by transferring the nuclear p53 protein
into the cytoplasm and by promoting the degradation of the p53 protein [54]. PTEN upregu‐
lates the p53 level as well as its activity by downregulating MDM2 transcription [55]. However,
in the absence of p53, PTEN may have a role in inhibiting MDM2-mediated carcinogenesis
through regulation of MDM2 transcription. The p53 and MDM2 complex transports from the
nucleus into the cytoplasm, where MDM2 serves as an E3 ubiquitin ligase [56]. Therefore, p53
and MDM2 form a regulatory feedback loop in which p53 positively regulates MDM2 activity.
Inactivation of either gene should result in lower protein levels of the other gene. The ability
of PTEN to inhibit the nuclear entry of MDM2 increases the cellular content. The BRCA1
carboxyl-terminal region can also stimulate transcription of the p53-responsive promoter of
MDM2 [57]. BRCA1 has been shown to affect the gene transcription, but how it does so remains
elusive. Essentially, the most important molecule for the DNA damage recognition may be
ATM, which is a key checkpoint kinase that phosphorylates various proteins including BRCA1
and/or p53 in response to the DNA damage [58]. BRCA1 activates the CDK inhibitor p21WAF1
and the p53 tumor suppressor protein, which regulates several genes that control the cell cycle
checkpoints [59, 60]. Inhibition of this important DNA repair pathway seems to block the
mechanisms that are required for normal cell survival in the presence of oncogenic mutations
due to DNA damage.

4. Involvement of the p53-PTEN-MDM2-BRCA1 loop in cell cycle
regulation

The levels of p53 could vary and is positively related to the amount of DNA damage [61]. Low
levels of p53 may induce cell cycle arrest, whereas high levels of p53 may induce apoptosis.
On the other hand, growth factor-activated AKT signaling supports progression of cell cycle
by acting on several factors involved in the G1/S or G2/M cell cycle transitions. Because the
ability of p53 to induce cell cycle arrest and/or cell apoptosis can be provoked by cell survival
signals including the AKT pathway, the cell growth signal circuitously leads to the inhibition
of p53 by triggering its negative regulators [62]. The p53 protein also regulates BRCA1
transcription both in vitro and in vivo, and BRCA1 participates in p53 accumulation after
irradiation through regulation of its phosphorylation and MDM2 expression [63]. MDM2 can
act as a modifier of BRCA1 mutant and may accelerate breast and ovarian carcinogenesis [64].
In addition, p53 and PTEN are known to interact and to regulate each other at the transcription
as well as protein level, which could be at the important control machinery for switching
between survival and death. Given the ability of PTEN to stabilize p53 protein through
provoking the AKT-MDM2 complex or by increasing p53 acetylation, the decreased p53
activity in PTEN-lacking tumor cells could be plausible. PTEN and BRCA1 may be regulated
and interact with each other at multiple levels including transcription, protein modulation,
and protein stability. Therefore, the p53-PTEN-MDM2-BRCA1 loop in cell cycle regulation
now becomes dominant (Figure 3). These cross talks are frequently a combination of recipro‐
cally antagonistic pathways, which may often serve as an additional regulatory effect on the
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expression of key genes involved in cell cycle and carcinogenesis. Interestingly, genistein,
which is a soy isoflavone, brings regulation between PTEN and p53 to support cell cycle arrest
[65]. Genistein induces PTEN expression and nuclear accumulation, which elicits a sequence
of PTEN-dependent nuclear p53 accumulation and recruitment of the PTEN/p53 complex to
the p53 binding sites [65], then attenuates expression of cell proliferative genes [65]. In addition,
genistein inhibits cell proliferation and induces cell apoptosis more proficiently in BRCA1-
mutant cells than in cells expressing wild-type BRCA1 protein [66]. BRCA1-mutant breast
cancer cells are highly sensitive to genistein treatment, and AKT could be genistein targets in
these cells [66]. Accordingly, genetic variants in the molecules of p53, PTEN, BRCA1, and
MDM2 may play roles in tumor suppressor network mediating a susceptibility to cancer.
Remarkably, it has also been presented that zinc deficiency modulates the p53-PTEN-BRCA1-
MDM2 signaling network in normal cells [67].

Figure 3. Suggestion of various regulatory loops involving the p53-PTEN-MDM2-BRCA1 network on cell cycle regula‐
tion. Interactions are shown as arrows to mean activation, while hammerheads, to mean inhibition. Expression of these
tumor suppressor genes is regulated by genetic, epigenetic, and transcriptional changes, which may result in the DNA
repair and cell cycle regulation in a cell. Downregulation of the function can contribute to genomic instability, which
promotes malignant transformation of cells. Note that some critical pathways have been omitted for clarity.

5. Perspective

In unstressed cells, p53 may be regularly kept at low levels by its negative regulator MDM2.
This feedback loop among the p53-PTEN-MDM2-BRCA1 may function for the accurate
regulation of the DNA repair and cell cycle (Figure 3). When stressed, the tumor suppressor
p53 predominantly induces cell cycle arrest or apoptosis in the response to DNA damage.
Indeed, the regulation is crucial for the effective design of novel cancer therapeutics. Further
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mechanistic studies are needed in order to understand the exact molecular mechanisms for
the effective treatment of cancers with the functional alterations in the cellular signaling loop.
Targets within this pathway could provide strategies therapeutically valuable for several
cancer treatments. It is important to investigate the linkage among the molecules, and
elucidation of interaction-specific functions may provide insight into regulatory aspects of
these tumor suppressors as well as opportunities for therapeutic intervention. Such molecular
interactions may sustain the biological plausibility that the combination of variants of the p53-
PTEN-MDM2-BRCA1 network could result in more comprehensive. Genetic analysis for
germline mutations in these key genes allows for the identification of characters at increased
risk of cancers. However, they may be regulated and interact with each other at multiple levels
including transcription, protein modulation, and protein stability. Obviously, understanding
the regulation is crucial for the effective design of novel cancer prevention and therapeutics.
Further studies are needed to understand molecular mechanisms in more detail.

6. Abbreviations

ATM: ataxia telangiectasia-mutated

BRCA1: breast cancer susceptibility gene 1

HDM2: human homolog of MDM2

LOH: Loss of heterozygosity

MDM2: murine double minute 2

NEDL1: NEDD4-like ubiquitin protein ligase-1

NF-κB: nuclear factor kappaB

NLS: Nuclear Localization Signal

mTOR: mammalian target of rapamycin

PDZ: PSD-95, DLG1, and ZO-1

PEST: proline, glutamic acid, serine and threonine

PTEN: phosphatase and tensin homolog deleted on chromosome 10

PIP2: phosphatidylinositol 4,5- bisphosphate

PIP3: phosphatidylinositol 3,4,5-triphosphate

PI3K: phosphoinositide-3 kinase

RING: really interesting new gene finger domain

RTK: receptor tyrosine kinase

ROS: reactive oxidative species
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Abstract

Head and neck cancer (HNC) is one of the most prevalent human malignancies, af‐
fecting different anatomic sites of the upper aerodigestive tract (UADT) such as the
oral cavity, larynx, and naso-, oro-, and hypopharynx. HNC develops through the ac‐
cumulation of multiple genetic and epigenetic alterations in a multistep process. In
this issue, the aim is to describe epigenetic mechanisms behind HNC. The main mech‐
anisms evaluated are DNA methylation, posttranslational histone modification, and
noncoding RNAs.

Keywords: Methylation, Histone modification, microRNA, Long non-coding RNAs

1. Introduction

Genetic information flow (transcription, translation, and subsequent protein modification) in
a normal cell represents the machine of cell gene expression.[1] Each cell has the same
information, but its expression change between different types of cells. The control of gene
expression is therefore at the heart of differentiation and development.[1]

In addition to inheriting genetic information, cells inherit chemical modifications that are not
encoded in the nucleotide sequence of DNA, and this modification impacts the program of
gene expression. This type of modification has been termed epigenetic information.[1]

Epigenetic refers specifically to the study of mitotically and meiotically heritable changes in
the control of gene expression that occur without changes in the nucleotide sequence of genome
and chromatin.[2]

In both genetic and epigenetic heritage, mitosis distributes genetic information or the chemical
modification through the ontogeny. Meiosis distributes genetic information or chemical
modification through the formation of gametes. This means that sperm and egg carry genetic
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and epigenetic information. When the embryo is formed, this information is distributed
through the all the cells by mitosis (Figure 1). When it comes to population level, natural
selection determines which genetically and epigenetically inherited information is present.

Figure 1. Genetic and epigenetic information in gametes and a new embryo.

Gene regulation and genome function are intimately related to the physical organization of
genomic DNA and, in particular, to the way it is packaged into chromatin.[3] There are many
chemical modifications affecting DNA, RNA, and proteins that create different epigenetic
process.[4] These modifications are related to DNA methylation, histone modifications,
chromatin remodeling factors (associated with nucleosome positioning), and noncoding
RNAs.[4] The changes will influence the chromatin states and impact gene expression patterns
(Figure 2).[5] Epigenetic alterations are associated with chromosomal instability and changes
in transcriptional control, which influence the overall gene expression differences seen in many
human malignancies.[5]

The carcinogenesis of head and neck cancer (HNC) is a human malignancy influenced by
genetic factors, age, geography, and lifestyles, among which include smoking, oral hygiene,
and human papillomavirus.[6, 7] In general, different types of carcinogens attack the oral
mucosa through the accumulation of multiple genetic and epigenetic alterations in a multistep
process.[8] The clinical appearance of HNC preoncogenic lesion of the mucosal surfaces
include leukoplakia, erythroplakia, or speckled leukoplakia reflecting the presence of white,
red, or mixed white/red lesion, respectively.[9]

HNC is one of the most prevalent human malignancies, affecting different anatomic sites of
the upper aerodigestive tract (UADT) such as the oral cavity, larynx, and naso-, oro-, and
hypopharynx.[10] The most common histologic type among the head and neck tumors are the
squamous cell carcinomas (head and neck squamous cell carcinomas [HNSCCs]).[7]
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It was reported that 42,440 new cases of HNSCCs were diagnosed in the United States in 2014,
and 8,390 deaths were due to this disease.[11] The mortality rate (from 2003 to 2007) was of 2.5
per 100,000 persons per year. U.S. incidence and mortality rates are about 2.5 and 2.8 in men
and women, respectively.[12]

Generally, the highest HNSCC rates are found in Melanesia, South-Central Asia, and Central
and Eastern Europe and the lowest in Africa, Central America, and Eastern Asia for both males
and females.[13]

The incidence rates for HNSCC related to HPV infections, such as oropharynx, tonsil, and
tongue base, are increasing in young adults in the United States and in some countries in
Europe, which is hypothesized to be in part due to changes in oral sexual behavior.[14]

In this issue, the aim is to describe epigenetic mechanisms behind HNSCC. The main mecha‐
nisms evaluated are DNA methylation, posttranslational histone modification, and noncoding
RNAs

2. Epigenetic mechanisms

2.1. DNA methylation

DNA methylation is a chemical marking system for annotating genetic information by causing
gene repression through its ability to affect factor binding and chromatin structure.[14] This
system has gene expression patterns that are regulated in a spatial and time-dependent
manner.[5] Heritable information is carried by chemical modifications of both DNA and
chromatin-associated proteins and modulates chromatin structure and DNA accessibility.[5]

Figure 2. Genetic and epigenetic information.
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DNA methylation refers to the methylation of DNA cytosine residues at the carbon 5 position.
[15, 16] DNA methyltransferases (DNMTs) catalyze the transfer of a methyl group to position
5 of a cytosine, generating 5-methylcytosine (5mC).[17] This chemical modification affects gene
expression when CpG-rich areas are present inside promoter regions (figure 3).[16, 18] This is
accomplished by the activities of one or more DNA methyltransferases (DNMTs), which use
S-adenosylmethionine (AdoMet) as a cofactor.[19]

Figure 3. DNA methylation.

About 60% of human gene promoters are associated with CpG islands and are usually
unmethylated in normal cells, although some of them (~6%) become methylated in a tissue-
specific manner during early development or in differentiated tissues.[20]

Recent findings also suggest that extensive DNA methylation changes caused by differentia‐
tion take place at CpG island “shores,” regions of comparatively low CpG density close to CpG
islands.[2]

A relationship between DNA methylation and cancer has been found, given that DNA
methyltransferases can be genetically altered in malignancies, that is, occur with DNMT3A20
and DNMT3B.[21] Aberrant DNA methylation is an epigenetic mechanism that contributes to
the development of a wide variety of human cancers, either in the form of promoter-specific
hypermethylation or genome-wide hypomethylation.[22] Hypermethylation in gene promot‐
er regions is usually associated with expression suppression[23] and is the most common
alterations in human cancers, leading to the abnormal expression of a broad spectrum of genes.
[22] On the other hand, hypomethylation occurs in a large percentage in repetitive DNA
elements.[24]

2.2. Posttranslational covalent histone modifications

Chromatin is the state in which DNA is packaged within the cell.[25] The chromatin architec‐
ture can be remodeled by a network of protein mediators called histones that play an important
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role in gene regulation by compacting DNA.[26] The nucleosome is the fundamental unit of
chromatin, and it is composed of an octamer of histones (H2A, H2B, H3, and H4) around which
147 base pairs of DNA are wrapped.[25] Dynamic variations in the organization of chromatin
structure are mediated by histone acetylation and deacetylation (figure 4).[25]

Figure 4. Posttranslational covalent histone modifications.

Acetylation neutralizes the positive charge of lysine residues, weakening charge-dependent
interactions between histone and nucleosomal DNA, linker DNA, or adjacent histones, thus
increasing the accessibility of DNA to the transcription machinery. Histone lysine acetylation
also functions in other cellular processes that require DNA access.[27]

The posttranslational modification of histones by methylation is an important and widespread
type of chromatin modification that is known to influence biological processes in the context
of development and cellular responses.[28] Other modifications can be performed through
lysine ubiquitination, serine phosphorylation, sumoylation, and methylation of lysines and
arginines.[29]

Sumoylation is a process in which proteins are functionally or structurally similar to ubiquitin
and are termed ubiquitin-like proteins (UBLs). UBLs include SUMO, NEDD8, ISG15, and
FAT10.[30]

Histone acetyltransferases (HAT) catalyze the transfer of an acetyl group from acetyl-CoA to
ε-amino group of a histone lysine residue.[31] The action of histone deacetylases (HDAC) is
different because the effect is on the lysine residues. The first process involves chromatin
decondensation, and the second process involves chromatin compaction. Either one or the
other affects the gene transcription due to conformation changes in the chromatin.[31]

2.3. Noncoding RNAs

The noncoding RNAs are another level of epigenetic control for their capacity to establish other
epigenetic marks and control gene expression.[4] Noncoding RNA (ncRNA) is a type of RNA
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that does not code for protein but has enzymatic, structural, or regulatory function.[32]
ncRNAs can be classed as either small or long ncRNA, based on their transcript length.[33, 34]

2.4. MicroRNAs

MicroRNAs (miRNAs) are a set of non-protein-coding RNAs that bind to partially comple‐
mentary sites in the 3’-untranslated regions of their messenger RNA targets.[35] MicroRNAs
are the 21–23 nucleotide single-stranded RNA molecules found in eukaryotic cells.[36] The
miRNAs interfere with messenger RNA translation or cause messenger RNA degradation,
thereby repressing gene expression posttranscriptionally (Figure 5).[37] This is possible
through imperfect base pairing with the 3’-untranslated region (3’-UTR) of target mRNAs of
protein-coding genes, leading to the cleavage of homologous mRNA or translational inhibi‐
tion.[38]

Figure 5. RNA degradation by miRNA.

miRNAs are transcribed for the most part by RNA polymerase II as long primary transcripts
characterized by hairpin structures (pri-miRNA) and are processed in the nucleus by RNase
III Drosha into 70–100 nucleotide long precursor miRNAs (pre-miRNAs).[39]

MicroRNAs are partial complementarity between their target transcripts. A single microRNA
is capable of simultaneously regulating up to hundreds of genes, giving rise to an enormous
modulatory potential.[40]

MicroRNAs are involved in a variety of cellular processes, including the regulation of cellular
differentiation, proliferation, and apoptosis, and an aberrant expression of miRNA is known
to induce various human malignancies.[41] New evidence suggests that miRNAs can act as
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oncogenes or tumor suppressors, exerting a key function in tumorigenesis.[42] Recently, a new
function mediating tumor metastasis in breast cancer has been assigned to miRNAs, by which
this malignant step is promoted or suppressed.[42]

2.5. Long noncoding RNAs

Long noncoding RNAs (lncRNAs) are generated by the same transcriptional machinery as are
other mRNAs. These lncRNAs have a 5′ terminal methylguanosine cap and are often spliced
and polyadenylated.[45] lncRNAs have length greater than 200 nucleotides without protein-
coding potential but with a wide range of structural and functional roles.[34] Some of this
process can include the chromatin remodeling and transcriptional control assemblies.[31] They
are generally transcriptionally activated or repressed by associated transcription factors and
function as molecular mediators of gene expression.[43] When the lncRNAs act as molecular
scaffolds, they can guide the chromatin-modifying complexes to bind into specific genomic
loci. This way, they impart a repressive or activating effect on gene expression (Figure 6).[43]

Figure 6. Long noncoding RNA.

According to their association with mRNA, the LncRNAs can be divided in different catego‐
ries[44]: this can overlap with coding regions of a transcript on the same strand and with coding
regions of a transcript on the opposite strand. This can be intronic lncRNAs from other
transcript and can be intergenic lncRNAs between two genes on the same strand.[45]

The functions of the RNA in regulation of gene expression can be summarizing at transcrip‐
tional levels, RNA processing, and translation. Furthermore, they can protect genomes from
foreign nucleic acids. At chromatin level, they can modulate the genome rearrangement.
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Finally, the ncRNAs can operate as RNA–protein complexes, including ribosomes, snRNPs,
snoRNPs, telomerase, microRNAs, and long ncRNAs.[46]

Long noncoding RNAs have also been shown to be necessary for targeting histone-modifying
activities. Histone methylation is the end result of the transcription of long noncoding RNAs
and the subsequent nucleation and targeting of histone modifying completes.[27]

The aberrant expression of lncRNAs has been associated with human cancers, suggesting a
critical role in tumorigenesis.[47, 48] It has been demonstrated that a novel lncRNA, HOTAIR,
was up-regulated and promoted cancer metastasis and predicted poor prognosis in ESCC.[34]
Additionally, the association of dysregulated lncRNAs with specific developmental stages and
clinical outcomes indicates their potential as strong diagnostic and prognostic predictors as
well as therapeutic targets.[49]

3. Epigenetic changes in head and neck cancer

3.1. DNA methylation in head and neck cancer

The DNA methylation events in HNSCC include genes involved in cell cycle regulation,
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Major classes Member Function

Cell cycle regulation p16INK4A A tumor suppressor gene regulating senescence and cell cycle
progression

p15 Cyclin-dependent kinase inhibitor

TP53 A tumor suppressor gene regulating cell cycle progression and cell
survival

PTEN A tumor suppressor gene regulating signaling pathways controlling cell
proliferation and apoptosis

Rb A proto-oncogene regulating cell cycle progression

Cyclin D1 Controls cell cycle and self-renewal of tissue stem cells

Bmi-1 Transmembrane TK that acts as a central transducer of multiple signaling
pathways

CHFR Early G2/M checkpoint

Signal transduction EGFR A transmembrane TK that acts as a central transducer of multiple
signaling pathways

VEGF A transmembrane TK that promotes proliferation, migration, and
survival of endothelial cells during tumor growth

PIK3CA A gene encoding the p110a subunit of phosphoinositide 3-kinase (PI3K) α

Secreted protein FGF-BP Fibroblast growth factors binding protein

FAP Protein secreted by cancer-associated stroma

Transmembrane
protein

TMEM16
(ORAOV2)

Calcium-activated chloride channel

ORAOV1 A regulator of cell growth and tumor angiogenesis

NFκB Proinflammatory transcription factor

Cox-2 Catalyzes prostaglandin synthesis from arachidonic acid

Metal ion homeostasis,
oxidative stress

MT Low molecular weight proteins involved in heavy metal detoxification,
essential metal ion homeostasis, and cell protection against free radicals

Oncoviruses EBV A causative agent for most nasopharyngeal carcinomas, plasma EBV
DNA load is an independent prognostic factor

HPV A causative agent for most oropharyngeal cancers

DNA damage repair MGMT DNA repair for alkylated guanine

hMLH1//hMS DNA mismatch repair

H2
ATM

DNA double-strand breaks
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Major classes Member Function

Apoptosis DAPK p53-dependent apoptosis

RASSF1A RAS pathway regulation and tumor suppression

RARβ Regulatory protein and apoptosis

p14 Proapoptosis

Wnt signaling APC Wnt signaling and adhesion

RUNX3 Wnt signaling inhibitor, TGF-β-induced tumor sup pression

WIF1 Secreted Wnt antagonist

E-cad Cell adhesion, forming adherens junctions

DCC Cell–cell adhesion

Signal transduction SFRP1 Antagonists of the Wnt pathway

EDNRB Endothelin receptor type B

RUNX3 Wnt pathway antagonist

Tumor suppression HIN1 Inhibitor Ras pathway

DAPK1 Proapoptosis

DCC Proapoptosis

RASSF1A/RASSF2 Negative RAS effector, proapoptotic, microtubule stabilization

Others KIF1A Cell division and microtubule-dependent intracellular organelle
transport

Table 1. Genes and DNA methylation in HNSCC. Modified from Magić et al.,[13] Polanska et al.,[50] and Kaabi et al.
[51]

The primary risk factors for the development of HNSCC include tobacco use, alcohol con‐
sumption, human papillomavirus (HPV) infections (mainly for oropharyngeal cancers), and
Epstein–Barr virus (EBV) infections (for nasopharyngeal cancer).[52]

In promoter methylation, the p16 and p15 genes are commonly observed in human epithelial
malignancies, including HNSCC. Histologically normal surgical margin epithelium of HNSCC
patients with chronic smoking and drinking habits has a significantly higher prevalence of p15
methylation compared with nonsmokers and nondrinkers.[53]

Between genes that have been associated with hypermethylation, the p16 and the p14 genes
undergo inactivation due to promoter hypermethylation.[13] Encoded by the CDKN2A gene,
p16 inhibits cyclin-dependent kinases 4 and 6, thus blocking the promotion of cells from the
G1 to the S phase of the cell cycle.[54] CDKN2A (p16) inactivation is common in lung cancer
and occurs via homozygous deletions, methylation of promoter region, or point mutations.[55]
CDKN2A (p16) disruption is reported as a frequent event in head and neck squamous cell
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carcinomas that confers poor prognosis.[56] Other genes as DAP-K, RASSF1A, RARß2, and
MGMT have been reported as genes under hypermethylation promotor but with functions in
DNA repair. These genes removed mutagenic (O6-guanine) adducts from DNA.[57]

DAPK and RASSF1A genes have shown methylation in HNSCC.[58] The methylation of p16
could be an initial process that might address abnormalities or deregulation of cell cycle
controls.[59]

The ataxia-telangiectasia-mutated (ATM) gene produces a protein kinase that functions as a
tumor suppressor by triggering appropriate cellular response to genome damage resulting
from ionizing radiation or chemical carcinogen exposure.[60] It is currently unknown whether
ATM is lost in HNSCCs displaying the deletion in the 11q22–23 locus.[61]

Aggressive HNSCC has been linked to expression loss of E-cadherin (ECAD) protein.[51] The
protein ECAD can be inactivated by promoter hypermethylation.[62] In patients with HNSCC
who are low smokers, the hypermethylation of CDH1 occurs more commonly, suggesting that
an additional factor may be driving this epigenetic alteration.[62]

Cyclooxygenase-2 (Cox-2) is presumed to contribute to cancer progression through its
multifaceted function, and recently its inverse relationship with E-cadherin was suggested.
Increased expression of Cox-2 has been found in a variety of human malignancies, including
HNSCC. [63]

The death-associated protein kinase (DAPk) family contains three closely related serine/
threonine kinases, namely, DAPk, ZIPk, and DRP-1, which display a high degree of homology
in their catalytic domains.[64] The methylation profile of DAPK in HNSCC (including oral
squamous cell carcinoma) is a promising biomarker for the follow-up and early detection of
head and neck cancer recurrence.[65]

The Ras association domain family protein 1A (RASSF1A) is arguably one of the most
frequently inactivated tumor suppressors in human cancer. RASSF1A modulates apoptosis
via the Hippo and Bax pathways but also modulates the cell cycle.[66] The epigenetic inacti‐
vation of RASSF1A plays an important role in the development of cancer.[67]

TP53, once activated, leads to apoptosis and growth arrest (either cell cycle arrest or senes‐
cence). It is clear that TP53 mutation is common in HNSCC.[68] The p53 transcription factor
stands out as a key tumor suppressor and a master regulator of various signaling pathways
involved in this process.[69] Tobacco smoke is the best known and studied mutagen involved
in lung carcinogenesis, and TP53 mutational patterns differ between smokers and nonsmokers,
with an excess of G to T transversions in smoking-associated cancer.[69]

The Cancer Genome Atlas has informed about smoking-related HNSCCs and its relations
with the universal loss of function of TP53 mutations and CDKN2A. This inactivation is
accompanied with frequent copy number alterations, including amplification of 3q26/28 and
11q13/22.[70]

The phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR pathway is antagonized by phospha‐
tase and tensin homologue (PTEN). PTEN protein is a tumor suppressor frequently disrupted

Epigenetic Mechanisms in Head and Neck Cancer
http://dx.doi.org/10.5772/61135

77



in cancer, altering tumor cell growth and survival.[71] The decrease in PTEN function in
HNSCC is due to several genetic and epigenetic alterations. Recently, promoter hypermethy‐
lation has been implicated in the down-regulation of PTEN in HNSCC cell lines.[72]

HNSCCs also exhibit many chromosomal abnormalities, including amplifications of the 11q13
region containing the cyclin D1 gene and the 7p11 region encoding EGFR, which lead to proto-
oncogene activation.[73] The most critical point in regulation of the cell cycle is the G1
checkpoint. Cyclin D1, a G1 cyclin, has been implicated in the regulation of the G1 to S phase
progression in many different cell types. Cyclin D1 forms active complexes that promote the
phosphorylation of retinoblastoma protein (RB) and the activation of E2F-responsive gene.[74]

PIK3CA is a human gene that regulates various cellular functions, including proliferation and
invasion. Because it is an oncogene, its activation by either gene amplification or mutation
results in a cellular growth advantage contributing toward cancer formation and progression.
[75] Mutations in PIK3CA have cases displayed of concurrent amplification. Additionally,
some tumors (20%) contain focal amplification without evidence of mutation. The largest
mutation proportions of PIK3CA are localized to hotspots that promote activation.[70] PIK3CA
is an active mutation that is common in conjunction with infrequent copy number alteration,
and it forms part of a subgroup of oral cavity tumors with favorable clinical outcomes.[70]

Bmi1 (B-cell-specific Moloney Murine Leukemia virus insertion site 1) is a transcription
repressor for cell senescence, implicated in the self-renewal of stem cell. Bmi1 is highly
expressed in the CD44+ cell population sorted from oral SCC tumors.[76]

E3 ubiquitin-protein ligase (CHFR) is a gene involved in a checkpoint regulating entry to
mitosis.[77] Loss of CHFR leads to mitotic catastrophe and apoptosis due to mitotic spindle
alteration. Aberrant methylation of the gene has been reported in several primary tumor genes.
EGFR is a potential prognostic biomarker.[78]

Epidermal growth factor receptor (erb-B1) is a member of the erbB family of tyrosine kinase
receptor proteins.[79] Previous studies have shown that EGFR is expressed or highly expressed
in various human tumor cells.[79] The overexpression of EGFR is attributed to gene amplifi‐
cation, which is noted to be about 12 copies per cell in relation to head and neck squamous cell
carcinomas. The constitutive EGFR activation caused via autocrine stimulation and through
the coexpression of EGFR with its ligands, TGFα, has been observed and is indicative of its
poor prognosis.[72] EGFR-targeted therapy is commonly used for the treatment of advanced
HNSCC due to numerous findings that describe overexpression and/or high activity of EGFR
in the majority of HNSCC.[80]

Various factors are known to regulate angiogenesis; for example, vascular endothelial cell
growth factor (VEGF) has potent angiogenic effects. The presence of VEGF has been reported
in approximately 40% of head and neck squamous cell carcinomas (HNSCCs), and its presence
is associated with a poor prognosis.[72]

Other mechanisms included in the tumorous angiogenesis lie in the intake and utilization of
locally stored fibroblast growth factors (FGFs).[50] FGF-1 (aFGF) and FGF-2 (bFGF) are found
in most embryonic and adult normal and tumor tissues, where they are immobilized in the
extracellular matrix (ECM).[81]
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Fibroblast activation protein (FAP) is a member of the serine protease family that is selectively
expressed in the stromal fibroblasts associated with epithelial cancers and is expressed at low
or undetectable levels in the resting fibroblasts of normal adult tissues. FAP is expressed in
more than 90% of epithelial carcinomas, which makes it a promising target.[82]

Oral cancer overexpressed 1 and 2 (ORAOV1-ORAOV2) overexpression was reported in
HNSCC.[50, 83] The first is required for cell growth and tumor angiogenesis,[84] and the
second is required in the modulation of TMEM16A activity in various epithelial tissues.[85]

Multiple signaling pathways have been linked to tumor resistance, including activation of
nuclear factor kappa B (NFκB).[86] NFκB is an epigenetic modifier that plays a major role in
malignant transformation, and this pathway serves as a target for epigenetic drugs.[26] The
constitutive activation of NFκB signaling is often observed in HNSCC, suggesting a common
epigenetic mechanism in HNSCC biology. Indeed, the activation of NFκB signaling in HNSCC
induced chromatin compaction and acquisition of resistance to chemotherapy.[26]

Metallothionein (MT) is a family of cysteine-rich, low molecular weight (500–14,000 Da)
proteins. MTs have been proposed to play important roles in protecting against DNA damage,
apoptosis, and oxidative stress. MT is a tumor suppressor reported to show promoter hyper‐
methylated in various cancers.[87]

Human mismatch repair genes (hMMR) have the ability to repair both mismatched bases and
insertion loop errors during DNA replication.[88] Suboptimal DNA repair could result in
disrupting the pattern of repeat sequences, causing chromosomal aberrations in the genome
of patients suffering from instability syndromes. Significant proportions of carcinomas
develop through DNA mismatch repair genes (MMR) deficiency and exhibit frequent micro‐
satellite alteration (MA).[88]

The hypermethylated adenomatosis polyposis coli (APC) tumor suppressor gene has reduced
expression levels along with loss of heterozygosity (LOH), leading to the altered functioning
of the APC tumor suppressor proteins, which play a role for the integrity and function of the
β-catenin destruction complex.[72] The APC protein, a negative regulator of this pathway, has
been strongly implicated in the development of colon cancer but still has an undetermined
role in the formation of oral cancer.[89]

Loss of heterozygosity of the APC gene and epigenetic events lead to the decreased expression
of APC and the Wnt antagonists, the secreted frizzled-related proteins (SFRPs), Wnt inhibitory
factors (WIFs), and Dickkopf family members (DKKs), primarily by promoter hypermethyla‐
tion.[90] The persistent β-catenin signaling contributes to increased growth, metastatic
potential, and resistance to chemotherapy in HNSCC and their tumor-initiating cells.[90] The
methylation of WIF-1 correlated with shorter survival in oral cancer patients. The methylation
of WIF1 may be considered a prognostic marker in oral cancers.[91]

Wnt pathway stimulates several intracellular signal transduction cascades (canonical and
noncanonical).[92] The possible role of RUNX3 as a tumor suppressor in HNSCC has been
reported. The promoter hypermethylation of antagonist’s genes to Wnt (RUNX3) has been
identified as a common event in cancer.[93]
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Deleted in colorectal cancer (DCC) is a candidate tumor suppressor gene located at chromo‐
some 18q21.[94] DCC promoter region hypermethylation was found in 75% of primary
HNSCC. There was a significant correlation between DCC promoter region hypermethylation
and DCC expression.[94] DCC is a putative conditional tumor suppressor gene that is
epigenetically inactivated by promoter hypermethylation in a majority of HNSCC.[94, 95]

Secreted frizzled-related protein (SFRP1) is epigenetically silenced and functions as a tumor
suppressor in oral squamous cell carcinoma (OSCC). The loss of SFRP2 expression is associated
with hypermethylation of its promoter.[96]

The methylation of the KIF1A and EDNRB gene promoters is a frequent event in HNSCC.[97]
KIF1A (kinesin family member 1A) encodes a protein that is a microtubule-dependent
molecular motor involved in important intracellular functions such as organelle transport and
cell division.[98] Endothelin receptor type B (EDNRB) is a G-protein-coupled receptor that
activates a phosphatidylinositol calcium second messenger system.[97, 99]

Runt domain transcription factors (RUNXs) are homologous to products encoded by the
Drosophila segmentation genes runt and lozenge.[100] The RUNX3 gene is located on human
chromosome 1p36, a region that has long been suspected to harbor one or more suppres‐
sors of various tumors.[101] Inactivation of RUNX3, which is caused mainly by epigenetic
alteration, is closely associated with bladder tumor development, recurrence, and progres‐
sion.[100, 101]

HIN-1 (high in normal-1) is a putative cytokine with growth inhibitory activities and is down-
regulated by aberrant methylation in breast cancers.[102] Evidence suggests that HIN-1 is a
potential tumor suppressor gene in non-small cell lung cancer (NSCLC), silenced by promoter
hypermethylation and negatively regulated by AKT signaling pathway.[103] Silencing of
HIN-1 expression and methylation of its promoter occurs in multiple human cancer types,
suggesting that the elimination of HIN-1 function may contribute to several forms of epithelial
tumorigenesis.[104]

3.2. Histone modifications in head and neck cancer

Aberrant regulation of the demethylases controlling H3K9me3 and H4K20me3 levels could
contribute to the oncogenic potential. For instance, levels of H3K4me2 and me3 are signifi‐
cantly different in oral squamous cell carcinoma in comparison with cells of the healthy tissues;
the level of H3K4me2 is increased while that of H3K4me3 is decreased.[102, 105]

A similar trend was observed in tongue squamous cell carcinoma (SCC) cells where the levels
of the H3K27me3 marks at chromatin near homeobox genes were inversely correlated with
the transcript levels in nontumorigenic, immortalized human oral keratinocytes (OKF6-
TERT1R) and tumorigenic oral SCC-9 cells.[25] This investigation found that the levels of the
H3K27me3 marks at chromatin near homeobox genes were inversely correlated with the
transcript levels in nontumorigenic, immortalized human oral keratinocytes (OKF6- TERT1R)
and tumorigenic oral SCC-9 cells.[25]
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The emerging importance of the regulation of the H3K27me3 mark as a driver of squamous
differentiation suggests that SCCs may harbor defects in the epigenetic regulation of squamous
differentiation.[106] The dysregulation of squamous differentiation is fundamental to the
development of SCC and has been reported to occur early in premalignant lesions.[107]

On the other hand, serine phosphorylation plays an important role in assembling the DNA
damage response complex by identifying DNA double-strand breaks (DSB) in the chromatin.
Upon DSB, ATM induces the phosphorylation of γH2AX at serine 139, resulting in the
recruitment of BRCA1, BRCA2, Rad51, Mre11, NBS1, FANCD2, and p53 repair proteins to sites
of DNA damage.[108]

In addition, the phosphorylation of serine 536 involved in the phosphorylation of RELA has
also been reported. RELA, also known as p65, is an REL-associated protein involved in NF-κB
heterodimer formation, nuclear translocation, and activation.[109] The phosphorylation of
serine 468 is also associated with RELA.[109]

Regarding sumoylation, there are also desumoylating enzymes called SENPs, which remove
the SUMO residues from the sumoylated proteins. Two molecules involved in the SUMO
pathway, Ubc9 and SENP5, are up-regulated in SCCs. The up-regulation of SENP5 is found
in oral SCCs, and strong SENP5 expression is correlated with poor prognosis.[110]

Finally, the lysine methylation of HSP90AB1 is important for its homodimerization and its
interaction with stress-induced phosphoprotein 1 (STIP1) and cell division cycle 37 (CDC37),
which are co-chaperones of HSP90AB1 in human cancer cells, resulting in enhancement of
cancer cell growth.[111]

3.3. miRNAs in head and neck cancer

DNA copy number variations or deregulation of miRNA expression has been shown to
contribute to carcinogenesis, including carcinogenesis of HNSCC.[112] Several studies have
reported global miRNA expression changes in carcinogenesis of HNSCC, using various
samples sizes, anatomical sites, and profiling methodologies.[113]

It has been demonstrated the differential expression patterns of miRNAs in numerous types
of cancer. MiR-92a, miR-103/107, miR-21, miR143, miR145, miR-205 and miR-296, among
others, have been confirmed to be involved in the development of esophageal squamous cell
carcinoma (ESCC).[34]

It has been reported that members of the miR-17-92 cluster were deregulated in 15 patients
with OSCC (tongue and floor of the mouth) and 35 patients with HNSCC. The miR-19a and
the miR-19b were strongly up-regulated. The miR-17-3p/miR-17-5p and the miR-92b were
moderately up-regulated. Evidence has been found that the miR-17-92 cluster is up-regulated
in many cancer types.[114] Furthermore, the miR-196a and the miR-10b, not previously
associated with HNSCC, may play an oncogenic role in this disease through the deregulation
of cell proliferation.[114]

Other studies informed that miR-21, miR-31, miR-504, and miR-10b are target tumor suppres‐
sor genes. These miRNAs are involved in HNSCC.[115] Many studies have confirmed the
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tumor suppressor roles of the let-7 family (the miR-99 family, miR-107, miR-133a, miR-137,
miR-138, and miR-375). Other miRNAs such as miR-21, let-7, miR-107, miR-138, and miR-200c
are involved in regulating stemness or the epithelial–mesenchymal transition of tumor cells.
[115]

It has also been evaluated that miR-34a is significantly down-regulated in HNSCC tumors and
cell lines.[116] The ectopic expression of miR-34a in HNSCC cell lines significantly inhibited
tumor cell proliferation, colony formation, and migration. Tumor samples from HNSCC
patients showed an inverse relationship between miR-34a and survival as well as between
miR-34a and E2F3 levels.[116]

In silico analysis identified three putative microRNA-107 (miR-107) binding sites in the 3’-
untranslated region (UTR) of PKCε.[117] An inverse relationship was revealed between
miR-107 and PKCε in HNSCC cell lines. These data demonstrated that PKCε is directly
regulated by miR-107 and, moreover, suggest that miR-107 may be a potential anticancer
therapeutic for HNSCC.[117]

New computational approach strategies complementary to microRNA profiling are capable
of simultaneously predicting tumor suppressor microRNAs as well as their functional targets
from gene expression.[118] It provided a plausible mechanism that loss of the tumor suppres‐
sor function of miR-204 as a result of allelic imbalance at 9q21.1–q22.3 may significantly
increase genetic susceptibility to HNSCC oncogenesis and progression.[118] The complete
suppression of miR-204 and its host gene TRPM3 has become possible that the mRNA
expression may serve as a marker the expression status in HNSCC.[118]

3.4. lncRNAs in head and neck cancer

LncRNAs have been linked to essential growth-promoting activities, and their deregulation
contributes to tumor cell survival. A prominent example is the Hox transcript antisense
intergenic lncRNA, HOTAIR.[119] The HOTAIR gene controls gene expression, and its
expression is deregulated in a spectrum of cancers. Furthermore, HOTAIR expression
correlates with patient survival.[119, 120]

HOTAIR serves as a scaffold for at least two distinct histone modification complexes. A 5′
domain of HOTAIR binds Polycomb Repressive Complex 2 (PRC2), while a 3′ domain of
HOTAIR binds the LSD1/CoREST/REST complex. lncRNAPCAT-1, a target gene of polycomb
repressive complex 2, has been implicated in disease progression by promoting cell prolifer‐
ation.[121] The ability to link two distinct complexes enables RNA-mediated assembly of PRC2
and LSD1 and coordinates targeting of PRC2 and LSD1 to chromatin for coupled histone H3
lysine 27 methylation and lysine 4 demethylation.[122]

In prostate cancer, the up-regulation of antisense noncoding RNA in the INK4 locus (ANRIL)
is required for the expression of the tumor suppressors INK4a/p16 and INK4b/p15.[121]

Some examples of lncRNAs that has a role in chromatin remolding include XIST, which acts
by recruiting the PRC2 complex to initiate X-chromosome inactivation as well as MALAT and
NEAT1, both of which play a role in mRNA processing and nuclear organization.[123]
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The expression of LINC00312 in nasopharyngeal carcinoma has a tumor-suppressive function.
Under physiological conditions, LINC00312 inhibits proliferation in nasopharyngeal epithe‐
lium by preventing cell cycle passage from the G1 into S phase but increases cell adhesion,
motility, and invasion by down-regulating the expression of estrogen receptor alpha (ERα).
[124]

Other genes regulated by lncRNAs that have been implicated in cancer include NDM29,
BACE1AS, and Drosophila hsr-ω gene.[125] Neuroblastoma differentiation Marker 29
(NDM29) is an RNA polymerase (pol) III-transcribed noncoding (nc) RNA whose synthesis
drives neuroblastoma (NB) cell differentiation to a nonmalignant neuron-like phenotype.[126]
BACE1 plays a pivotal role in the accumulation of β-amyloid plaques and has been shown to
regulate the expression of BACE1 by increasing BACE1 mRNA stability.[127] The heat shock
RNA omega (hsrω) gene of Drosophila melanogaster is inducible by cell stress and provides
structural base for sequestering diverse RNA-processing/regulatory proteins.[128]

4. Clinical applications in head and neck cancer

To date, four epigenetic inhibitors have been approved by the U.S. Food and Drug Adminis‐
tration (FDA) for cancer treatment.[129] The DNMT inhibitors as 5-aza-cytidine and 5-aza-2′-
deoxycytidine are widely used in in vitro in research. The cytosine analogs are converted to
deoxynucleotide triphosphates inside the cell and then incorporated into the DNA during
replication in the original C positions.[130]

Other inhibitors of HATs approved by FDA are p300, lysine methyltransferases (H3K79
methyltransferase DOT1L, or the polycomb complex member EZH2), and lysine demethylases
(LSd1). Furthermore, small molecule inhibitors targeting the histone reader, BRD4, have also
shown promise as therapeutic agent in many cancer types.[131]

The effects of an epigenetic inhibitor as lysine residues on histone tails are HDAC inhibitors
that counteract the global overexpression of HDACs in cancer and reinstate a more permissive
nucleosome structure for transcription.[132] Vorinostat (a pan-HDAC inhibitor) and romi‐
depsin (a class I HDAC inhibitor) have each shown >30% response rates against cutaneous T-
cell lymphoma (CTCL) in phase II trials.[132]

Cetuximab is an inhibitor of the epidermal growth factor receptor (EGFR) that is used in
radiation therapy. It was found to enhance HNSCC patient survival compared with radiation
therapy alone.[133] The FDA has approved cetuximab to treat HNSCC; the drug has a response
rate of about 10% when used as a single agent in recurrent/metastatic disease.[134] However,
despite approval of cetuximab, improvement in patient survival with the use of this agent has
been only modestly incremental.[133]

Advances in oncogenomics have also identified mutations in epigenetic-associated genes that
encode histones and their linkers, proteins associated with the recruitment of DNA-binding
proteins, HDAC I and II interacting proteins, corepressor proteins, and transcriptional
activators and coactivators.[135]
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The understanding of which gene mutations, DNA methylation, posttranslational histone
modification, and noncoding RNAs drive the carcinogenesis may help us understand how
tumor susceptibility guides the development of new combination therapies. However, it is
important remember that not all cancers are equally susceptible to epigenetic therapies. The
biology underpinning this observation urgently warrants our attention if epigenetic therapies
are to be more widely applicable.[136]

5. Conclusions

Understanding the complexity of the epigenome, the different dynamics, and the different
subunits is complex and intimidating. Gene mutations, DNA methylation, posttranslational
histone modification, and noncoding RNAs are actors involved in modulating its interactions
with genomic sequences, and this is fundamental for health and disease.

Only our hope and desire can continue creating new ways to interact with the epigenome, and
it will be possible to build a new world where the HNSCC and other types of cancer will be
able to have new therapies and new opportunities for a better life.
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Abstract

Worldwide, more than 550, 000 new cases of head and neck squamous cell carcinoma
(HNSCC) are estimated to occur annually, making it the sixth most common human ma‐
lignancy. Since their discovery in 2007, cancer stem cells (CSCs) in HNSCC have garnered
increased interest secondary to their properties of tumorigenicity, differenti- ation, prolif‐
eration, and self-renewal. CSCs are intrinsically more resistant to tradi- tional treatments
such as radiation and chemotherapy, contributing to potential metastasis and recurrence
of HNSCC. This chapter focuses first on normal head and neck stem cells, providing
background for the discussion of a number of topics pertaining to the study of HNSCC
CSCs including molecular biomarkers and clinical implications. Continued research to
elucidate the properties of CSCs will undoubt- edly expand our knowledge surrounding
the pathogenesis, metastasis, and relapse of HNSCC. Ultimately, a better understanding
of CSC biomarkers, signaling pathways, and mechanisms of resistance will improve
therapies and patient outcomes through targeted interventions.

Keywords: Head and neck squamous cell carcinoma, Stem cells, Cancer stem cells, Che‐
moresistance, Metastasis

1. Introduction

In the United States, over 53, 000 new cases of head and neck squamous cell carcinoma
(HNSCC) are estimated to occur each year, with roughly 11, 000 deaths annually [1]. Across
the globe, HNSCC has an annual incidence of over 550, 000 cases, making it the sixth most
common cancer worldwide. HNSCC accounts for 90% of the malignancies in the head and
neck region, affecting the nasal vestibule, nasal cavity, paranasal sinuses, nasopharynx, lips,
oral cavity, oropharynx, pharynx, hypopharynx, and larynx. The foundation of treatment for
head and neck cancer has been surgery and radiation therapy, while chemotherapy may also
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be employed as an adjunctive treatment. Advancements in surgical technique, radiation strat-
egies and technologies, as well as chemotherapeutic drugs have led to improvements in
patient’s overall quality of life. However, the prognosis for HNSCC has improved only mar-
ginally over the past thirty years, with the five-year survival rate remaining at 50% [2-4]. Even
after standard therapy, patients with HNSCC exhibit relatively high rates of local recurrence,
regional cervical lymph node recurrence, and to a lesser degree distant metastasis, all of which
contribute to significant morbidity and mortality [5]. Often, these recurrences and metastases
are more resistant to traditional treatment modalities such as chemoradiation. Unfortunately,
primary site recurrence occurs in 10-30% of all patients [6].

Traditional approaches to understanding and treating HNSCC are based on the stochastic
model of cancer, where all tumor cells are identical (Figure 1). More recently, the cancer stem
cell (CSC) hypothesis has gained increasing traction in explaining tumorigenesis [7]. This
theory proposes that cancer maintains a hierarchical order of cells, with only a small subpop-
ulation of CSCs capable of tumor initiation, propagation, and regeneration [8]. Conventional
therapies that target rapidly cycling cells are less effective in killing CSCs. CSCs also display
increased intrinsic resistance to chemotherapy and radiation therapy. As a result, CSCs are
likely to contribute to cancer relapse.

This review aims to provide a succinct yet thorough overview of our current basis for the CSC
hypothesis as it pertains to HNSCC. We will start with a brief discussion of the normal
epithelium of the head and neck region as well as our current understanding of normal
endogenous stem cells of the head and neck region. Evidence for the CSC hypothesis of

Figure 1. In the stochastic model, all tumor cells have equal abilities to propagate, initiate tumors, and seed metastases.
The heterogeneity of tumors in this model is derived from spontaneous phenotypic shifts. The emerging cancer stem
cell hypothesis dictates the hierarchical model, in which asymmetric division results in specific and well-defined popu‐
lations of cancer stem cells and other cancer cells that do not initiate tumors or seed metastases. These cells may consist
of populations with decreased proliferative ability (i.e., transit-amplifying cells) or post-mitotic differentiated cells
with no further proliferative ability or activity.
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HNSCC will include a discussion of the prospective markers for CSCs in HNSCC, as well as
a closer look at the cellular regulation of these CSCs and the clinical implications of these
cancer- initiating and propagating cells.

2. Head and neck stem cells in normal tissues

Stem cells are unique in their ability to maintain self-renewal, differentiate into multiple
lineage types in the same tissue, and display a high degree of proliferative potential [9]. The
somatic stem cell microenvironment or cellular “niche” is vital in maintaining the delicate
distinction between self-renewal and uncontrolled proliferation of stem cells [10]. Stem cells
and the extracellular matrix secrete factors to maintain the microenvironment, while inhibitory
signals from this local microenvironment provide necessary control of proliferation and
differentiation to sustain this important subpopulation of cells [11, 12]. Importantly, these
quiescent, undifferentiated somatic stem cells also depend on the niche for the transient
stimulatory signals necessary for cell division and tissue regeneration [13]. Unlike most of the
gastrointestinal tract, which contains a simple epithelial layer to allow for increased absorp-
tion, the oral cavity, pharynx, and esophagus are covered by a stratified epithelium that is
more similar in structure to other tissues such as skin [14]. The stratified epithelium is
composed of multiple layers of cell types oriented in order of increasing differentiation from
basal to superficial.

In the normal squamous stratified epithelium, stem cells are located in the basal layer. To
replenish the more superficial layers, these stem cells divide asymmetrically to self-renew and
produce cells to undergo subsequent differentiation and amplification [11]. Cell division in
stratified squamous epithelium results in differentiation, superficial cellular movement, strat-
ification, and ultimately, tissue turnover. In the stratified squamous epithelium, for example,
a layer of small, cuboidal, basal stem cells are responsible for cell division and regeneration
[15]. Moving superficially, these committed cells further differentiate to increase keratin
filament production, flatten, and decrease the size and volume of the nucleus and organelles.
The most superficial (corneal or superficial) layers of the oral mucosa demonstrate cell
flattening, mem- brane thickening, decreased desmosomes, and eventual sloughing of cells
into the oral cavity [16]. The hierarchical normal oral epithelium is renewed approximately
every 14–24 days [17]. Increasingly, endogenous oral cavity stem cells are theorized to precede
CSCs, as these are the only cells with life span sufficient to accumulate the genetic mutations
necessary for malignant transformation [18].

3. Head and neck stem cell markers

In contrast to other tissues or organ systems, relatively few markers have been identified or
characterized for normal endogenous stem cells of the head and neck region. To date, most of
our knowledge of normal head and neck stem cells is based largely on work on oral epithelial
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stem cells (OESCs) and corollaries from the skin and hair follicle, which also maintain a
squamous stratified epithelium.

In the 1960s, the first experiments to identify potential stem cells in the oral mucosa utilized
pulse-chase experiments with tritiated-thymidine (3H-TdR) to elucidate cell turnover rates in
the skin and oral mucosa and identify label-retaining cells in the basal layer [19]. Of the few
candidate cell surface markers for OESCs, most are also expressed in other normal oral
epithelial basal cells, meaning that much of the research involving OESC markers has involved
purification rather than isolation of these cells [20]. Such work is often accomplished based on
sorting for cell markers and performing subsequent in vitro experiments to test the self-renewal
and proliferative properties of these subpopulations. So far, notable candidate oral stem cell
markers include keratins K5, 14, 15, and 19, β1- and α6-integrins, integrin α6β4, melanoma
chondroitin sulfate proteoglycan (MCSP), p75NGFR, B-cell-specific Moloney murine leukemia
virus integration site 1 (BMI1), and the p63 transcription factor (Table 1) [20-37].

Aida et al. performed telomere analysis of different cell types in normal lingual epithelium to
calculate normalized telomere:centromere ratios (NTCRs). Overall, the basal cell group dem-
onstrated the largest NTCR, with a smaller subgroup of these cells maintaining an exception-
ally large NTCR, suggesting the presence of stem cells. In general, stem cells are thought to
maintain relatively longer telomeres due to a lower telomere turnover rate as well as the
potential for telomere upregulation. In addition, samples from older patients contained rela-
tively shorter telomeres, confirming a measurable age-related progression. Finally, immuno-
histochemistry confirmed the presence of p27, p63, and K19 in the basal layer with relatively
scant staining for Ki-67, a well-known marker of cell proliferation [22].

In one study, the magnetic separation of oral human keratinocytes yielded a fraction of α6β
+CD71 cells that could regenerate a stratified oral epithelial equivalent in vitro. Unlike either
of the α6β +CD71+ or or α6β keratinocyte groups, α6β +CD71- cells also expressed the candidate
stem cell markers p63 and Keratin 19 and were negative for two recognized markers of
differentiation: cytokeratin 10 or involucrin [23].

Tao et al. demonstrate a method of enriching a subpopulation containing both potential stem
cells and transit amplifying cells through integrin-β1 adherence to collagen IV. While their
subsequent study of p63 expression could not confirm specificity for stem cells in the basal
layer, the ΔNp63α and ΔNp63β isoforms may be more specific markers for undifferentiated
or immature cells [21].

Through cell lineage mapping, Hogan and coworkers noted a K14+K5+Trp63+Sox2+ subpopu-
lation of long-term stem or progenitor cells located outside the taste buds that are capable of
differentiating into both mature taste bud receptor cells as well as keratinocytes. The authors
suggest that a similar model may apply to the taste buds of the circumvallate papillae and soft
palate, and that their work may prove a model system for future study of these endogenous
stem cells [24]. This same group isolated a population of undifferentiated tongue basal cells
using Krt5-eGFP transgenic mice that demonstrated self-renewal and differentiation to strati-
fied keratinized epithelial cells in vitro.
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Candidate
Normal Stem
Cell Marker

Site(s) Studied Function and Significance in Stem Cell Biology References

Keratin 5 Mouse tongue and soft
palate

ntermediate filament protein expressed by basal
epithelial cells, only small fraction may actually
replicate

[24,29,31]

Keratin 14 Mouse tongue and oral
mucosa

Intermediate filament protein expressed by basal
epithelial cells, only small fraction of these cells
may actually replicate

[24,29,32]

Keratin 15 Human hard palate Intermediate filament protein, marker of stem cells
in hair follicle bulge, expressed in deep tips of
palatal epithelial papillae

[33]

Keratin 19 Human hard palate and
gingiva

Intermediate filament protein, stem cell marker for
cells of hair follicle

[22,23,34,35]

β1-integrin Cultured human
epidermal,
buccal, and gingival
cells

Important in adhesion to extracellular matrix
proteins, increased in cells with higher colony-
forming efficiency

[21,36]

α6β4-integrin Human hard palate and
gingiva

Important in adhesion to basement membrane,
expressed on α6β4 CD71 basal cells capable of oral
epithelium regeneration

[23,33,34]

MCSP Human hard palate Cellular surface proteoglycan associated with
migration and invasion of melanoma cells,
important for maintenance of patterned
distribution and clustering of epidermal stem cells

[20,33,37]

p75NGFR Human esophageal,
buccal, gingival, and
laryngeal
epithelium

Low-affinity neurotrophin receptor in TNF receptor
superfamily important in proliferation, cell
migration, and tissue regeneration

[25-28]

p63 Rat palate and oral
mucosa, human tongue,
gingival and buccal
epithelium

Transcription factor with multiple isoforms
responsible for epidermal stem cell maintenance
and regulation

[21,22,24,34]

BMI1 Mouse lingual
epithelium

Protein involved with epithelial cell maintenance,
proliferation, and tissue regeneration

[29]

Table 1. The function and significance of candidate normal stem cell markers in the head and neck region.

The low-affinity neurotrophin receptor p75NGFR is a member of the tumor necrosis factor
receptor superfamily and has effects in cell survival, apoptosis, and intercellular signaling [25].
It has been put forth as a possible stem cell marker for neural crest, mesenchymal, esophageal,
oral mucosa [25], and most recently laryngeal epithelium [25, 26]. In addition, p75NGFR-positive
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basal keratinocytes are able to migrate and initiate regeneration of damaged buccal epithelium
[27]. Furthermore, expression of p75NGFR has been shown to be closely related to CSCs in
esophageal squamous cell carcinoma as well as laryngeal squamous cell carcinoma [26, 28].

Recent interest in lingual epithelial stem cells has provided some evidence that keratins K5
and K14 may not be specific stem cell markers in this system. Ueno and coworkers utilized
immunostaining to reveal that only a small fraction of these keratins K14/K5-positive cells were
actually replicating to supply epithelial cells [29]. Rather, this group identified a group of BMI1-
positive stem cells that maintain the epithelial cells and can regenerate after irradia- tion-
induced tissue injury. Curiously, these potential stem cells were located in the second or third
epithelial layer of the interpapillary pit of the filiform papillae. Increasingly, BMI1 is viewed
as a candidate marker for CSCs of the head and neck, with the potential for prognostic value
based on the location of this intracellular oncoprotein [30].

MCSP, melanoma-associated chondroitin sulfate proteoglycan; NGFR, nerve growth factor
receptor; TNF, tumor necrosis factor; BMI1, B-cell-specific Moloney murine leukemia virus
integration site 1

4. Origin of head and neck cancer stem cells

In most instances, HNSCC is caused by the accumulation of multiple genetic mutations based
on genetic predisposition, which is induced by environmental factors such as tobacco and
alcohol abuse or persistent human papilloma virus infection [38]. However, the alterations of
multiple molecular and cellular pathways that lead to the development and recurrence of
HNSCC are still not well understood. Recently, recurrence and therapeutic resistance of
HNSCC has been attributed to a subpopulation of self-sustaining, tumor-initiating CSCs. CSCs
are defined by several exclusive features that allow propagation as well as tumor formation
and maintenance. These features are: (1) differentiation, giving rise to heterogeneous progeny;
(2) self-renewal, which maintains a pool of stem cells which can expand; and (3) homeostatic
control, which accounts for tissue specificity [4].

Multiple possible origins for CSCs have been proposed wherein a population of self-renewing
cells are formed, leading to tumorigenesis (Figure 2) [39]. In one such scenario, normal stem
cells undergo mutations that diminish restraint on replication, thereby creating CSCs that are
unresponsive to environmental or intrinsic controls on self-renewal. Another potential source
of CSCs are the more differentiated progenitor cells, also known as transit-amplifying cells,
which maintain a more limited role in self-renewal yet are far more numerous than stem cells.
A third motif of CSC generation explains that well-differentiated, mature cells undergo muta-
tions to dedifferentiate and obtain greater self-renewal potential [5]. There is evidence that
these dedifferentiated HNSCC cells may undergo epithelial-mesenchymal transition and inva-
sion, leading to the development of cells with CSC- or mesenchymal characteristics [40].
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5. Initial clues to the concept of head and neck cancer stem cells

The first “leukemia-initiating” CSCs were identified in 1994 by Dick and co-workers through
their work with acute myeloid leukemia [41]. In 2003, Al-Hajj et al. reported the first CSCs in
a solid tumor by separating a tumorigenic subpopulation of breast cancer cells based on the
surface cell markers CD44+/CD24-/low [42]. In 2007, a landmark study by Prince et al. described
a subpopulation of CD44+ tumor-initiating cells isolated from HNSCC, although the cell
surface markers CD44s and CD44v6 were subsequently described in a majority of normal head
and neck tissues as well as HNSCC [43, 44]. Other subpopulations of tumor-initiating cells
have since been identified in HNSCC that also fulfill the criteria for CSCs. Furthermore, several
of the putative markers of these CSC subpopulations have been linked to cancer recurrence
and therapeutic resistance, augmenting the evidence for the CSC hypothesis in HNSCC. Recent
interest in the identification of new and improved biomarkers for HNSCC CSCs has spiked
due to the prospect of using these tools to improve treatment approaches and overall mortality
in this deadly disease.

Figure 2. Potential origins for cancer stem cells include normal stem cells, progenitor cells, or fully differentiated cells.
To give rise to cancer stem cells, the progenitor and fully differentiated cells acquire mutations to reactivate genes re‐
sponsible for increased proliferative activity, cell-division, and dedifferentiation.

6. Cancer stem cell assays

The isolation and identification of CSCs is a hefty experimental challenge, as there is no
established protocol to verify putative CSCs. Current experimental goals aim to satisfy the
CSC criteria of both self-renewal as well as the capacity to develop heterogeneous cell lineages
capable of forming tumors identical to the original [45]. Isolation strategies attempt to exploit
the unique properties of CSCs that distinguish them from their differentiated progeny. Such
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capacities include the efflux of vital dyes by multidrug transporters, enzymatic activity,
sphere-forming capacity in low attachment conditions, and the expression of cell surface
antigens [46]. There are currently four main strategies for isolation of CSCs: (1) detection of
side-population phenotypes by Hoechst 33342 exclusion, (2) sphere-formation assays, (3)
assessment of aldehyde dehydrogenase (ALDH) activity, and (4) identification of CSC-specific
cell surface markers [45]. To date, the most common modality in identifying HNSCC CSCs
relies upon the expression of membrane cell surface antigens present in stem-like cells. As a
result, most potential CSC populations are detected by immunohistochemistry or flow
cytometry. Many of these antigens were originally put forth as potential targets as a result of
their expression in normal stem cells [47, 48]. Herein, we present a review of the most promis-
ing putative HNSCC CSC markers: CD44, CD133, and ALDH. We also include a discussion
of CD24 and CD10.

Putative Cancer
Stem Cell Markers in
HNSCC Sites
Studied

Biological Function Significance in HNSCC Stem Cell
Biology

References

CD44 Surface glycoprotein involved in cell
migration and adhesion

Showed the ability to regenerate
tumor
in vivo but also abundantly expressed
in normal squamous epithelia of the
head and neck. Associated with Snail
(chemoresistance and radioresistance)
as well as high coexpression of BMI1
(important for self-renewal and
tumorigenesis)

[43,44,49,50,55]

CD133 (Prominin 1) Transmembrane glycoprotein
localized
on membrane protrusions and
microvilli

Correlated with lymph node
metastases and decreased overall
survival

[51,52,54,55]

ALDH Intracellular enzyme most
commonly found in the liver. ALDH
detoxifies
intracellular aldehydes through
oxidation

Tumor cells expressing relatively high
levels of ALDH have increased
tumorigenicity, stem-cell-related
genes, drug-resistant genes, and EMT-
related genes. Associated with high
co-
expression of Snail protein, which is
an EMT regulator and key factor in
self- renewal and tumorigenicity

[47,56,65]
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Putative Cancer
Stem Cell Markers in
HNSCC Sites
Studied

Biological Function Significance in HNSCC Stem Cell
Biology

References

CD24 Mucin adhesion molecule for P-
selectin and L1 expressed by pre-B
lymphocytes and neutrophils
during cell
development

Associated with increased
proliferation and invasion in vitro and
tumorigenicity in vivo, correlates with
increased resistance to
chemotherapeutic agents

[47,60,62]

CD10 Zinc-dependent
metalloendoprotease that cleaves
signaling peptides and is found in a
wide range of normal tissues

Described as a potential marker for
therapeutic resistance and tumor
recurrence in HNSCC

[64]

Table 2. The function, significance, and associations of putative cancer stem cell markers in HNSCC.

7. Putative head and neck cancer stem cell markers

7.1. CD44

CD44 is a surface glycoprotein involved in cell migration and adhesion. Prince et al. demon-
strated the ability of a subpopulation of CD44+ HNSCC cells to regenerate a tumor in vivo
after transplantation of as few as 5x103 cells into an immunocompromised mouse model
[44]. CD44+ cells have been shown to express a high level of BMI1, a prospective normal
stem  cell  bio-  marker  that  also  plays  a  key  role  in  self-renewal  and  tumorigenesis  in
malignancy [49, 50]. While CD44 was the first CSC marker established for HNSCC, its role
has since come into question. In contrast to earlier studies involving CD44, recent studies
have demonstrated the abundant expression of CD44 in most HNSCC tumor cells. In one
such study, CD44 was present in 80-100% of tumor cells [43]. However, according to the
hierarchical model, only a small subset of cells within malignant tissue that are able to generate
tumors should stain positive for CSC markers. Furthermore, high percentages of CD44+ cells
have been identified in normal squamous epithelia of the head and neck, with up to 60–
95% of normal head and neck epithelial cells demonstrating CD44 positivity. Although the
role of CD44 in HNSCC has raised some questions, this protein may still prove a valua‐
ble role in the identification of CSCs when used in combination with other markers. In the
2009 study by Chen et  al.,  not only did knockdown of Snail  expression in CD44+ALDH+

cells  decrease  tumor  invasion  and  colony  formation,  but  it  also  significantly  increased
sensitivity to chemotherapy and radiotherapy. Specifically, following seven days of Snail
siRNA treatment,  the CD44+ALDH+ CSCs exhibited increased sensitivity to cisplatin and
etoposide, and radiotherapy. These findings illustrate the potential utility of CSCs as unique
cell targets for both chemotherapy and radiation therapy.
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7.2. CD133

First described in 1997, CD133 (Prominin 1) is a transmembrane glycoprotein expressed in
several normal stem cell populations and malignancies [51]. CD133 is localized to cellular
membrane protrusions and microvilli [52]. It is expressed in several solid malignancies includ-
ing brain, colon, liver, and lung, and has been purported as a unique, specific marker for
sarcomas [38]. In 2007, Zhou et al. demonstrated the presence of a CD133+ subpopulation in
3.5% of the native cells from a HEp-2 laryngeal cancer cell line. These CD133+ cells continued
to proliferate and expand the tumor cell population in sphere formation assays. In cell culture
assays, the majority of terminal cells did not express CD133, a finding consistent with the
criteria for CSC self-renewal as well as the capacity to give rise to phenotypically unique tumor
daughter cells [53]. More recent studies have supported these findings, suggesting the utility
of CD133 as a clinically relevant prognostic marker in HNSCC. Canis et al. demonstrated an
inversely proportional correlation between CD133 expression in primary tumors and overall
survival in addition to a positive correlation between CD133 expression and the presence of
lymph node metastases [54]. In addition, Yu et al. describe an oral cavity squamous cell
carcinoma-derived side population of cells with high expression of CD133 and ALDH showed
high tumorigenic capacity [55]. Cell viability assays revealed that these side populations of
cells were more chemoresistant to cisplatin, fluorouracil, or doxorubicin treatment when
compared to the major population of the same cell line. The researchers hypothesized that
CD133 may be crucial to modulation of chemosensitivity. They subsequently performed
lentiviral-mediated transduction in the side population of cells, which resulted in significant
decrease in expression of CD133 mRNA and protein. The silencing of CD133 decreased the
percentage of the side population in the cancer cell lines and decreased in vivo tumor growth.
Furthermore, cisplatin treatment of the CD133 knockdown population diminished cell inva-
sion and clonogenicity, demonstrating the enhanced sensitivity to chemotherapy by targeting
CD133. These findings support the role of HNSCC CSCs as novel therapeutic targets in the
development of chemotherapeutic drugs.

7.3. ALDH

ALDH is an intracellular enzyme most commonly found in the liver [47]. ALDH detoxifies
intracellular aldehydes through oxidation and may play a role in the differentiation of stem
cells by oxidizing retinol into retinoic acid. With regard to cancer, high ALDH activity has been
linked to subsets of multiple myeloma and acute myeloid leukemia [56]. Prior to its identifica-
tion with HNSCC, ALDH was labeled a putative CSC marker in both breast and colon cancer.
Ginestier et al. successfully used high ALDH activity to identify a tumorigenic breast cancer
cell fraction capable of self-renewal and generating heterogeneous tumors. In their study,
expression of ALDH as detected by immunohistochemistry correlated with a poorer prognosis
for breast carcinomas [57].

Expression of ALDH1 in inflammatory breast cancer has been put forth as an independent
predictor of early metastasis and decreased survival [58]. In 2009, Chen et al. published the
first study demonstrating that cells of ALDH1+ lineage have CSC properties and play a role in
self- renewal in HNSCC [3]. In a study by Clay et al., HNSCC cells were categorized and isolated

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis106



7.2. CD133

First described in 1997, CD133 (Prominin 1) is a transmembrane glycoprotein expressed in
several normal stem cell populations and malignancies [51]. CD133 is localized to cellular
membrane protrusions and microvilli [52]. It is expressed in several solid malignancies includ-
ing brain, colon, liver, and lung, and has been purported as a unique, specific marker for
sarcomas [38]. In 2007, Zhou et al. demonstrated the presence of a CD133+ subpopulation in
3.5% of the native cells from a HEp-2 laryngeal cancer cell line. These CD133+ cells continued
to proliferate and expand the tumor cell population in sphere formation assays. In cell culture
assays, the majority of terminal cells did not express CD133, a finding consistent with the
criteria for CSC self-renewal as well as the capacity to give rise to phenotypically unique tumor
daughter cells [53]. More recent studies have supported these findings, suggesting the utility
of CD133 as a clinically relevant prognostic marker in HNSCC. Canis et al. demonstrated an
inversely proportional correlation between CD133 expression in primary tumors and overall
survival in addition to a positive correlation between CD133 expression and the presence of
lymph node metastases [54]. In addition, Yu et al. describe an oral cavity squamous cell
carcinoma-derived side population of cells with high expression of CD133 and ALDH showed
high tumorigenic capacity [55]. Cell viability assays revealed that these side populations of
cells were more chemoresistant to cisplatin, fluorouracil, or doxorubicin treatment when
compared to the major population of the same cell line. The researchers hypothesized that
CD133 may be crucial to modulation of chemosensitivity. They subsequently performed
lentiviral-mediated transduction in the side population of cells, which resulted in significant
decrease in expression of CD133 mRNA and protein. The silencing of CD133 decreased the
percentage of the side population in the cancer cell lines and decreased in vivo tumor growth.
Furthermore, cisplatin treatment of the CD133 knockdown population diminished cell inva-
sion and clonogenicity, demonstrating the enhanced sensitivity to chemotherapy by targeting
CD133. These findings support the role of HNSCC CSCs as novel therapeutic targets in the
development of chemotherapeutic drugs.

7.3. ALDH

ALDH is an intracellular enzyme most commonly found in the liver [47]. ALDH detoxifies
intracellular aldehydes through oxidation and may play a role in the differentiation of stem
cells by oxidizing retinol into retinoic acid. With regard to cancer, high ALDH activity has been
linked to subsets of multiple myeloma and acute myeloid leukemia [56]. Prior to its identifica-
tion with HNSCC, ALDH was labeled a putative CSC marker in both breast and colon cancer.
Ginestier et al. successfully used high ALDH activity to identify a tumorigenic breast cancer
cell fraction capable of self-renewal and generating heterogeneous tumors. In their study,
expression of ALDH as detected by immunohistochemistry correlated with a poorer prognosis
for breast carcinomas [57].

Expression of ALDH1 in inflammatory breast cancer has been put forth as an independent
predictor of early metastasis and decreased survival [58]. In 2009, Chen et al. published the
first study demonstrating that cells of ALDH1+ lineage have CSC properties and play a role in
self- renewal in HNSCC [3]. In a study by Clay et al., HNSCC cells were categorized and isolated

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis106

based on either high or low ALDH activity and subsequently implanted into immunocompro-
mised mice. Cells with relatively high levels of ALDH represented a small percentage of cells
(1% to 7.8%), but gave rise to tumors from as few as 500 cells in 53% of implantations. In
contrast, only 8% of similar implantations with cells expressing low levels of ALDH formed
tumor. As a result, ALDH appears to be a relatively selective marker for HNSCC CSCs [56].
In a similar study, 87% of implantations with 1000 ALDH+CD44+ HNSCC cells generated
tumors, compared to only 13% of ALDH-CD44- cell implantations, despite utilizing ten times
more cells: 10, 000 [59]. ALDH+ cells have also been shown to exhibit higher expression levels
of stem cell-related, drug-resistance-associated, and epithelial-mesenchymal-transformation-
related (EMT) genes such as Snail [3]. In fact, Snail protein overexpression transformed
ALDH- cells to ALDH+ cells, resulting in increased invasion and tumorigenic properties [65].
Given this association with Snail and EMT, as well as the ability to recapitulate tumors in high
percentages after in vivo implantation in multiple studies, ALDH may be the most well-
established HNSCC CSC marker to date.

7.4. CD24 and CD10

CD24 is a mucin adhesion molecule for P-selectin and L1 expressed by pre-B lymphocytes and
neutrophils during cell development [47, 60]. CD24 expression has been shown to increase
tumor cell proliferation and further shown to regulate multiple cell properties which contrib-
ute to tumor growth and metastasis [60]. It has been correlated with increased spread of breast
cancer and has been further identified as a putative CSC marker in pancreatic, ovarian, and
colorectal cancers [61, 62]. CD24 has also been associated with tumorigenesis, tumor progres-
sion, and malignant transformation of stomach and gallbladder cancers [63]. In a study by Han
et al. CD24+CD44+ HNSCC cells were demonstrated to be more proliferative and invasive in
vitro and more tumorigenic in vivo. After implantation in immunodeficient mice,
CD24+CD44+ cells formed larger tumors than the CD24-CD44+ group. CD24+CD44+ cells were
also correlated with slightly increased resistance to chemotherapeutic agents [62]. CD24 is one
of the primary surface antigens involved in solid tumors and its role has been established in
various human epithelial neoplasias. However, the paucity of research concerning HNSCC
precludes its inclu- sion as a CSC biomarker at the present time.

CD10 is a zinc-dependent metalloendoprotease that cleaves signaling peptides and is found
in a wide range of normal tissues. It has been described as a potential marker for therapeutic
resistance and tumor recurrence in HNSCC [64]. As the field of CSCs remains in its infancy,
further investigation regarding the roles of CD24 and CD10 will better elucidate the role of
these proteins in HNSCC.

8. Clinical relevance of head and neck cancer stem cells

Today, few studies have evaluated patient HNSCC tumors or tissues and the correlation with
clinical data and outcomes. One barrier to the establishment of clinically significant CSC
markers in the head and neck region is secondary to the convention of amassing malignancies
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from various upper aerodigestive sites with distinctly diverse embryological and biological
characteristics [47]. As a result, there is little definitive data with regard to clinical implications
of CSCs within HNSCC, the primary exception being prognostic value. Furthermore, no single
biomarker for CSC cells in HNSCC has proven absolute in distinguishing this vital subpopu-
lation. The continued study of current prospective CSC markers in HNSCC, combined with
the investigation of putative CSC biomarkers from other malignancies, will undoubtedly
augment our knowledge and improve our understanding of the pathogenesis of HNSCC. In
addition, further knowledge regarding the biomarkers and regulation of normal, native stem
cells in the head and neck region will serve as a strong foundation for oncological research.
Ultimately, CSCs may prove to be useful diagnostic and prognostic markers for HNSCC,
guiding therapy and treatment through personalized approaches and interventions.
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Abstract

Over the past decade, leukemia exists and frequently occurs in adults. Radiation ex‐
posure, hereditary syndromes, smoking, age, and many other unknown factors are
generally the major risk factors for leukemia. Acute myeloid leukemia (AML) is a
hematological malignancy that is dispersed from its beginning and may be perceived
as a prototype of metastatic cancer, yet leukemia is considered a highly malignant ne‐
oplasms responsible for a large number of cancer-related deaths. In addition, to unin‐
hibited proliferation, leukemic cells dispense early from the bone marrow into the
peripheral blood, followed by an infiltration of various organs such as lymph nodes,
liver, spleen, lungs, intestinal tract, skin, or mucous membranes. Several studies are
concerned with the critical role of angiogenesis in the development and growth of sol‐
id tumors and hematological malignancies. Moreover, angiogenic mediators created
by AML cells act through external or internal autocrine loops, thereby directly indors‐
ing cell survival, spread, and disease development. In recent years, many researchers
focus on angiopioetins (Ang), an innovative family of angiogenic mediators, which
have shown to be vital regulators of angiogenesis and vascular stability. Ang-1 and its
antagonist Ang-2 act via the receptor tyrosine kinase sTie 2, which is expressed in en‐
dothelial cells (ECs) of the vasculature and in subset of hematopoietic stem cells.
Binding of Ang-1 causes phosphorylation of sTie2 and ensures the integrity of the
vasculature by stimulating interactions between ECs and endothelial support cells.
This chapter reviews the incidence, mortality, pathogenesis, and diagnostic proce‐
dures of AML. As well as aims at evaluating serum levels of endostatin, MMP- 9, and
uPAR in acute myeloid leukemia patients before chemotherapy and after achieving
complete remission. At the same time, the chapter also assesses the pretreatment lev‐
els of plasma Ang-1, Ang-2, and sTie2, and the calculated ratio of Ang2/sTie2 receptor
in a cohort of AML patients also studies their impact on the AML patients' overall sur‐
vival.

Keywords: AML, endostatin, MMP- 9, uPAR, Angi-1, Angi-2, sTie2
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1. Introduction

Cancer is considered as one of the major causes of mortality in the world. Despite the recent
advances in science, cancer has not been cured yet [1]. Healthy cells are different from cancer
cells. Cancer cells can do what others cells cannot such as: become resistant to growth inhibi‐
tion; evade apoptosis; invade, metastasize, duplicate without limits; and support angiogenesis
[2]. Cancer death rates remained approximately the same in the United States from 1975
through 2002, unlike heart disease. It is predicted that there will be about 15 million new cancer
cases worldwide diagnosed and roughly 12 million cancer patients could die by 2020 [3].

Leukemia is a cancer of the body's blood-forming tissues. It's caused by the rapid production
of abnormal white blood cells. The high number of abnormal white blood cells are not able to
fight infection. The white blood cells can debilitate the ability of the bone marrow to produce
red blood cells and platelets, figure 1 [4]. Leukemia develops when blood stem cells in the bone
marrow change. The bone marrow will no longer grow and behave abnormally. The cells that
are abnormal are called leukemia cells, figure 2. Leukemia cells will then start to crowd out
the normal blood cells, causing the normal blood cells to not do their normal jobs over time [5].

Figure 1. Stem cells and blood cell production.

There are many types of leukemia that exist. There are forms of leukemia that are more
common in children, while other forms of leukemia only occur in adults. There are many types
of risk factors for leukemia and they include, among others, age, hereditary syndromes,
radiation exposure, smoking, and other unknown factors [6]. Furthermore, depending on the
type of leukemia the signs and symptoms will vary. The type of blood that the stem cell
leukemia develops determines the type of leukemia. Abnormal lymphoid stem cells develop
lymphocytic leukemias, also known as lymphoblastic leukemias. Abnormal myeloid stem cells
develop myelogenous leukemias [7, 8].
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A genetically heterogeneous clonal disorder called acute myeloid leukemia (AML) is charac‐
terized by the accumulation of somatic genetic alterations in hematopoietic progenitor cells
that transform mechanisms of self-renewal, differentiation, and proliferation [9]. Approxi‐
mately 55% of adults with AML are detected by non-random clonal chromosome aberrations
(i.e., balanced translocations, deletions, inversions, monosomies, and trisomies). These
chromosome changes have been recognized as the most important prognostic factor of
complete remission, risk of relapses, and long-term survival and have contributed to disease
designation [10, 11]. A number of gene mutations and deregulated expression of genes have
been identified in recent years, clarifying the immense heterogeneity of cytogenetically-
defined AML subsets, especially the larger subsets of AML showing normal karyotype [12, 13].

Figure 2. The normal and leukemic cells in the bone marrow.

Numerous studies have shown that angiogenesis is a crucial part in the growth and develop‐
ment of hematological malignancies and solid tumors [14]. Furthermore, there are several
angiogenic mediators produced by AML cells that act through internal and external loops;
thus promoting cell survival, spread of the disease, and proliferation [15]. It has been proven
that basic fibroblast growth factor (b FGF) and vascular endothelial growth factor (VEGF) are
major regulators of tumors with angiogenesis in AML; cellular VEGF represents an adverse
prognostic factor [16].

In addition, many studies have focused on angiopoietins (Ang), which are a family of novel
angiogenic mediators. Ang have been shown to be important regulators of angiogenesis and
vascular stability [17]. Ang-1 and its antagonist, Ang-2, act through the tyrosine kinase sTie 2
receptor. These are expressed in endothelial cells (ECs) of the vasculature and in a subset of
hematopoietic stem cells [18].

Acute leukemias are known to be a rare disease, but have a disproportionately large effect on
cancer survival statistics [19]. They are the most common type of leukemia in adults, yet they
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continue to have the least survival rate of all other leukemias. Although, the rates have
improved remarkably in the younger age groups, the prognosis in older patients continues to
be very poor [20, 21].

2. Incidence and mortality

Incidence of acute leukemia accounts for <3% of all cancers. Leukemia constitutes as the leading
cause of death due to cancer in children and persons<39 years old [22]. The most frequent form
of leukemia is AML. AML accounts for about 25% of all leukemias in the Western world in
adults [23]. U.S., Australia, and western Europe have the highest AML incidence worldwide
[24]. AML in the U.S. during the years 1975–2003 was approximately 3.4 occurrences per
100,000 persons (= 2.5 per 100,000 persons when age-adjusted to the world standard popula‐
tion) [25].

The mortality associated with AML, just like its incidence, varies with factors such as age,
gender, and race. The age-adjusted mortality rate in the U.S. seem to increase with age and
peaks at 17.6 per 100,000 persons in people aging between 80 to 84. The age adjusted mortality
rate for females in the years between 2000–2003 was 2.2 per 100,000, where it appears in 3.5
per 100,000 in males in the same period. Estimates show that approximately 7,800 adults will
die annually of AML in the U.S. [26, 27]. However, an estimated 54,270 new cases of leukemia
are expected in 2015 [28].

3. Etiology

Several risk factors have been associated with AML. Known risk factors only account for a
small number of cases that were observed [29]. This will include age, antecedent hematolog‐
ic disease, and genetic disorders, as well as exposures to chemical or other occupational
hazards, radiation, viruses, chemical, and previous chemotherapy [30, 31]. There are several
congenital conditions that may increase the risk of leukemia; the most common is most likely
Down syndrome, which is associated with a 10- to 18-fold increase in the risk of AML [32].

4. Pathogenesis

A repercussion of specific chromosome translocations of the pathogenesis of AML are
associated with the appearance of oncogenic fusion proteins. One of the fusion proteins is
generally a transcription factor where the other partner is a variable in function and often
involved in the control of apoptosis and cell survival. AML-associated fusion proteins function
as aberrant transcriptional regulators that interfere with the process of myeloid differentiation,
which determines the stage-specific arrest of maturation and enhance cell survival in a cell-
type specific manner as a consequence [33].

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis118



continue to have the least survival rate of all other leukemias. Although, the rates have
improved remarkably in the younger age groups, the prognosis in older patients continues to
be very poor [20, 21].

2. Incidence and mortality

Incidence of acute leukemia accounts for <3% of all cancers. Leukemia constitutes as the leading
cause of death due to cancer in children and persons<39 years old [22]. The most frequent form
of leukemia is AML. AML accounts for about 25% of all leukemias in the Western world in
adults [23]. U.S., Australia, and western Europe have the highest AML incidence worldwide
[24]. AML in the U.S. during the years 1975–2003 was approximately 3.4 occurrences per
100,000 persons (= 2.5 per 100,000 persons when age-adjusted to the world standard popula‐
tion) [25].

The mortality associated with AML, just like its incidence, varies with factors such as age,
gender, and race. The age-adjusted mortality rate in the U.S. seem to increase with age and
peaks at 17.6 per 100,000 persons in people aging between 80 to 84. The age adjusted mortality
rate for females in the years between 2000–2003 was 2.2 per 100,000, where it appears in 3.5
per 100,000 in males in the same period. Estimates show that approximately 7,800 adults will
die annually of AML in the U.S. [26, 27]. However, an estimated 54,270 new cases of leukemia
are expected in 2015 [28].

3. Etiology

Several risk factors have been associated with AML. Known risk factors only account for a
small number of cases that were observed [29]. This will include age, antecedent hematolog‐
ic disease, and genetic disorders, as well as exposures to chemical or other occupational
hazards, radiation, viruses, chemical, and previous chemotherapy [30, 31]. There are several
congenital conditions that may increase the risk of leukemia; the most common is most likely
Down syndrome, which is associated with a 10- to 18-fold increase in the risk of AML [32].

4. Pathogenesis

A repercussion of specific chromosome translocations of the pathogenesis of AML are
associated with the appearance of oncogenic fusion proteins. One of the fusion proteins is
generally a transcription factor where the other partner is a variable in function and often
involved in the control of apoptosis and cell survival. AML-associated fusion proteins function
as aberrant transcriptional regulators that interfere with the process of myeloid differentiation,
which determines the stage-specific arrest of maturation and enhance cell survival in a cell-
type specific manner as a consequence [33].

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis118

The French-American-British (FAB) system (Table 1) described AML subtypes as M0 through
M7. However, AML has been reclassified by the World Health Organization (WHO) into four
categories in an attempt to predict the prognosis and biologic properties of AML subcategories
more accurately and to enhance the clinical relevance of the system [34].

French - American - British classifications

M0: Myeloblastic without maturation

M1: Myeloblastic with minimal maturation

M2: Myeloblastic with maturation

M3: Promyelocytic; M3v: Promyelocytic ("microgranular")

M4: Myelomonocytic; M4 Eo: Myeloblastic with abnormal eosinophils (Eo)

M5: Monocytic: poorly (M5a) or well differentiated (M5b)

M6: Erythroleukemia

M7: Megakaryoblastic

Table 1. AML classification.

5. WHO classification

According to WHO, AML classifies depending on morphology, immunophenotype, genetics,
and the combination of clinical features [35]. In the hopes that future work will elucidate
molecular pathways that may be amenable to targeted therapies, the classification tries to
identify biologic entities (Table 2) [36, 37]. The subgroup “AML with recurrent genetic
abnormalities” amounts to some primary AML entities. “AML with t (8;21) (q22;q22); RUNX1-
RUNX1T1” and “AML with inv (16) (p13. 1q22) or t (16;16) (p13. 1;q22); CBFB-MYH11” are
considered as AML regardless of bone marrow blast counts. In “APL with t (15;17) (q22;q12);
PML-RARA”, RARA translocations with other partner genes are recognized separately. The
former category “AML with 11q23 (MLL) abnormalities” was redefined as “AML with t (9;11)
(p22;q23); MLLT3-MLL” and is now a unique entity; balanced translocations other than that
involving MLLT3 should be specified in the diagnosis. Three new cytogenetically defined
entities were incorporated: “AML with t (6;9) (p23;q34); DEK-NUP214”; “AML with inv (3)
(q21q26. 2) or at (3;3) (q21; q26. 2); RPN1-EVI1”; and “AML (megakaryoblastic) with t (1; 22)
(p13;q13); RBM15-MKL1”, a rare leukemia most common in infants. Two new provisional
entities defined by the presence of gene mutations were added, “AML with mutated NPM1
[nucleophosmin (nucleolarphosphoproteinB23, Numatrin)]” and “AML with mutated
CEBPA[CCAAT/enhancer binding protein (C/EBP), alpha]”. There is growing evidence that
these two gene mutations represent primary genetic lesions (so-called class II mutations) that
impair hematopoietic differentiation.
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Categories

Acute myeloid leukemia with recurrent genetic abnormalities

AML with t (8;21) (q22;q22); RUNX1-RUNX1T1

AML with inv (16) (p13. 1q22) or t (16;16) (p13. 1;q22); CBFB-MYH11

APL with t (15;17) (q22;q12); PML-RARA*

AML with t (9;11) (p22;q23); MLLT3-MLL†

AML with t (6;9) (p23;q34); DEK-NUP214

AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1

AML (megakaryoblastic) with t (1;22) (p13;q13); RBM15-MKL1

Provisional entity: AML with mutated NPM1

Provisional entity: AML with mutated CEBPA

Acute myeloid leukemia withmyelodysplasia-related changes‡

Therapy-relatedmyeloid neoplasms§

Acute myeloid leukemia, not otherwise specified (NOS)

Acute myeloid leukemia with minimal differentiation

Acute myeloid leukemia without maturation

Acute myeloid leukemia with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Acute erythroid leukemia

Pure erythroid leukemia

Erythroleukemia, erythroid/myeloid

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis (syn.: acute myelofibrosis; acute myelosclerosis)

Myeloid sarcoma (syn.: extramedullary myeloid tumor; granulocytic sarcoma;chloroma)

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis (syn.: transient myeloproliferative disorder)

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

Acute leukemias of ambiguous lineage

Acute undifferentiated leukemia

Mixed phenotype acute leukemia with t(9;22)(q34;q11.2); BCR-ABL1

Mixed phenotype acute leukemia with t(v;11q23); MLL rearranged

Mixed phenotype acute leukemia, B/myeloid, NOS

Mixed phenotype acute leukemia, T/myeloid, NOS

Provisional entity: Natural killer(NK)–celllymphoblastic leukemia/lymphoma

Table 2. Acute myeloid leukemia and related precursor neoplasms and acute leukemias of ambiguous lineage (WHO).
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6. Diagnostic procedures

6.1. Morphology

AML is first described by its morphology figure 3, or what the cancer cells look like when put
under a microscope. The type of normal, immature white blood cell most closely resembles
classified AML. The cancer that is in the cells that normally produce neutrophils is a subtype
called myeloid leukemia in most patients with AML.

Using a May-Grunwald-Giemsa or a Wright-Giemsa stain, blood and marrow smears are
morphologically  examined.Using  this  method,  they  can  give  information  about  blood
diseases (e.g., anemia, leukemia) that will change the aspect, leukocytes, number, size, or
shape of erythrocytes and platelets [38]. 200 leukocytes on blood smears and 500 nucleated
cells on marrow smears, with the latter containing spicules, is recommended to be count‐
ed. A marrow or blood blast count of 20% or more is required to be a diagnosis of AML,
except for AML with t (8;21), t(15;17), t (16;16), or inv (16) and in a few cases of erythroleuke‐
mia. Included in the blast count are myeloblasts, monoblasts, and megakaryoblasts. AML
with monoblasts, monocytic, or myelomonocytic differentiation and promonocytes, howev‐
er, not abnormal monocytes are counted as blast equivalents. Only rare instances of pure
erythroid leukemia can erythroblasts be not counted as blasts. Occasionally, the cytoplasm
of  the  immature  cells  may  contain  abundant  basophilic  cytoplasm,  containing  variable
numbers of indistinct coalescent granules. The diagnosis is M1 in case the immature cells are
<10%, and the diagnosis will be AML-M2 if the immature cells are >10%. AML M2 baso
showed a  higher  number  of  basophils  along with  the  typical  M2 morphology and was
sometimes correlated with the t(6;9) [39].

Figure 3. AML-M2 morphology. Note the presence of myeloid maturation.

6.2. Immunophenotyping

Immunophenotyping was performed by using a direct immunofluorescent technique and flow
cytometry on peripheral blood specimens anti-coagulated by heparin of a newly diagnosed
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acute leukemia. For most markers, a commonly used criterion is 20% or more of leukemic cells
expressing the marker [40], whereas for selected markers (e.g., cytoplasmic CD3, MPO, TdT,
CD34, and CD117) a lower cutoff has been applied (10%). Phenotype acute leukemia (MPAL)
diagnoses lineage assignment, and Measurement of Minimal Residual Disease is used to detect
aberrant immunophenotypes (MRD), which is necessary for quantification of expression
patterns of several surfaces and cytoplasmic antigens [41]. For morphological evaluation flow
cytometry, determination of blast count should not be used as a substitute.

Immunophenotyping establishes the diagnosis of AML with minimal differentiation, acute
megakaryoblastic leukemia, and acute leukemias of ambiguous lineage [42]. An AML with
minimal differentiation is without morphologic and cytochemical evidence of myeloid
differentiation [43].

Acute megakaryoblastic leukemia has 20% or more blasts, of which 50% or more are of
megakaryocytic lineage; megakaryoblasts express less commonly CD42 one or more platelet
glycoproteins CD41 and/or CD61. Acute Undifferentiated Leukemia (AUL) or those with
blasts that express markers of more than one lineage (i.e., MPAL), are acute leukemias of
ambiguous lineage, are rare leukemias, and comprise cases that show no evidence of lineage
differing. AULs often express CD34 and/or CD38 and/or HLA-DR but lack lineage associated
markers. Distinct blast populations or one blast population with markers of different lineages
on the same cell or a combination of both can be contained in MPAL. WHO defines MPAL and
encompasses subsets that are with or without genetic abnormalities [44].

6.3. Cytogenetic and molecular genetics

Chromosome preparation from peripheral blood and/or bone marrow was done according to
standard techniques after culturing for 24 or 48 hours [45]. Colcemid treatment, hypotonic
shock, and 3:1 methanol: acetic acid fixation and chromosome analysis were carried out on G-
banded metaphase and were included in routine methods for metaphase spread preparations.
According to the 1995 International System for Human Cytogenetic Nomenclature at least four
metaphase were karyotyped and described [46]. In order to confirm or exclude the presence
of leukemia-associated gene rearrangements, molecular genetic studies were performed. Thus,
either fluorescence with LSI Dual Color Break Apart Rearrangement probe for Mixed Lineage
Leukemia (MLL) or Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) for detecting
AML rearrangements were used [47].

6.4. Genome-wide studies

The major ways to distinguish AML subtypes involve hematopathologic diagnosis with flow
cytometry and cytogenetic/molecular analyzes. Essential in the distinction among the sub‐
classes of AML is the notion that different subtypes of AML express different proteins, either
at the cell surface, defining AML types distinguishable based on flow cytometry, or as a result
of chromosomal rearrangements or gene mutations. Therefore, it is logical that a technique
that can define a transcriptional gene expression globally should be able to distinguish among
AML subtypes [48]. Identifiying novel genetic abnormalities and the promise of making the
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systematic characterization of cancer genomes feasible has resulted in progress in genomics
technology. For example, gene- and micro RNA-expression profiling have proven valuable for
the discovery of novel leukemia subgroups and of prognostic signatures [49]. Uniparental
disomy (UPD) is when a genome-wide single nucleotide polymorphism (SNP)–based map‐
ping arrays, giving both copy number and allele-specific information, led to the identification
of a novel mechanism involved in the pathogenesis of AML [50]. UPD is due to a mitotic
recombination event and may render a cell homozygous for a pre-existing mutation positioned
in the affected genomic region. The power of SNP genotyping as a tool for gene discovery is
shown by several recent studies [51]. Hopefully, high-throughput DNA sequence analysis will
become possible at an affordable cost, while analyses of genomic copy number will continue
to be informative with regard to the selection of candidate leukemia genes. This may ultimately
result in the development of comprehensive, disease- and allele-specific oncogene mutation
profiling strategies [52].

6.5. Additional diagnostic tests

A patient with AML may need additional diagnostic tests and procedures that can confirm the
diagnosis. Leukemia usually does not form tumors, so imaging tests are not used for diagnosis
and are often used to check infections or other problems that may occur. X-rays routinely looks
for suspected lung infection. Moreover, imaging in a few cases may be done to determine
disease extent if it is thought to be spread beyond the bone marrow and blood.

6.5.1. Computed tomography (CT)

The computed tomography (CT) scan is usually needed if it is suspected that leukemia is
growing in an organ, such as the spleen. Unlike a regular x-ray, CT scans can illustrate in detail
soft tissues. In some cases, a CT scan can be used to guide the biopsy needle into areas of
abnormality, such as an abscess [53].

6.5.2. Magnetic resonance imaging (MRI) scan

Asymptomatic patients are diagnosed with acute leukemia after the identification of abnormal
peripheral blood counts. However, magnetic resonance imaging (MRI) has found that
abnormal bone marrow signals appear in patients who have not been previously diagnosed
with leukemia.The differentiation between benign marrow edema and tumorous involvement
of the bone marrow is the measurement of the tissue microstructure the diffusion-weighted
imaging reflects the random motion of water protons. MRI enables precise assessment of bone
marrow infiltration early and before osteolytic changes become visible by conventional
radiology imaging or CT scans [54].

6.5.3. Ultrasound

Ultrasound uses sound waves and ultrasound echoes and then produces a picture of internal
organs or masses. Usually for this test, a small, microphone-like instrument called a transducer
is placed on the skin. These transducers emit sound waves and pick up echoes as they bounce
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off organs in the body. The echos are then converted into an image that is displayed on a
computer. Ultrasounds are used to look at the lymph nodes near the surface of the body or
look at the enlarged organs inside the abdomen such as the kidneys, liver, and spleen [55].

7. Prognostic factors

The patient characteristics and general health condition of those related to characteristics
particular to the AML clone are prognostic factors that may be subdivided. Patient character‐
istics and general health condition usually predict treatment-related mortality (TRM) and
becomes important as patient age increases. Characteristics particular to the AML clone
predicts resistance to at least conventional therapy. The following studies are aimed at
assessing the pretreatment levels of plasma Ang-1, Ang-2, and sTie2, and the calculated ratio
of Ang-2/sTie2 receptor in AML patients. Moreover, it aims to evaluate serum levels of
endostatin, MMP- 9, and uPAR in AML patients before chemotherapy and after achieving
complete remission. At the same time, it also studies the impact in the lives AML patients and
their overall survival.

7.1. Circulating angiopoietin-2 is a strong prognostic factor in AML

The prognostic significance and over expression of cellular angiopoietin in the isolated
peripheral AML blast and AML bone marrow is not demonstrable. Loges (2005) [56] showed
that patients with high cellular Ang-2 had extended overall survival compared to those with
low Ang-2 expression. Previously, we assessed the pretreatment levels of plasma Ang-1,
Ang-2, and sTie2, and the calculated ratio of Ang-2/sTie2 receptor in a cohort of 71 AML
patients in order to evaluate the impact in the lives of AML patients and their overall survival.

7.1.1. Materials

Seventy-one newly-diagnosed AML patients were tested in this study. Table 3 shows the
patients' characteristics. All 71 patients were tested and followed up to 24 months (Table 3) or
up until their deaths. Patients were followed in the oncology department at Mansoura Cancer
Institute in Egypt where they were treated with approved protocols. 3+7 protocols (Daunor‐
ubicin 45 mg/m2 iv days 1–3; Cytarabine 100 mg/m2/day continuous infusion for 7 days) were
used to treat the AML patients. Upon post remission, there was a high dose of cytarabine.
Salvage therapy (HAM protocol) was applied (Cytarabine 3 gm/m2 bid iv 3 hours infusion
days 1–3; Mitoxantrone 10 mg/m2 iv days 3–5) for patients who did not respond to the induction
therapy. Complete hematological remission patients (bone marrow blast cells <5% in bone
marrow) were submitted to consolidation therapy that contained a high dose cytrabine
containint regimine (2 g/m2/2hours/day × 4 days) + Daunorubicin 45 mg/m2/day ×3 days. The
M3 patients received all trans retinoic acid and went through chemotherapy. Nineteen normal,
healthy subjects made up the normal control group.

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis124



off organs in the body. The echos are then converted into an image that is displayed on a
computer. Ultrasounds are used to look at the lymph nodes near the surface of the body or
look at the enlarged organs inside the abdomen such as the kidneys, liver, and spleen [55].

7. Prognostic factors

The patient characteristics and general health condition of those related to characteristics
particular to the AML clone are prognostic factors that may be subdivided. Patient character‐
istics and general health condition usually predict treatment-related mortality (TRM) and
becomes important as patient age increases. Characteristics particular to the AML clone
predicts resistance to at least conventional therapy. The following studies are aimed at
assessing the pretreatment levels of plasma Ang-1, Ang-2, and sTie2, and the calculated ratio
of Ang-2/sTie2 receptor in AML patients. Moreover, it aims to evaluate serum levels of
endostatin, MMP- 9, and uPAR in AML patients before chemotherapy and after achieving
complete remission. At the same time, it also studies the impact in the lives AML patients and
their overall survival.

7.1. Circulating angiopoietin-2 is a strong prognostic factor in AML

The prognostic significance and over expression of cellular angiopoietin in the isolated
peripheral AML blast and AML bone marrow is not demonstrable. Loges (2005) [56] showed
that patients with high cellular Ang-2 had extended overall survival compared to those with
low Ang-2 expression. Previously, we assessed the pretreatment levels of plasma Ang-1,
Ang-2, and sTie2, and the calculated ratio of Ang-2/sTie2 receptor in a cohort of 71 AML
patients in order to evaluate the impact in the lives of AML patients and their overall survival.

7.1.1. Materials

Seventy-one newly-diagnosed AML patients were tested in this study. Table 3 shows the
patients' characteristics. All 71 patients were tested and followed up to 24 months (Table 3) or
up until their deaths. Patients were followed in the oncology department at Mansoura Cancer
Institute in Egypt where they were treated with approved protocols. 3+7 protocols (Daunor‐
ubicin 45 mg/m2 iv days 1–3; Cytarabine 100 mg/m2/day continuous infusion for 7 days) were
used to treat the AML patients. Upon post remission, there was a high dose of cytarabine.
Salvage therapy (HAM protocol) was applied (Cytarabine 3 gm/m2 bid iv 3 hours infusion
days 1–3; Mitoxantrone 10 mg/m2 iv days 3–5) for patients who did not respond to the induction
therapy. Complete hematological remission patients (bone marrow blast cells <5% in bone
marrow) were submitted to consolidation therapy that contained a high dose cytrabine
containint regimine (2 g/m2/2hours/day × 4 days) + Daunorubicin 45 mg/m2/day ×3 days. The
M3 patients received all trans retinoic acid and went through chemotherapy. Nineteen normal,
healthy subjects made up the normal control group.

New Aspects in Molecular and Cellular Mechanisms of Human Carcinogenesis124

Parameters AML Patients

NO 71

Median age / years (range) 34 (16–55)

Male 40

Female 31

Mo 2

M1 12

M2 19

M3 3

M4 18

M5 10

M6 4

M7 3

Karyotypes

Favorable; t(8:21), t(15-17), inv(16) 21

Intermediate; normal, +8, +22, others 41

Poor complex, –5, –7 9

Peripheral WBCs × 103/cmm 16.0 (9.5–89.2)

Peripheral blast cells % 20 (12.0–70.0)

Bone marrow Blast cells%; median(range) 55% (12–88%)

Follow up 24 months

Table 3. Patients’ characteristics.

7.1.2. Methods

In a sterile tube with Ethylenediaminetetraacetic acid (EDTA), 6 ml of peripheral blood were
collected from each AML patient at presentation and before the start of induction chemother‐
apy. For ten minutes in a refrigerated centrifuge, the plasma was separated by centrifugation
at 1500 Xg. The separated plasma was reserved at -70ºC, thawed in use. Using commercially
available kits from R&D systems (Minneapolis, MN, USA) and according to the manufacturer’s
instructions, Enzyme-linked immunosorbent assay (ELISA) were performed. Briefly, patient
samples using the anticoagulant were collected with Ethylenediaminetetraacetic acid (EDTA)
and stored at -80oC. Plasma samples were transferred to separate microplates, each containing
a specific antibody for Ang-1, Ang-2, or sTie2. At room temperature, the mixtures were
incubated for 2 hours. Plates were washed 4 times to remove unbound antigen. Enzyme-linked
polyclonal antibodies specific for each angiogenic factor were then added, then incubated for
2 hours, followed by another washing step. At color development, adding of the substrate was
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stopped and a standard curve was used to compare the intensity of the color measure. Optical
density of each well was determined at 570 nm.

7.1.3. Statistics

The software package SPSS version 10 has been used in this study. Mann-Whitney rank sum
test for independent groups were used to analyze the differences in angiogenic factor level
between AML and control groups. Furthermore, the Spearman rank correlation coefficient (Rs)
was applied to assess the correlations between continuous variables. The Kaplan-Meier
method was used for survival curves estimation. Overall, survival was the primary outcome
of the studies and was calculated from the date of the first diagnosis to the death of the patient
from any cause. In order to evaluate the predictive effect of each angiogenic factor, the
univariate and multivariate Cox regression analysis was performed (figure 4, 5). Optimal cut-
off points depend on 50 percentile of each angiogenic factor.

Figure 4. Kaplan-Meier survival analysis of AML patients according to Ang-1 levels. AML patients with high Ang-1
levels (≥260) displayed significantly poor survival rates than those with low Ang-1 levels (≤260) (P=0.018).

7.1.4. Results

7.1.4.1. Comparison of plasma levels of Ang-1, Ang-2, sTie2, and Ang-2/sTie2ratio in AML patients
versus healthy controls

The plasma levels (median and range) of Ang-1, Ang-2, and sTie2 in pre-therapeutic AML
patients and healthy volunteers are illustrated in Table 3. Circulating levels of Ang-2 and the
calculated Ang-2/sTie2 ratio are decidedly higher in AML patients compared with controls
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(P=0.002, P=0.015 respectively). In AML patients, the Ang-1 and sTie2 levels were not signifi‐
cantly compared with the controls (Table 4).

Ang-1 (pg/ml) Ang-2 (pg/ml) sTie2 receptors ng/ml Calculated Ang-2/sTie

Patients (n=71) 260(0–2250) 1400(133–4800) 3.9(1.0–35) 279 (32.4–1233)

Control (n=19) 180 (0–2195) 392 (185–1520) 3.1 (2–3.9) 139 (78–471)

P value 0.573 0.002** 0.057 0.015*

Table 4. Plasma angiopoietins levels in AML patients as compared to controls.

7.1.4.2. The association between plasma levels of Ang-1, Ang-2, sTie2, calculated Ang-2/sTie2 ratio,
and clinico-pathological features

A significant correlation was obtained between Ang-2, determined Ang-2/sTie2 ratio, as well
as patients' age with P value <0.05. On the other hand, no significant correlation was seen with
sTie2 receptor that gives a P value of 0.786. Moreover, significant correlation was observed
with Ang-2, sTie2, and WBCs with r=0.338, P=0.004, r=0.263, P=0.027. At the same time, no
significant correlation has been seen in Ang-1 and calculated Ang-2/sTie2 ratio. The cell blast
percentage in peripheral smears were significantly correlated to Ang-2 and sTie2 receptors
with the following data obtained (r=0.365 P=0.002, r=0.387 P=0.001); no significant correlation
with Ang-1 or Ang-2/sTie2 ratio (Table 5). Significant correlation appears clearly between LDH
and Ang-1, Ang-2, and sTie2, contrary with Ang-2/sTie2 ratio. A positive correlation between

Figure 5. Kaplan-Meier survival analysis of AML patients according to Ang-2/sTie ratio. AML patients with a high
Ang-2/sTie ratio (>279) displayed significantly poor survival rates than those with low Ang-2/sTie ratio (≤279)
(P=0.004).
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Ang-2 and Ang-2/sTie2 ratio with cytogenetic grades was found. On the other hand, a negative
correlation was obtained with sTie2 receptor levels (P>0.1).

Ang-1 Ang-2 sTie2 receptors Ang-2/sTie2 ratio

Age (years) 0.254 0.030* 0.336 0.004* -0.033 0.786 0.287 0.015*

WBCs (x103) 0.170 0.155 0.338 0.004* 0.263 0.027* 0.205 0.086

Peripheral blood 0.183 0.127 0.365 0.002* 0.387 0.001* 0.169 0.158

Blast in BM% 0.137 0.254 0.305 0.010* 0.317 0.007* 0.187 0.119

LDH 0.513 0.000* 0.362 0.002* 0.262 0.027 0.146 0.225

Cytogenetic 0. 258 0.030* 0.426 0.000* 0.170 0.157 0.333 0.005*

Table 5. Correlation angiopoietins and other prognostic markers.

7.1.4.3. Association between plasma levels of Ang-1, Ang-2, sTie2, calculated Ang-2/sTie2 ratio, and
overall survival

In the study, univariate Cox proportional hazard analysis was dependent on 50% as a cutoff.
This was done to assess the effect of circulating Ang-1, Ang-2, sTie2 levels, and Ang-2/sTie2
ratio on AML overall survival. The clinic-pathological variable as cytogenetic settled that a
significant effect on the overall survival (p<0.005) variable as cytogenetic (intermediate vs.
good vs. poor) and LDH (≤450 vs. >450).

AML survival was significantly associated with angiogenic factors Ang-1 (≤260 vs. >260),
Ang-2 (≤1400 vs. >1400), Ang-2/sTie ratio (≤279 vs. >297) but sTie2 showed no effect. The death
of Ang-2 was higher for the relative risk (RR) when the base line >1400 pg/ml (RR 5.7, with
95% confidence interval (CI))(0.061–0.50, p=0.001) had high significance with this ratio. CIs
were 0.084–0.653, P=0.004 and the RR was 4.1 95%. No significant role of sTie2 >3.9 ng/ml (RR
1.24 95%, CI 0.481–3.220, p=0.652) table 6. Additionally, we performed multivariate Cox
regression analysis incorporating all variables that were in significant effect on univariate
analysis. The calculated Ang-2/sTie2 ratio was identified to be as the most prognostic factor
with significant independent impact on survival (p = 0.000) (Table 7).

The findings from this study did not coordinate with Loges et al. (2005), wherein cellular Ang-2
was identified as the predictor of AML patients with favorable prognosis [56]. On the basis
that the source of circulating Ang-2 from not only leukemic blasts, but also from other cell
types such as endothelial cells [57,58], show the differences between soluble Ang-2 and cellular
expression of Ang-2. Other hematological malignancies or solid tumors show limited studies
considering prognostic relevance. Moreover, angiosarcoma [59], breast cancer [60], multiple
myeloma, chronic myeloid leukemia [61], and recently in acute myeloid leukemia [58], higher
levels of Ang-2 have been detected. An attractive therapeutic target when introducing anti-
angiogenic strategies in the treatment of AML could be strategies in the treatment of AML for
Ang-2.
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Variable No RR(oddis ratio) 95% P value

Age (years)

≤ 25 33 0.894 0.346–2.311 0.817

≥ 25 38 1.12

Sex

Male 38 1.11 0.37–1.16 0.818

Female 33 0.88

WBCS(x 103/l)

≤ 16.2 x 103 36 0.104 0.034–0.320 0.000

> 16.2 x 103 35 3.62

Bone Marrow

infiltrate 38 0.202 0.073–0.561 0.002

≤ 50 33 4.95

> 50

Karyotype

Good 21 2.34 1.11–4.17 0.014

Moderate 41 1.00 0.02–2.19 0.235

Poor 9 0.27

LDH (U/L)

≤ 450 36 0.143 0.049–0.417 0.0000

> 450 35 6.99

Ang-1(pg/ml)

260 34 0.306 0.113–0.831 0.0180

> 260 37 3.27

Ang-2 (pg/ml)

≤ 1400 34 0.177 0.061–0.510 0.001

> 1400 37 5.65

S Tie

receptor(ng/ml) 32 1.2 0.481–3.22 0.652

3.9 39 44.81

> 3.9

Ratio

279 34 0.234 0.064–0.6530 0.004

> 279 37 4.27 0

Table 6. Univarate analysis of overall survival in AML patients.
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95% confidence
interval for B

Model
Lower
bound

Upper bound T P

Ang-1 0.000 0.000 -0.068 0.946

Ang-2 0.000 0.000 1.829 0.072

Ang-2/sTie ratio -0.002 -0.001 -3.939 0.000**

WBCs -0.007 0.002 -1.092 0.279

Peripheral Blast -0.016 0.004 -1.266 0.210

Cell % -0.010 0.008 -0.299 0.766

Blast in BM % 0.000 0.000 -0.732 0.467

LDH

**Multivariate regression analysis of angiogenesis markers with other variants clarified that the ratio is the most foretelling
predictor (p=0.000).

Table 7. Multivariate regression analysis of all variants.

Ang-2 blocks the therapeutic efficacy that has been manifested in solid tumors [62] and a
recombinant Fc fusion protein against the action of angiopoietins is now being studied in a
phase I study with patients that have advanced solid tumors. This study has concluded that
the calculated ratio between Ang-2/sTie is a factor that should be a part of the decision-making
process when choosing to use anti-angiogenic therapy.

7.2. Endostatin levels associated with favorable outcome

Inhibiting angiogenesis and tumor growth have been highly effective using endostatin [63,
64]. By inhibiting proliferation-inducing apoptosis in endothelial cells, it may mediate these
biological effects [65]. Endostatin has been shown to induce regression of metastatic tumor in
an animal model. The relation between endostatin levels and patients' outcome is scarce and
the data surrounding endostatin levels in AML patients are controversial [66]. Tumor derived
proteases generate the extracellular matrix protein collagen XVIII and is the C terminal anti-
angiogenic fragment. It is not clear in AML patients the levels of prognostic relevance of serum
endostatin. The study took serum levels of endostatin before chemotherapy and after complete
remission in acute leukemia patients. The study also took the patients' outcome and correlated
the endostatin levels.

7.2.1. Patients serum sample

Samples from 8 females and 22 males, with a median age of 37 within a range of 19 to 66 years
old, with AML had been taken before chemotherapy. Also, 20 out of 30 patients were tested
again once they were in complete remission (CR). From the healthy normal person group, ten
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95% confidence
interval for B

Model
Lower
bound

Upper bound T P

Ang-1 0.000 0.000 -0.068 0.946
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Ang-2/sTie ratio -0.002 -0.001 -3.939 0.000**
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Cell % -0.010 0.008 -0.299 0.766

Blast in BM % 0.000 0.000 -0.732 0.467

LDH

**Multivariate regression analysis of angiogenesis markers with other variants clarified that the ratio is the most foretelling
predictor (p=0.000).

Table 7. Multivariate regression analysis of all variants.
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7.2.1. Patients serum sample

Samples from 8 females and 22 males, with a median age of 37 within a range of 19 to 66 years
old, with AML had been taken before chemotherapy. Also, 20 out of 30 patients were tested
again once they were in complete remission (CR). From the healthy normal person group, ten
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samples were taken and matched with the same age and sex and were evaluated as the control
group for reference. Enzyme linked immunosorbent assay (ELISA) were determined using
serum endostatin (sE) levels.

7.3. Study results

7.3.1. Eendostatin levels in AML

In the control group, endostatin levels ranged from 5–20 ng/ml and have a median of 11.8 ng/
ml. Pre-treatment serum endostatin (sE) levels ranged from 3–70 ng/ml and have a median of
14.8. The post-treatment sE levels ranged from 15.8–78 gm/ml with a median of 35 ng/ml figure
6. There was no statistically significant differences that were found between pre-treatment sE
levels and normal controls. The post-treatment levels were statistically higher in pre-treatment
controls. CR and sE and the relationship between them were then evaluated. Twenty out of
the 30 AML patients reached CR. The patients who achieved CR had higher sE levels shown
from the Wilcoxon tests.

Figure 6. The Box-plot diagram showing the serum endostatin range levels in AML patients pre- and post-treatment
compared with controls. Both 25th and 75th percentiles are illustrated with the upper and lower lines of each box. The
median indicated with the line appears in each box. Pre-treatment compared to control (P>0.05); post treatment com‐
pared to control (P=0.000); and pre-treatment compared to post treatment (P= 0.001).

At the time of diagnosis as illustrated in Table 8, the sE levels increased markedly in the
survived group when compared to those who died; the survived AML patients and control
groups had a range of 9.6–70 ng/ml and median 38.15 compared with the levels of the died
group that had a range of 3–25.5 ng/ml and median 14.8 (P= 0.04) and control group with a
range 5–20 ng/ml and median 11.8 (P=0.026).
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Group Mean ± SD Median Range P value

Died (n=19) 12.87± 6.07 14.5 (3-25.5)

Survived (n=6) 56.58± 60.39 38.15 (9.6-70) 0.026

Control (n=10) 11.73± 4.28 11.8 (5-20)

Table 8. Baseline serum endostatin levels in died AML patients as compared to the survived group as well as normal
controls.

The baseline sElevel was not significantly correlated to age, hemoglobin level, peripheral
WBCs counts, platelet counts, blast cells percentage in bone marrow, and BCDR (P>0.05) (Table
9).

Features Endostatin

r P

Age 0.166 0.444

Hemoglobin g/dl 0.068 0.745

WBCs× 103/cmm 0.112 0.593

Platelet count × 103/cmm 0.101 0.630

Bone Marrow Blast cell % 0.029 0.889

BCDR - 0.01 0.98

BCDR (blast cell distribution ratio) = peripheral blast cell % / Bone marrow blast cell %

Table 9. Correlation between baseline endostatin levels and some clinical and laboratory parameters.

The prognostic value of sE was then evaluated by dividing AML patients into low and high
sE groups using the 75 percentile level of AML group (i.e., 20.5 ng/ml) as the cut off. As
illustrated in Table 10 and Figure 7, high sE patients survived for a significantly longer time
than low sE patients (P=0.02).

Endostatin level Total Died % Censored Mean Survival time P value

Below 75% 19 17 10.53% 18.84 0.02

Above 75% 6 8 66.67% 36.33

Table 10. Forty-eight weeks disease-free survival of the studied cases in relation to the pre-treatment serum endostatin
level.
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Figure 7. The overall survival of AML patients, according to pre-treatment concentrations of serum endostatin. The
75% concentration level of serum endostatin was used as cut off value.

The study showed that there was not much difference in the endostatin serum levels of the
pre-treatment AML patients compared to the normal control group. The baseline for AML
patients was lower than at CR. There was no correlation between pre-treatment endostatin
levels, age, platelet counts, bone marrow blast cell counts, peripheral white blood cell counts,
and blast cell distribution ratio. AML patients were divided into high and low sE groups using
the 75 percentile of sE levels of the patient group and showed the prognostic value of sE. The
study showed that the group with the high sE levels survived a longer time than the patients
that had a low sE levels. The results conclude that the elevated endostatin levels in AML
diagnosis is a good prognostic marker for patients’ outcome. Wide-scale study is recommend‐
ed in order to establish the clinical value of this study.

7.4. Role of metalloproteinase and urokinase in acute myeloid leukemia

An important role of the matrix metalloproteinase (MMPs) and urokinase may be important
when trying to find tumor invasion and metastasis. An anchored membrane protein that
promotes generation of plasmin on the surface of cell types is the Urokinase-type plasminogen
activator receptor (uPAR-CD87), which is a glycosyl phosphatidyl inositol (GIP) and facilitates
cellular tissue invasion and extravasation. Inflammatory cells or inaction of neoplastic
promotes invasion from UPAR by proteolysis of urokinase [67, 68].

The collagens elastin and gelatin are a family of enzymes with the common ability to degrade
various components of ECM [69]; they are also called MMPs. This family of enzymes all help
the physiological processes that occur when the tissue is remodeling and repairing. The
determination of these parameters in the blood are recommended as non-invasive tools in
cancer diagnosis and monitoring may be reflected in body fluids called Cellular Concentration
of MMPs [70].
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Components of ECM, cytokines, hormones, growth factors, or a variety of biochemical stimuli
all modulate the transcription of MMPs [71]. Various extracellular proteinases such as plasmin
and urokinase are catalyzed by the activation of pro-MMP. Crucial roles of MMPs and soluble
urokinase-type plasminogen activator receptor (suPAR) in the invasiveness of many malig‐
nant disorders have been accumulated in evidences from recent studies. The studies assessed
the levels of MMP-9, uPAR in AML patients and compared them with previous clinicopatho‐
logical status [72].

7.4.1. Methods and Patients

Twenty-five males and 18 females who were recently diagnosed with AML were used in the
study. The ages ranged from 26 to 73 years old, with a mean of 46.8. The AML patients were
studied at the time they were diagnosed, after starting chemotherapy, and during any relapses.
During the induction of chemotherapy, seven patients died. The French-American-British
(FAB) study group and immunophenotypic studies performed the diagnosis [73]. There were
no patients that had a history of chemotherapy or radiotherapy that were diagnosed with
hematological disorders. The criteria proposed by Cheson et al.[74] is the Morphologic CR.
Peripheral blood counting was obtained through WBC and a percentage of blast cells. Blast
cell distribution ratio (BCDR) was equal to the ratio between peripheral absolute blast cell
counts to absolute bone marrow blast cell count.

The following FAB subtypes 2 M7, 4 M3, 4 M4, 4 M6, 6 M1, 7 M5, and 16 M2 were included in
the AML patients. The normal subject group was made up of 10 normal subjects that matched
the age and sex of the patients were used as the control group. A high-dose combination
chemotherapy containing indarubicin, cytarabine, mitoxantrone, and etopside were treated in
the AML patients. Remission induction therapy included one or two courses of cytarabine,
etoposide, and idarubicin. The patients that achieved morphological CR received one course
of intensive therapy with cytarabine and mitoxantrone. And lastly, all patients got consolida‐
tion treatments. All AML patients were then followed around for up to a year. EDTA tubes
were used to collect blood samples and kept in ice before the plasma was separated.

The plasma was then removed within 2 hours by centrifugation for 30 minutes at 4°Celsius at
1800 g and stored frozen at -70°Celsius until the examination. Ficoll-Hypaque centrifugation
was used to separate the mononuclear cell fraction. Most of the mononuclear cells in AML
patients were blast cells that ranged from 0–96%. 1% Triton X-100 and protease inhibitors that
were contained in cells were lysed in PBS. Lysates were centrifuged at 14,000 g for 10 minutes
and 4°Celsius and the supernatants were stored at -70°Celsius until it was examined. The
colorimetric assay kit determined the total protein. UPAR and ELISA were used to analyze the
same amount of protein from each sample.

7.4.2. Immunophenotypic by flow cytometry

7.4.2.1. Preparation samples

Erythrocyte-lysed BM samples were used to diagnose all immunophenotyping study cases. A
mircroscope adjusted to 1 x 106 in each tube quantified the number of cells. The following
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monoclonal antibodies were used to analyze antigen expression with fluorochrome-conjugat‐
ed:

CD34

CD33

CD14

CD11b

CD45

CD10

CD19

CD22

CD3

CD5

CD7

Direct immunofluorescence was performed by first incubating 1 × 106 cells with the specific
monoclonal antibody for 15 minutes in the dark at room temperature. To assess background
fluorescence intensity, an isotype-matched negative control was used. Cells were lysed (FACS
lysis solution) for 5 minutes and centrifuged at 250 g for 5 minutes. Before being re-suspended
in PBS and examined, the cells were washed twice with phosphate-buffered saline (PBS). The
EGIL recommendations were followed for immunologic criteria for lineage assignment [75].

7.4.2.2. Data analysis

EPICS flow cytometry was measured. For data acquisitions, the Cell quest software program
was used. Over 10,000 events/tubes were measured..

Thresholds for positivity were based on isotype negative controls. Analytical gates were set
on desired viable cells based on forward light scatter and side light scatter combined with
exclusion of normal cells using a CD45 tube. The positivity threshold was 20% for all markers
except for cytoplasmic or intra-nuclear antigens for which a 10% threshold was used [76].

7.4.2.3. Assay of suPAR and uPAR in cell lysates

As previously described [77], ELISA and suPAR were used. Immuno-plates were coated
overnight with polyclonal antihuman uPAR antibodies. The wells were incubated with
standard dilutions of purified recombinant suPAR or with 1:10 dilutions of plasma after
blocking and washing. The volume equal to 20 ug of protein was put into each well for the cell
lysates to determine protein concentrations. A mixture of monoclonal antihuman upper
antibodies were rinsed and then incubated after antigen binding and then followed by alkaline
phosphatase-conjugated antibodies. P-nitrophenyl phosphatase substrate was allowed to
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develop at room temperature to get a color reaction. Absorbance was read at 405 nm. The assay
is 0.03 ng/ml lower detection limit. To estimate the total uPAR load in the cells in the circulation,
the exact amount of uPAR in lysates was multiplied by the mononuclear cell count in the
peripheral blood. This was tested without specific monoclonal antibodies.

7.4.2.4. Total MMP-9 enzyme-linked immunosorbent assay of plasma

Using a linked immunosorbent assay kit for human total MMP 9 according to the manual was
used to determine total MMP-9 activities in the plasma. The diluted plasma samples or MMPs
standards were mixed with 100 ul of 50 ul anti-MMP immunoglobulin G labeled with
horseradish peroxidase in 10 mmol/l ethylenediaminetetra acetic acid. A 100-μl aliquot of the
mixture was transferred to each well that was previously coated with an anti-MMP immuno‐
globulin G. The horseradish peroxidase-bound activity was detected by adding 100 μl volume
of 0.15 mol/l citric acid sodium phosphate buffer at pH 4.9, containing 2.0 g/l of o-phenylene‐
dianmine and 0.02% (v/v) hydrogen peroxide, followed by incubation at room temperature
for 20 minutes. Adding 100 μl sulphuric acid 1 mol/l will stop the action. The micro-plate reader
was adjusted to 492 nm for absorbance measurement. The human MMPs values were obtained
from the standard curve.

7.4.3. Results

7.4.3.1. AML patients suPAR, cellular uPAR and MMP-9 levels versus control

At diagnosis the AML patients' suPAR and cellular PAR levels that were considered in mean
were highly significant compared to the healthy controls with P=0.001 for both. However,
during AML remission, the suPAR levels declined, achieving levels close to the control levels.
On the contrary, during relapse, the levels increased again and came close to diagnosis levels
(Table 11, Figure 8).

suPAR (ng/ml) cellular uPAR
(ng/

mg protein/
109 cells/l)

MMP-9
(ng/ml)

At diagnosis Remission Replace At diagnosis Remission Replace

AML
patients

3.01±0.38 0.7±0.05 2.1±0.17 2.1± 0.17 11.21±1.71 44.5±0.76 13.56±1.07

Controls 1.02±0.14 0.26±0.02 42.05±2.18

P value 0.001 0.02 0.003 0.001 0.001 >0.05 0.001

Table 11. suPAR, cellular uPAR and MMP-9 in AML patients vs. controls.
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Figure 8. Soluble MMP-9 concentration levels at different AML status.

On the one hand, soluble MMP-9 levels were significantly lower in AML patients at diagnosis
as compared to normal control, and elevated during AML remission and declined again during
relapse (Table 11, Figure 9).

Figure 9. suPAR levels in different AML status.

On the other hand, AML patients who achieved complete induction remission have lower
levels for both MMP-9 and suPAR as compared to patients who resist remission (P=0.001 for
both, Table 12).
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AML achieved remission suPAR (ng/ml) MMP-9(ng/ml)

Yes (27) 1.72±0.19 14.47±1.15

No (13) 3.27±0.20 34.02±5.2

P 0.001 0.001

Table 12. suPAR and MMP-9 levels at diagnosis in AML patients who achieved complete remission vs. who did not.

The levels of sMMP-9 and suPAR were significantly different according to AML status (Table
13). The MMP-9, cellular uPAR and suPAR diagnosis levels were uneven when classified
according to FAB subtypes being highest among M5 (P<0.05 for all) (Tables 13 and 14).

suPAR (ng/ml) MMP-9(ng/ml)

Diagnosis Remission Relapse Diagnosis Remission Relapse

(n=43) (n= 36) (n=10) (n=43) (n= 36) (n=10)

3.01± 0.38 0.07±0.05 2.1±0.17 11.12±1.7 44.5±0.76 13.56±1.07

Table 13. suPAR and MMP-9 levels in different AML states.

M1(n-6) M2(n=6) M3(n=4) M4(n=4) M5(n=7) M6(n=4) M7(n=2) P

suPAR 1.9±0.01 3.31±0.57 2.1±0.43 3.6±0.41 5.3±0.4 0.85±0.4 0.80±0.1 0.03

cellular
uPAR

0.33±0.1 0.8±0.15 0.4±0.11 0.96±0.14 1.26±0.21 0.53±0.1 0.11±0.11 <0.05

MMP-9 16.2±1.8 18.2±2.5 18.7±4.0 16.1±0.3 28.1±7.1 9.1±2.3 7.7±o.95 <0.05

Table 14. suPAR, cellular uPAR, MMP-9 levels in different FAB subtypes.

7.4.3.2. suPAR, MMP-9, and cellular uPAR levels and extramedullary involvement

In order to study whether MMP-9 and uPAR have significant effects in the AML blast cell
invasion, the AML patient’s serum levels of MMP-9, suPAR, and cellular uPAR were compared
in the presence and absence of extramedullary involvement (Table 15). The AML subgroup
with extramedullary involvement exhibit a significant elevation in MMP-9, cellular uPAR, and
suPAR with a value P<0.05; P=0.001; 0.001, respectively.

7.4.3.3. Peripheral blast cells count, BCDR, cellular uPAR, suPAR, and MMP-9 correlation

A significant correlation was noticed between suPAR and MMP-9 and the peripheral blast cells
counts (r=0.88; P=0.001; r=0.65; P=0.001), as well as BCDR (r=0.84; P=0.001; r=0.65; P=0.001). At
the same time, there is a significant correlation between suPAR and cellular uPAR (r=0.88;
P=0.001). Moreover, MMP-9 is correlated significantly with suPAR (r=0.84; p=0.001) as shown
in Table 16.
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Peripheral blast
cells count

BCDR cellular uPAR MMP-9

suPAR r = 0.881 r = 0.839 r = 0.881 r = 0.61

p = 0.001 p = 0.001 p = 0.001 p = 0.001

MMP-9 r = 0.65 r = 0.65 r = 0.844 _

p = 0.001 p = 0.001 p = 0.001 _

Table 16. Correlation between suPAR, MMP-9, and peripheral blast cells count, BCDR, and cellular uPAR.

The levels of suPAR, cellular uPAR, and MMP-9 at diagnosis were significantly higher in died
AML patients group as compared to the survived group (Table 17).

Survivors Non-survivors P value

suPAR 2.06 ± 0.17 7.86 ± 0.68 0.001

Cellular uPAR 0.54 vs. 0.07 1.61 ± 0.10 0.001

MMP-9 14.2 ± 0.96 37.87±4.47 0.001

Table 17. suPAR, cellular uPAR, and MMP-9 in AML survivors vs. AML non-survivors.

Elevated WBC count and suPAR levels had no correlation in a study in patients with chronic
myeloid leukemia in chronic phase; it was also found that all suPAR levels in patient popula‐
tions fell within the normal range. Moreover, it shows evidence that serum suPAR and MMP-9
are strong prognostic variables in AML patients. Levels were significantly higher in AML non-
survivors when compared to AML survivors in super and mMP-9 diagnostic levels. suPAR
and MMP-9 derived from AML blast cells could be a possible explanation for the prognostic
value. suPAR and MMP-9 levels are higher in patients with extra-medullary infiltration
according to the hypothesis. In conclusion, MMP-9 and suPAR levels might be used as a marker
for disease activity and might contribute to blast cell dissemination. MMP-9 and suPAR may
be target molecules in the strategy of treatmenting AML.

AML patients without
extramedullary infiltration

AML patients with
extramedullary infiltration

P value

suPAR
(ng/ml)

4.48±0.65 1.94±0.31 0.001

Celluler uPAR
(ng/mg protein/109/cells/1)

1.14±0.11 0.41±0.08 0.001

MMP-9
(ng/ml)

21.96±3.23 15.24±1.64 <0.05

Table 15. suPAR, cellular uPAR, and MMP-9 in AML patients with extramedullary infiltration vs. those without.
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8. Treatment

AML has traditionally been considered a medical emergency, delaying induction chemother‐
apy until  molecular testing results return; it  may benefit some patients but harm others.
Advanced age and adverse cytogenetics would show a lower CR rate and that risks associated
with giving immediate intensive therapy to patients in whom poor prognostic characteris‐
tics with the risk of waiting to initiate treatment for additional test results to return [78].
Therapy for AML includes remission induction followed by post-remission chemotherapy
for most patients. The aim of induction therapy in new patients diagnosed with AML is to
lay down complete remission (CR), which in turn could optimize the cure and disease-free
survival rate [79].

8.1. Remission induction therapy

The backbone of remission induction therapy consists of an anthracenedione or anthracycline
combined with cytosine arabinoside (cytarabine, Ara-C), a regimen that has not changed since
it was first introduced 30 years ago [80]. Daunorubicin is given at a dose of 45 mg/m2/d×3 days,
or mitoxantrone or idarubicin are given at doses of 12 mg/m2/d×3 days in combination with
cytarabine, which is administered as a continuous infusion at 100 or 200 mg/m2/d×7 days (7+3
chemotherapy). Increasing the doses of cytarabine or the anthracycline, compares different
anthracycliness or anthracenedione adding more drugs or using growth factors that prime
agents or support care [81]; improved CR rates and disease-free survival commonly come at
the price of increased treatment-related mortality than offsetting potential survival advantag‐
es. The median survival for older AML patients that follow these intensive approaches are
typically 10 to 12 months, with higher median of survival for those entering CR, compared to
non-responders or those achieving CR with incomplete platelet recovery (CRi).

8.2. Post-remission therapy

Usually, approaches to therapy for older AML patients who are in post-remission involve
cytarabine and it is administered for a few days and then introduced in the remission setting.
However, this is done alone or in combination with auntracene dione or antracycline for 1 to
2 cycles. Severe neurological toxicity in one-third of patients is associated with high doses of
postremission cytrarbine. There is no added benefit to survival from more intense post-
remission therapy or adding other agents. There is no added benefit from maintenance therapy
through a more protracted course or post-remission therapy [82]. No randomized study shows
that despite recommendations, no post-remission therapy or over post-remission therapy have
any survival advanatages. Post-remission therapy that is becoming more common is Stem Cell
Transplantation (SCT) is being considered more. SCT is done at the cost of high treatment
mortality and offers the chance of a cure. SCTs have limited uses to the population and the
limited matched donors who are related to patients have limited applicability. Ongoing non-
myeloablative approaches studies have demonstrated the feasibility of more survival rates.
Ablative approaches may not provide advantages over non-myeloabaltive regimens for older
AML patients [83].
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8.3. Role of transplantation

Although associated with an improved anti-leukemic effect compared with chemotherapy, the
oral solution (OS) did not express consistently improve as shown from several prospective
trials of evaluated autologous SCT. There remains a debate about what patients benefit from
OS and in what type of patient an aggressive treatment should be reserved for and how SCT
from a matched sibling donor has been part of standard care for 25 years [84]. Balancing the
relapse risk that the patient faces with chemotherapy compared to the risk of the procedure
itself is a decision that the patient faces. If a patient has a low relapse risk, they have a higher
chance of responding if they relapse, so holding off on SCT to second CR is more practical. The
risk factors that affect SCT could be influenced by many items such as the cytomegalovirus
status of the donor and host, the age of the recipient and the donor, and the parity of a female
donor. The degree of matching and the comorbidities present in the patient can be evaluated
in a risk score [85]. A further complication in assessing the data for SCT in first CR is the method
of assessment.

8.4. Molecular genetic implications for diagnosis and therapeutics

Molecular revelations have recently defined further prognostic cohorts. FMS-like tyrosine
kinase 3 (FLT3) is important in the development of myeloid and lymphoid lineages may occur
in 25% to 30% [86] for internal tandem duplications and domain or mutations of kinase
activating loop. FLT3 ITD has proliferative advantage and anti-apoptotic signals and predicts
shorter CR duration. FLT3-ITD to FLT3 wild-type has a high allele ratio and long length of
duplication and location of insertion [87]. This information can help with the decision to go
through allogeneic SCT even though the benefits may not be unanimous. FLT3 inhibitory
activity has had little effect as monotherapy and at least three randomized trials are going in
combination with chemo, which should also take account for molecular subsets. Fifty percent
of cytogenetically normal acute myeloid leukemia (CN-AML) of the other intermediate group
has nucleophosmin 1 (NPM1) mutations that result in delocalizing in the cytoplasm [88].
NPM1 mutations in the absence of FLT3-ITD are favorable outcomes that are similar to CBF
leukemia in younger AML patients [89]. These types of patients can benefit from consolidated
chemo and do not require CR after SCT. There are suggestions that NPM1 patients should
receive additional all-trans-retinoic acid therapy, but this has not been proven. The prognostic
value of the molecular biomarkers (e.g., NPM1) could be useful in predicting the outcome in
older patients [90].

9. Conclusion and outcomes

AML in older adults is considered a difficult disease to be cured, representing one of the most
challenging groups to be treated in oncology. However, advances in AML treatment have
resulted in improved remission (an absence of signs and symptoms) and cure rates. This
improvement may benefit treatment with intensive or alternative chemotherapy that is
appropriate for the patient, enhanced by supportive performance status and cytogenetics.
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Remission rates in adult AMLs are universally related to age, with an expected remission rate
of more than 65% for those younger than 60 years. Earlier, the median survival of adult patients
with AML at the beginning of treatment was 40 days. Recently, AML patients younger than
60 years have complete response rates of 70% to 80% after induction chemotherapy. Overall,
survival is only about 50% for those who go into complete remission. Given the desperate
nature of survival outcomes, clinical trials should be considered at diagnosis, along with
considering the aggressiveness of therapy and patient-oriented treatment goals.
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Abstract

Anaplastic thyroid cancer (ATC) is highly aggressive and has a poor therapeutic response
and leads to high mortality. It has been shown that activation of intracellular c-Jun N-ter‐
minal kinase (JNK) and c-ABL signaling pathways is one of the manifestations of the
highly resistant response to radiotherapy in ATC. Pharmacological inhibition of these
pathways in combination with radiotherapy is a potential treatment modality of ATC.

Keywords: Anaplastic thyroid cancer, JNK signaling pathway, c-ABL signaling pathway,
ionizing radiation, radioresistance, anthrapyrazolone, imatinib

1. Introduction

Thyroid malignant neoplasms are the most frequent endocrine tumor. They are classified into
two categories, differentiated carcinoma and undifferentiated carcinoma (anaplastic carcino‐
ma), based on the histological differentiation (Figure 1).

In the clinical course, differentiated thyroid carcinomas such as follicular cancer and papillary
cancer have relatively good prognosis. ATC is among the most aggressive solid malignancies
in human with a bad prognosis. In spite of active therapeutic and surgical treatment, ATC
provides mean survival time less than 8 months after diagnosis [1]. ATC is widely metastatic,
and it is highly resistant to regular therapeutic approaches such as surgical treatment,
chemotherapy, or radiotherapy. It was confirmed that thyroid cells are relatively resistant to
ionizing radiation (IR)-induced apoptosis [2, 3].

Currently, it is mainly approved that external beam radiotherapy of ATC should be combined
with different anti-tumor pharmacological agents to have better local control of the tumor [4].
The main goal of this combination is to reduce the clonogenic capacity and radioresistance of
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ATC cells with the aim of further improving the radiotherapy effect. It is conceivably that
molecular-targeted pharmacological agents can decrease cancer resistance to radiotherapy
through modulation of DNA repair, cell death pathway, intracellular signal transduction [5,
6], or senescence-like terminal growth arrest [7].

2. Radiation therapy

Radiation therapy, like most anti-tumor treatments, achieves its therapeutic effect by inducing
different types of cell death in tumors [8]. Over the past decade, our knowledge is rapidly
increasing regarding the discovery of various molecular pathways involved in determining
cell death after IR exposure [9]. The biological target of IR in the cell is DNA (Figure 2).

Double-strand breaks (DSBs) are the most destructive DNA alterations, which, if left unre‐
paired, may have serious consequences for cell survival, as they lead to genomic instability,
chromosome aberrations, or cell death. DSBs are irreparable and more responsible than the
single-strand DNA breaks for most of cell death in tumor as well as surrounding normal cells.
Cells respond to DNA damage by activating complex processes at the level of molecules and
genes to detect and repair DNA alterations. The formation of DSBs activated phosphorylation
of H2AX (the subtype of histone H2A). The phosphorylated form of H2AX is called γ-H2AX
[10]. Phosphorylation of H2AX plays a key role in DNA reparation, and it is necessary for the
assembly of DNA repair molecules at the sites containing damaged chromatin as well as for
activation of checkpoint proteins, which arrest the cell cycle progression [11]. The evaluation
of γ-H2AX levels may allow not only to control the efficiency of anti-tumor therapy but also
to predict cancer cell sensitivity to DNA-damaging anti-tumor agents and toxicity of anti-
tumor treatment toward normal cells. It is possible to detect H2AX phosphorylation by specific
γ-H2AX antibody and thus to detect DNA damage and repair in situ in individual cells. The
presence of γ-H2AX in chromatin can be exposed shortly after induction of DSBs in the form
of discrete nuclear foci (Figure 3) [12]. The presence of γ-H2AX-containing nuclear foci can be
measured by microscopy, flow cytometry, and Western blotting of tissue/cell lysates [13].
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Figure 3. IR induces γ-H2AX nuclear foci formation in ATC cell lines: (a) non-radiated; (b) in 24 hours after 10 Gy IR
treatment (EXS-300 X-irradiator, Toshiba, Tokyo, Japan; 200 kV, 15 mA, 0.83 Gy/min). Compared to alternative meth‐
ods of DNA damage assessment, the immunocytochemical approach is less cumbersome and offers much greater sen‐
sitivity. Fluorescent immunocytochemistry. Confocal fluorescent microscopy. Original magnification ×400.

The main goal of radiotherapy is to deprive tumor cells of their multiplication potential and
finally to destroy the cancer cells. After IR exposure, cell death may occur by one or more of

Figure 2. The biological target of IR in the cell is DNA. IR-induced DNA damage of cancer cells can lead to cell death.
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the following mechanisms: immediate or delayed apoptosis, mitotic-linked death (mitotic
catastrophe), autophagy, and terminal growth arrest (senescence) associated with necrosis
(Figure 4).

Figure 4. Mechanisms of cancer cell death triggered by IR.

Radiotherapy does not destroy cancer cells right away. It takes hours, days, or weeks of anti-
tumor therapy before cancer cells start to die after which cancer cells continue dying for weeks
to months after ending of radiotherapy. The efficiency of radiotherapy has much to gain by
understanding the cell death mechanisms that are induced in tumor cells following irradiation
(Table 1). Strategies to use specific pharmacological agents that can inhibit the activity of key
molecules in intracellular signaling pathways combined with IR might potentiate therapy and
enhance tumor cell death [14].

Types of cell death Definition and characteristics Associated changes Detection methods

Necrosis Cells visibly swell with
breakdown of cell membrane.
Typical nuclei with
vacuolization and
disintegrated cell organelles.

Sometimes not considered
genetically determined.
Drop of ATP levels.
ROS over-generation.

Early permeability to vital dyes.
Staining with propidium iodide.
Electron microscopy.

Apoptosis Programmed cell death.
Cells shrink with blebbing of
cell membranes.
Condensed chromatin and
DNA fragmentation.

Stimulated by cyclin D1
activation and by Myc.
Can be inhibited by loss of
wild-type p53.
Caspase activation.

Sub-G1 peak in flow cytometry.
Annexin-V staining.
Quantification of ∆Ψm.
Internucleosomal laddering.

Sub-G1 peak in flow cytometry.
Annexin-V staining.
Quantification of ∆Ψm.
Internucleosomal laddering.

Sub-G1 peak in flow cytometry.
Annexin-V staining.
Quantification of ∆Ψm.
Internucleosomal laddering.
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Types of cell death Definition and characteristics Associated changes Detection methods

Dissipation of mitochondrial
transmembrane potential
(∆Ψm).

Senescence Cells do not divide, although
they remain metabolically
active.
Large and flat cells with
increased granularity.

Stimulated by Ras mutations
and telomerase shortening.
Inhibited by the loss of wild-
type p53, p16, and p21WAF1.

Staining for β-galactosidase at
pH 6 (SA-β-Gal+).
Absence of DNA synthesis
(BrdU incorporation).

Autophagy Programmed cell death in which
the cell digests itself.
Formation of vacuoles in
cytoplasm.

Cell death is accompanied by
massive autophagic
vacuolization of cytoplasm
without condensation.
LC3-I to LC3-II conversion
(LC3, microtubule-associated
protein).

Immunoblotting with LC3-
specific antibodies.
Immunofluorescence
microscopy (LC3-GFP fusion
protein).

Mitotic catastrophe Cell death occurring during or
after a faulty mitosis.
Giant cells with two or more
nuclei and partially condensed
chromatin.
Can lead to necrosis or
apoptosis-like death (p53-
independent).

Stimulated by deficiencies in
proteins involved in G1 and G2
checkpoints and in mitotic
spindle assembly.
Can follow caspase-dependent
or caspase-independent
pathways.

Cells with two or more nuclei
detected by microscopy or laser
scanning cytometry.
Aberrant mitotic figures.
Accumulation in G2/M and
polyploidy.

Table 1. Anti-proliferative response and cell death pathways observed upon radiotherapy.

3. JNK signaling pathway

c-Jun N-terminal kinases (JNKs) are multifunctional kinases, also known as stress-activated
protein kinases be a part of superfamily of mitogen-activated protein kinases (MAPKs) that
are involved in many physiological and pathological processes (Figure 5). At first, the JNKs
were originally identified as ultraviolet-responsive protein kinases by their capacity to
phosphorylate the N-terminal of the transcription factor c-Jun and by their activation in
response to various stresses [15]. Initial research works have shown that JNKs can be triggered
by various stimuli including growth factors [16, 17], cytokines [18], and stress factors [19]. It
was demonstrated that IR with level of 10 Gy induced JNK activation with a maximum at 30
minutes and return to baseline at 12 hours after exposure in ATC cell lines [7].

Other observations have demonstrated the crucial role of JNK pathway in mediating apoptotic
signaling in many cell death paradigms [20]. JNK signal transduction pathway regulates the
cellular reaction to IR and activating radiation-induced apoptosis [21]. However, it was shown
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that JNK cascade, via the stimulation of c-Jun and ATF-2 transcription factors, may provide
DNA repair and cell survival (Figure 6) [22].

Figure 6. Role of JNK kinase in DNA repair after IR-induced extensive damage.

For that reason, it was proposed that JNK pathway inhibition could result in sensitization of
distinct types of tumor cells to DNA damage.

Figure 5. Various extracellular and intracellular stimuli can activate JNKs. Constant JNK activation influences tumouri‐
genesis by both transcription-independent and transcription-dependent mechanisms involved in cell transformation,
proliferation, survival, migration, suppression of cell death, and inflammatory processes in tumor.
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4. c-ABL tyrosine kinase signaling pathway

c-ABL is an ubiquitously expressed tyrosine kinase that involves in various cellular signaling
processes. The c-ABL is highly expressed in normal and cancer cells [23, 24]. c-ABL is frequently
overexpressed in ATC cell lines (Figure 7) and thyroid cancer tissue samples (Figure 8).
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Figure 8. The different expression pattern of c-ABL: (a) high level of expression of c-ABL in anaplastic thyroid carcino‐
ma; (b) follicular carcinoma; and (c) goiter. Immunohistochemistry: antibodies used were anti-c-ABL. Original magnifi‐
cation ×200 (a,b) and ×100 (c).

Previous experiments indicated that c-ABL is involved in regulation of the cell cycle and the
cellular genotoxic stress response pathways. It was demonstrated that the growth arrest was
accompanied by the down-regulation of c-ABL phosphorylation and of cyclins A and B1 levels
and by the up-regulation of the cell cycle inhibitor p21cip1. Also, it was presented that p21cip1

expression is associated with improved survival in patients after adjuvant radiotherapy [25].
The cellular reaction elicited by c-ABL depends upon its location in cells. Accumulation of c-
ABL in the cytoplasm results in cell survival and proliferation. By contrast, nuclear c-ABL
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becomes activated and induces apoptosis following genotoxic stress [26]. DNA damage caused
by IR and other DNA-damaging agents has been shown to result in activation of the c-ABL
(Figure 9) [27].

Figure 9. Nuclear targeting of c-ABL in response to DNA damage.

It was demonstrated that IR induces redistribution of c-ABL between nucleus and cytoplasm
in ATC cells (Figure 10) [28].
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Figure 10. IR induces redistribution of c-ABL between nucleus and cytoplasm in ATC cells. Translocation 

of c-ABL in FRO cells after IR treatment (EXS-300 X-irradiator, Toshiba, Tokyo, Japan; 200 kV, 15 mA, 

0.83 Gy/min): (a) non-radiated; (b) in 6 hours after 10 Gy IR treatment. Fluorescent 

immunocytochemistry. Confocal fluorescent microscopy. Original magnification ×400. 

Notably, nuclear targeting of c-ABL is required for the induction of apoptosis in 

Figure 10. IR induces redistribution of c-ABL between nucleus and cytoplasm in ATC cells. Translocation of c-ABL in
FRO cells after IR treatment (EXS-300 X-irradiator, Toshiba, Tokyo, Japan; 200 kV, 15 mA, 0.83 Gy/min): (a) non-radiat‐
ed; (b) in 6 hours after 10 Gy IR treatment. Fluorescent immunocytochemistry. Confocal fluorescent microscopy. Origi‐
nal magnification ×400.

Notably, nuclear targeting of c-ABL is required for the induction of apoptosis in response to
DNA damage. Overexpression of c-ABL activates cell cycle arrest in G1, which requires kinase
activity and nuclear localizing signals and depends on the wild-type p53 tumor suppressor
(Figure 10). In addition, c-ABL binds p53 and enhances the DNA binding and transcriptional
activity of p53 [29, 30].
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FRO cells after IR treatment (EXS-300 X-irradiator, Toshiba, Tokyo, Japan; 200 kV, 15 mA, 0.83 Gy/min): (a) non-radiat‐
ed; (b) in 6 hours after 10 Gy IR treatment. Fluorescent immunocytochemistry. Confocal fluorescent microscopy. Origi‐
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Notably, nuclear targeting of c-ABL is required for the induction of apoptosis in response to
DNA damage. Overexpression of c-ABL activates cell cycle arrest in G1, which requires kinase
activity and nuclear localizing signals and depends on the wild-type p53 tumor suppressor
(Figure 10). In addition, c-ABL binds p53 and enhances the DNA binding and transcriptional
activity of p53 [29, 30].
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Previous studies have revealed that loss of wild-type p53 function by mutation of the gene can
lead differentiated thyroid cancer to anaplastic change [31, 32]. ATC is harbor mutations of
p53 in 80–90% of cases and characterized by aggressive course of disease. It was previously
demonstrated that thyroid cancer cells with p53 mutation are relatively resistant to IR-induced
apoptosis [33]. Relationships between c-ABL and p53 revealed dependence of p53-deficient
cells from c-ABL for enhanced proliferation, suggesting that pharmacologic inhibition of c-
ABL may have therapeutic value in the p53-deficient cancer cells [34]. Hence, pharmacological
inhibition of c-ABL kinase activity can modify the response of ATC cells to IR and could be a
promising treatment modality.

5. Senescence-like terminal growth arrest

Senescence is a physiological process of changes in cell metabolism associated with a series
of  inductive,  permissive,  and restrictive  communications  that  limit  the  cell  proliferative
capacity. Senescent cells are viable but non-dividing, stop to synthesize DNA, and become
enlarged and flattened with an increased granularity. Recent data show that senescence may
act  as  an  acute,  drug-  or  IR-induced  growth  arrest  program  in  numerous  stromal  and
epithelial  tumors  [35].  It  was  found  that  IR  induces  senescence-like  phenotype  (SLP)
associated with terminal growth arrest in ATC cell lines and also in primary thyrocyte line
in time- and dose-dependent manner [36].

The induction of SLP in thyroid cells can be identified by the following:

• Senescence-associated β-galactosidase (SA-β-Gal) staining method (Figure 11)

• Dual-flow cytometric analysis of cell proliferation and side light scatter using vital staining
with PKH-2 dye

• Double labeling technique for SA-β-Gal and 5-bromo-2′-deoxyuridine (BrdU)

• Staining for SA-β-Gal with consequent anti-thyroglobulin immunocytochemistry (Figure
12)

6. Anthrapyrazolone as a specific inhibitor of JNK signaling pathway

Anthrapyrazolone is a synthetic polyaromatic small molecule–specific inhibitor of c-JNK
signaling (Figure 13). Anthrapyrazolone acts as a reversible ATP-competitive inhibitor with
an identical capability toward JNK1, JNK2, and JNK3 with >20-fold selectivity versus various
tested kinases other than JNKs [37, 38].

In cell cultures, anthrapyrazolone shows dose-dependent inhibition of c-Jun phosphorylation
in the range of 5–50 μM [38]. It was demonstrated that combination of anthrapyrazolone and
IR treatment inhibited ATC cell growth [7]. Numerous SA-β-Gal–positive cells were markedly
increased when anthrapyrazolone was combined with IR (Figure 14).
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Figure 11. IR induces SLP associated with terminal growth arrest in human ATC cell lines: (a and c) non-irradiated; (b
and d) in 120 hours after 10 Gy IR treatment; ATC cells exhibited typical features of SLP. Induction of SA-β-Gal activity
(green) was mostly observed in large cells with increased granularity and flattened shape. SA-β-Gal staining method.
(a) and (b) Bright-field microscopy, original magnification ×200. (c) and (d) Confocal fluorescent microscopy; original
magnification ×400.
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Figure 12. IR-induced SA-β-Gal activity in the primary culture of human thyroid follicular cells: (a) thyroglobulin-posi‐
tive (brown) cells in primary culture, anti-thyroglobulin immunocytochemistry; (b) non-irradiated cells, double stain‐
ing for SA-β-Gal and thyroglobulin; and (c) in 120 hours after 10 Gy IR treatment, double staining for SA-β-Gal and
thyroglobulin. Original magnification ×200.
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Figure 14. Anthrapyrazolone potentiates SLP in irradiated ATC cells: (a) non-radiated; (b) treatment with 
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minutes after 10 Gy IR treatment; and (c) in 5 minutes after 10 Gy IR treatment combined with 

anthrapyrazolone. UV-fluorescent microscope. 

In this study, DNA repair rates after 10 Gy exposure were analyzed by Comet assay to 

explore whether SLP induced by combination of anthrapyrazolone plus IR was 

Figure 14. Anthrapyrazolone potentiates SLP in irradiated ATC cells: (a) non-radiated; (b) treatment with anthrapyra‐
zolone; and (c) in 120 hours after 10 Gy IR treatment combined with anthrapyrazolone. SA-β-Gal staining method.
Bright-field microscopy. Original magnification ×100.

It was observed a robust increase of tail moment (Figure 15), which represents DNA damage
in alkaline single cell gel electrophoresis (Comet assay), in ATC cells treated with anthrapyr‐
azolone plus IR compared to IR alone, suggesting that inhibition of JNK signaling pathway
retarded DNA repair [7].
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Figure 15. Anthrapyrazolone potentiates DNA damage in irradiated ATC cells: (a) non-radiated; (b) in 30 minutes after
10 Gy IR treatment; and (c) in 5 minutes after 10 Gy IR treatment combined with anthrapyrazolone. UV-fluorescent
microscope.

Figure 13. Chemical structure of anthrapyrazolone.
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In this study, DNA repair rates after 10 Gy exposure were analyzed by Comet assay to explore
whether SLP induced by combination of anthrapyrazolone plus IR was associated with
accumulation of DNA damage. In this method, individual cells with damaged DNA embedded
in agarose gels are subjected to an electric field and generate a characteristic pattern of DNA
distribution forming a tail that, after staining with fluorescence dye, can be analyzed by
fluorescence microscopy. The extent and length of the comet’s tail correlates with the severity
of DNA damage [39].

Thus, one of the mechanisms that may contribute to the combination treatment effects is likely
the delay of DNA repair evoked by JNK pathway inhibition. Treatment with anthrapyrazolone
significantly delayed DNA rejoining after 10 Gy IR and increased the radiosensitivity of ATC
cells.

7. Imatinib as a selective inhibitor of c-ABL tyrosine kinase activity

Imatinib (also known as STI571 or Gleevec®) is a tyrosine kinase inhibitor with selectivity
toward BCR/ABL, c-ABL, platelet-derived growth factor receptor (PDGFR), and c-KIT (Figure
16) [40].

Figure 16. Chemical structure of imatinib.
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cycle inhibitor p21cip1 expression in non-radiated mouse ATC cells xenograft; (c) imatinib 10 µM 

combined with single dose of 10 Gy IR in 120 hours after treatment. Imatinib suppressed in vivo growth 

of ATC cells implanted into nude mice. (b and c) immunohistochemistry, antibodies used were anti-

p21cip1. Original magnification ×200. 

It was demonstrated that imatinib-induced S- and G2–M cell cycle arrest, leading to cell 

growth inhibition (Figure 18) [41]. 
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Figure 18. To evaluate G2 arrest in ATC cells, changes in the percent mitotic cells should be determined: 

(a) in 120 hours after imatinib (10 µM) treatment and (b) in 120 hours after imatinib (10 µM) combined 

with single dose of 5 Gy IR treatment. 

The anti-tumor effect of imatinib is potentiated in adjunctive therapy with IR, not only 

due to inhibition of proliferative cell growth with transient cell cycle arrest and 

Figure 17. (a) ATC xenograft model (ATC cells were implanted s.c. into male athymic mice); (b) cell cycle inhibitor
p21cip1 expression in non-radiated mouse ATC cells xenograft; (c) imatinib 10 μM combined with single dose of 10 Gy
IR in 120 hours after treatment. Imatinib suppressed in vivo growth of ATC cells implanted into nude mice. (b and c)
immunohistochemistry, antibodies used were anti-p21cip1. Original magnification ×200.
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Imatinib impedes the growth of ATC cell lines in vitro through selective inhibition of c-ABL
tyrosine kinase activity [41]. In vivo, imatinib combined with IR promotes p21cip1 expression in
mice bearing ATC xenograft model (Figure 17).

It was demonstrated that imatinib-induced S- and G2–M cell cycle arrest, leading to cell growth
inhibition (Figure 18) [41].
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Figure 18. To evaluate G2 arrest in ATC cells, changes in the percent mitotic cells should be determined: (a) in 120
hours after imatinib (10 μM) treatment and (b) in 120 hours after imatinib (10 μM) combined with single dose of 5 Gy
IR treatment.

The anti-tumor effect of imatinib is potentiated in adjunctive therapy with IR, not only due to
inhibition of proliferative cell growth with transient cell cycle arrest and apoptosis but also
due to the terminal growth arrest associated with SLP (Figure 19) [41].
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Figure 19. Phenotypic changes associated with SLP in ATC cells: (a) ATC cell line without treatment; (b) in 72 hours
after imatinib (10 μM) treatment; (c) in 72 hours after imatinib (10 μM) treatment combined with single dose of 5 Gy
IR. Enlarged and flattened morphology and increased granularity of ATC cells. Original magnification ×200.
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8. Conclusion

Intracellular JNK and c-ABL signaling pathways are essential components of ATC cell
proliferation and survival after radiation therapy. Hence, pharmacological inhibition of these
pathways in combination with radiotherapy may be a potential treatment modality of ATC.
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Abstract

The diagnostic potentialities of laser spectro- and videofluorescence endoscopy, complex
transabdominal US examination, dynamic multihelical computed tomography (MHCT)
with the possibility of constructing multiplanar reformations, and virtual gastroscopy
were studied with a view to diagnosing gastric cancer (GC). It was established that laser
spectral fluorescence with the drug Alasens (5-aminolevulinic acid) is a highly revealing
method for diagnosis and differential diagnosis of GC. The sensitivity of the method is
96%, and its specificity is 78%. Well-defined videofluorescence was noted in 91.3% of pa‐
tients with GC. The possibility of detecting cancer with complex trans-ultrasonography in
the pyloroantral division and in the lower third of the body of the stomach constitutes
95.6% attaining absolute values in T3 and T4. Dynamic MHCT allows 97% detection of
GC attaining absolute values, beginning with T2 invasion depth; tumor localization is ir‐
relevant. Comparative visual assessment of the quality of a virtual image and conven‐
tional video esophagogastroduodenoscopy (EGDS) was made. The study demonstrated a
sufficiently high level of virtual images whose quality was not inferior to that of conven‐
tional images in intraluminal tumor growth. The indications for the application of this
technique require further specification.

Keywords: Gastric cancer, 5-aminolevulinic acid (Alasens), laser spectro- and videofluor‐
escence, complex transabdominal US examination, dynamic multihelical-computed to‐
mography, virtual endoscopy

1. Introduction

Despite the fact that during the previous decades the incidence of gastric cancer (GC) has been
tending to decrease in many countries of the world, this disease continues to occupy a leading

© 2016 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.



place in the structure of oncological diseases and is one of the commonest causes of death from
malignant neoplasms [1]. It is common knowledge that the success of treatment of patients
with GC primarily depends on the timely diagnosis (tumor detection or primary diagnosis).

The main methods that enable us to detect gastric tumor and to verify the diagnosis are
esophagogastroduodenoscopy with biopsy and roentgenologic examination of the upper
gastrointestinal tract using the double contrast technique. The advantages of these methods
are known and indisputable. At the same time, their shortcomings are also well known, namely
the difficulty in detecting early forms of cancer as well as tumors with the endophytic
submucosal character of growth. A relatively high number of both false-negative and false-
positive results necessitates repeat endoscopic examinations and biopsies [2].

At present, laser fluorescence spectroscopy is one of the promising methods for the early
diagnosis of malignant tumors, including GC [3, 4]. This method allows us to enhance the
efficacy of the standard endoscopic examination in cancer and proved so informative that it is
referred to as ‘optic biopsy.’ We distinguish autofluorescence, i.e., fluorescence of endogenic
porphyrins whose concentration in the tumor cells is higher than in normal cells, and secon‐
dary fluorescence, i.e., the fluorescence of special exogenous photosensitizers, which are tropic
to tumor cells. Neither method is free from typical disadvantages: photosensitizers are
accumulated not only in the tumor but also in the skin and visible mucous membranes where
they are retained for a long time and cause photodermatitis if the light regimen is compro‐
mised. The main disadvantages of autofluorescence monitoring are a low contrast ratio and
the necessity of high-precision costly equipment.

Laser fluorescence spectroscopy has offered new possibilities with the development of 5-
aminolevulinic acid (5-ALA), which induces the synthesis and accumulation of photoactive
protoporphyrin IX in tumor cells. This results in intense fluorescence, which can be registered
not only with spectroanalyzers but also with special highly sensitive fluorescent endoscopes,
which opens up new horizons for clinical practice.

With the appearance of new radiodiagnostic technologies and the perfection of the already
available [such as ultrasonography, endo-ultrasonography, computed tomography (CT),
magnetic resonance imaging, and positron emission tomography] techniques, their possibili‐
ties in modern diagnostics of GC are actively being assessed [5–7]. In particular, numerous
investigations demonstrated the potentialities of a complex transabdominal US examination
with water loading as a method for primary diagnosis of GC [5].

Computed tomography is conventionally considered to be a method for secondary diagnosis
of GC and, above all, detection of remote metastases. However, the studies conducted recently
give evidence of the fact that the results of multihelical computed tomography (MHCT) are
on a par with those of the X-ray and endoscopic methods in detecting GC [8]. Moreover, this
method allows, after preliminarily insufflating the stomach, the performance of the so-called
virtual gastroscopy. Thus, dynamic MHCT additionally allows a wider field of view of the
organ in the modes of constructing multiplanar reformations and virtual endoscopy and, in
contrast to conventional videoendoscopy, is characterized by the absence of blind zones [7, 9].
The drawbacks of the method are as follows: the construction of multiplanar and virtual images
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is time-consuming; the absence of delicate shades of color at the boundary of lesion; the
impossibility to perform biopsy; and radiation exposure [7, 9]. Most of the works devoted to
primary diagnostics of GC with MHCT are mainly of pilot character.

The aim of this study is to look into the diagnostic possibilities of laser spectro- and video‐
fluorescent endoscopy, complex trans-US examination, MHCT with the possibility of con‐
structing multiplanar reformations, and virtual gastroscopy in the primary diagnosis of GC.

2. Materials and methods

The studies were conducted in the Burdenko Surgical Clinic of the Sechenov First Moscow
State Medical University from 2003 to 2010.

The results of laser spectral fluorescence diagnostics (FD) were analyzed in 62 patients with
malignant (37, 59.7%) and benign (35, 40.3%) diseases. Videofluorescence was observed in 25
patients (23 with GC and 2 with benign diseases). The study was conducted using 5-ALA–
based Alasens (GNTs NIOPIK, Research Institute of Organic Semi-Products and Dyes), which
was preliminarily dissolved in 200 mL of water (10–20 mg/kg of body mass) and ingested per
os 1.5–2 h before the study. A LESA-01 spectroanalyzer (Biospek and the Institute of Optic
Physics, Russian Academy of Sciences, Russia) was used for monitoring fluorescence. To
pinpoint videofluorescence (Figure 2), a special attachment for the standard endoscope
consisting of a high-sensitivity camera (0.003 lx) and a system of light filters and a photodiode
laser with a wavelength of 630 nm and a power of 1.5 W were used.

Eighty-seven patients with GC underwent complex trans-US examination. The study was
conducted using SIQUOIA apparatuses (ACUSON, the United States) operating in the real-
time mode and furnished with a convex transducer with a frequency of 2.5–3.5 MHz and a
linear probe with a frequency of 7.0–11.0 MHz. A two-stage method with the water test
proposed by Worlicek et al. (1989) was used when ultrasonography was performed [9].

Ninety patients with verified GC and 10 patients with suspected GC were subjected to dynamic
MHCT. The study was conducted using a Toshiba 320-slice tomograph with 16-cm detector
that allowed three-dimensional (3D) dynamic scanning with visualization of the whole
stomach in the dynamic mode without table feed. The native sequence was then performed,
a 16-cm examination zone along the Z-axis (embracing the whole stomach) was chosen, and
the abdominal cavity and the small pelvis were scanned. The subsequent procedure included
the construction of multiplanar reformations and dynamic video files. When virtual gastro‐
scopy was constructed (16 patients), the stomachs were preliminarily insufflated through a
probe or by using a special effervescent mixture consisting of citric acid and sodium bicar‐
bonate (4.0–6.0 g).

To objectively evaluate the information content of the methods used for diagnosing GC and
assessing its extent of spread, the diagnostic results were compared with the intraoperative
and histological findings. The international TNM classification (UICC 2002) was used for
staging GC.
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The clinical data were analyzed with the standard methods for statistical processing using
Microsoft Excel, SPSS 14.0, and MedCalc 5.0.

3. Results

3.1. Laser spectral and videofluorescent diagnostics of gastric cancer

Only 18 patients were diagnosed as having GC prior to the performance of FD. Later, this
diagnosis was verified by both the fluorescence intensity data (PRIX, the contrast ratio 2.1–
18.6) and histological findings.

Of 31 patients with the preliminary diagnosis of gastric ulcer, FD performance revealed a
high-fluorescence intensity (the contrast ratio 2.1–9.6) at the edges of ulceration in 12 patients
(Figure 1).

Only 18 patients were diagnosed as having GC prior to the performance of FD. 

Later, this diagnosis was verified by both the fluorescence intensity data (PRIX, 
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Figure 1. (A) Spectrogram and (B) histogram in gastric cancer and (C) the scheme 

and the principle of operation of LESA-01. 
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remaining 14 patients, the FD data (the contrast ratio 0.7–0.8) coincided with the 
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Figure 1. (A) Spectrogram and (B) histogram in gastric cancer and (C) the scheme and the principle of operation of
LESA-01.

Target biopsy of the mucous membrane was performed at these points; histological examina‐
tion of the biopsy material confirmed the diagnosis of GC. In the remaining 14 patients, the
FD data (the contrast ratio 0.7–0.8) coincided with the histological findings; the diagnosis of
gastric ulcer was verified.
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Target biopsy of the mucous membrane was performed at these points; histological examina‐
tion of the biopsy material confirmed the diagnosis of GC. In the remaining 14 patients, the
FD data (the contrast ratio 0.7–0.8) coincided with the histological findings; the diagnosis of
gastric ulcer was verified.
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Esophagogastroduodenoscopy revealed atypical regions of the mucosa suggestive of cancer
in five patients. High-intensity fluorescence of ALA-induced PRIX (the contrast ratio 2.1–8.0)
was observed in four patients when FD was carried out. Target biopsy of the mucous mem‐
brane of the stomach was performed, and the diagnosis of GC was made. Likewise, a patient
with a gastric polyp (the contrast ratio 3.3) was diagnosed as having carcinoma in situ based
on the results of histological examination.

In four patients, the preliminary diagnosis of GC was rejected after spectroscopy, which was
verified by the data of the subsequent morphological examination.

High-intensity fluorescence of ALA-induced PRIX was detected at 1–2 points of the region
studied in five observations. As evidenced by the results of histological examination, a
markedly pronounced inflammatory reaction was revealed in four of five of these patients.
Numerous authors [3] report that inflammation may be associated with increased generation
of ALA-induced PPIX.

Taking into account the foregoing, these patients can be included in the risk group but not
assigned to those with false-positive results. These patients require preventive endoscopic
examinations at least once a year.

In one observation, during FD the contrast ratio constituted 1.1; however, morphological
examination revealed highly differentiated adenocarcinoma. This result can be attributed to
false-negative ones.

On the whole, the contrast ratio constituted 4.55 ± 0.2 across the GC group (from 3.83 ± 0.6 in
carcinoma in situ to 6.13 ± 0.2 in stage IV). In patients with gastric ulcer, the contrast ratio was
1.08 ± 0.7. The difference between the contrast ratio values in malignant and benign diseases
is statistically significant (p ≤ 0.05). The sensitivity of the diagnostic method with the study of
Alasens-induced fluorescence was 96%, and its specificity was 78%.

3.2. Videofluorescence study

When performing endoscopic examination of the fluorescent images of the stomach, distinct
fluorescence of the tumor in 21 (91.3%) of 23 patients with GC was noted (Figure 2).

In two patients, the diagnosis of GC was excluded during complex examination and, accord‐
ingly, videofluorescence was absent (no false-negative results were noted). In addition, the
foci of severe dysplasia and malignancy were seen to be fluorescing, which was later confirmed
by the results of analysis of both the fluorescence spectra and the biopsy findings.

3.3. Complex trans-ultrasonography in the primary diagnosis of GC

To assess the possibilities of complex transabdominal US examination as a potential screening
method in detecting GC, we examined patients with different stages and different localization
of the neoplastic process.
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3.3.1. T1 invasion depth

To reveal disease at this stage of development of the pathological process is a difficult task due
to a small short local extension and a low depth of the tumor lesion (Figure 3).

According to the postoperative histological findings, 28 patients had T2 invasion depth; the
performance of ultrasonography was successful in detecting the tumor in 20 patients (in 8
patients using the standard technique; in 12 patients, US + ingestion of water). In six observa‐
tions, the tumor was localized in the regions inaccessible to US examination: the cardia and
the upper third of the stomach body; in two observations, in the pyloroantral zone and the
lower third of the body at the lesser curvature.

In two observations, ultrasonography was the first diagnostic procedure that enabled us to
suspect early antral cancer in the form of local thickening of the gastric wall with 1.5-cm

When performing endoscopic examination of the fluorescent images of the 
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Figure 2. (A) Prototype of the videofluorescence unit and (B) Malignant gastric 

polyp (videoendoscopy and videofluorescence). 

 

In two patients, the diagnosis of GC was excluded during complex examination 

and, accordingly, videofluorescence was absent (no false-negative results were 

noted). In addition, the foci of severe dysplasia and malignancy were seen to be 

Figure 2. (A) Prototype of the videofluorescence unit and (B) Malignant gastric polyp (videoendoscopy and video‐
fluorescence).
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extension, which was subsequently verified by the esophagogastroduodenoscopy (EGDS) +
biopsy and X-ray findings.

Thus, complex US examination was instrumental in detecting a tumor at T1 invasion depth in
72% of observations, and when the tumor was localized in the pyloroantral division of the
stomach and in the lower third of the organ, this level increased to 90%. The sensitivity and
specificity of this technique in measuring the T1 invasion depth constituted 42.9% and 91.8%,
respectively.

3.3.2. T2 invasion depth

According to the histological findings, T2 invasion depth was noted in 19 patients; complex
ultrasonography revealed a tumor in 18 patients. In one patient, the tumor was localized in
the cardiac region and in the upper third of the stomach body, i.e., the regions inaccessible to
US examination. At the first stage of complex US examination, a tumor was detected in 16
patients and in two more patients at the second stage with the water test. However, in
numerous cases, it was not simple to reveal a tumor with category T2 invasion depth. This was
only possible when the organ was thoroughly and meticulously examined.

Thus, the detection rate for T2 invasion depth lesions was 95% if the tumor was localized in
the pyloric and antral divisions of the stomach or involved in its body. The sensitivity and
specificity in determining T2 invasion depth constituted 63.2% and 81%, respectively.

3.3.3. T3 invasion depth

According to the histological findings, T3 invasion depth was noted in 16 patients. In all
observations, except one (a tumor invading the upper third and the cardiac division of the
stomach with a low degree of extension), we succeeded in detecting the tumor easily enough
resorting to both techniques: the standard ultrasonography and US supplemented with water
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loading. At this depth of lesion, it was the classical ‘hollow organ’ symptom that was most
commonly observed in the US image. At this pathological stage, we visualized not only
considerable thickening of the stomach wall but also a large extent of spread of the tumor along
the longitudinal axis of the organ involving several anatomical regions. All this facilitated the
task of tumor detection.

Thus, ultrasound examination supplemented with the water test did not increase the infor‐
mation content in terms of tumor detection at this stage of the disease but allowed us to evaluate
more thoroughly the extent of infiltration, to determine the depth of involvement by the tumor,
and to improve visualization of the organs of the retroperitoneal space.

Complex transabdominal US examination enabled us to reveal the tumor in 94% of cases in
T3 invasion depth. If the localization site was the pylorus, antrum, and body of the stomach,
the detection rate was 100%. The sensitivity and specificity in relation to measuring the
invasion depth were 75% and 83.6%, respectively.

3.3.4. T4 invasion depth

As judged by the results of the histological examination of biopsy material, T4 invasion depth
was noted in 14 patients. In all the observations of patients with category T4 malignant lesions,
the tumor was revealed easily as the ‘hollow organ’ symptom due to a large extent of spread
using both techniques: the standard ultrasonography and US with water loading.

In our study, invasion of the adjacent organs, the great vessels, and fatty tissue by the tumor
was suspected during ultrasonic examination in four patients, which was later confirmed
intraoperatively using the same procedure and by revision of the organs of the abdominal
cavity.

Thus, the possibility of detecting tumor lesions of the stomach with T4 invasion depth was
absolute. As far as the sensitivity and specificity of the method are concerned, they are 85.7%
and 93.7%, respectively.

3.4. Dynamic MHCT in the diagnostics of gastric cancer

Until recently, CT was regarded as a technique for secondary diagnosis of GC. As dynamic
MHCT is a more informative diagnostic method, we studied the possibilities of primary
diagnostics of GC, including the so-called virtual endoscopy.

3.4.1. T1 invasion depth

Based on the data of postoperative histological examination, T1 invasion depth was diagnosed
in nine patients. We succeeded in detecting the tumor in seven of nine observations (78%). In
all the cases, T1 invasion depth was characterized by the non-uniform contrast of the mucous–
submucous layer and peristaltic disorder, even if the wall thickening was insignificant. In two
observations of early GC (carcinoma in situ), we failed to reveal the tumor.
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Thus, the sensitivity of MHCT in revealing T1 invasion depth constituted 22%; its specificity
is 100%; the positive predictive value (PPV) is 100%; and the negative predictive value (NPV)
is 93%.

3.4.2. T2 invasion depth

According to the histological findings, T2 invasion depth was determined in 13 patients. We
succeeded in detecting the tumor in all the cases, irrespective of the localization of the
neoplastic process in the stomach.

The most characteristic CT symptom at T2 invasion depth, as at T1 invasion depth, is limited
thickening of the gastric wall (13.6 ± 5.4 mm) with increased accumulation of the contrast
medium and with impaired peristalsis in this division without the involvement of perigastric
fatty tissue.

The sensitivity of MHCT in measuring T2 invasion depth constituted 69%; its specificity is
92%; PPV is 57%; and NPV is 95%.

3.4.3. T3 invasion depth

According to the results of histological examination, the T3 invasion depth group included 24
patients. With T3 invasion depth, marked (19.0 ± 8.4 mm) thickening of the stomach wall,
irregularity of the external outline with reticular, and linear thickening of the surrounding
fatty tissue are noted.

The accumulation of contrast medium by the tumor was of different character and depended,
to a larger degree, on its histological variant. It was not difficult to reveal the tumor lesion at
this stage of the process due to the extent of spread when compared to stage T2, not to mention
T1. Moreover, at this stage of the disease, not only the stomach wall is significantly thickened,
but also the tumor is more extended involving several anatomical regions of the stomach,
which was especially well seen when multiplanar images were constructed.

The sensitivity of MHCT in revealing T3 invasion depth constituted 80%; its specificity is 85%;
PPV is 71%; and NPV is 91%.

3.4.4. T4 invasion depth

It should be noted that the T4 invasion depth is associated with the most significant lesion of
the organ in terms of depth and the extent of spread. In all our observations (36 patients), it
was not difficult to reveal the tumor as with T3 malignant lesions. The CT picture of T4 invasion
depth, as visualized with dynamic MHCT, was characterized by marked thickening of the
stomach walls (21.3 ± 7.1 mm) with their indistinct outline, infiltration of the adjacent fatty
tissue, the absence of the boundary between the gastric wall and the adjacent organs, and
invasion of the surrounding organs by the tumor (Figure 4).

The detection of the tumor involving the adjacent organs and tissues was a significant criterion
confirming the presence of this stage of disease. Thus, according to the data of our study, when
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MHCT was performed, we suspected invasion of the adjacent organs and the great vessels by
the tumor in 18 patients, which was subsequently verified with intraoperative ultrasono‐
graphic examination and by revision of the organs of the abdominal cavity.

The sensitivity of MHCT in detecting T4 invasion depth was 83%; its specificity is 95%; PPV
is 91%; and NPV is 91%.

On the whole, the sensitivity of MHCT in detecting GC constituted 97%; its specificity is 100%;
PPV is 100%; and NPV is 77%.

3.5. Virtual endoscopy

Some authors consider virtual endoscopy as a potentially screening method of diagnostics and
differential diagnostics of GC. In this connection, we evaluated the diagnostic possibilities of
the method and the quality of the image obtained in the process of simulation.

3.5.1. Gastric leiomyoma

Based on the EGDS and X-ray data, two patients had intraluminal tumor growth; in one female
patient, the tumor was localized outside the stomach only insignificantly bulging into the
lumen of the organ. In all the cases, a virtual image obtained as a result of CT simulation was
characterized by a high quality maximally approximating to the image obtained during
videoendoscopy. The study enabled us to specify the localization of the tumor, and the planar
slices demonstrated the tumor site relative to the stomach wall (intraparietal localization with
prolapse into the lumen or extragastral). These data allowed us to preliminarily choose and
plan the optimal treatment modality (wedge resection of the stomach was performed in all
patients).

When a virtual image is constructed in patients with GC, it is worth pointing out the following.
In the cases when exophytic tumor growth (Type 1, according to Bormann’s classification) was
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noted (three observations; Figure 5), the greatest similarity between a virtual and video image
was obtained (irrespective of localization of the tumor in the stomach).

When a virtual image is constructed in patients with GC, it is worth pointing out 

the following. In the cases when exophytic tumor growth (Type 1, according to 

Bormann’s classification) was noted (three observations; Figure 5), the greatest 

similarity between a virtual and video image was obtained (irrespective of 

localization of the tumor in the stomach). 

 

Figure 5. Video EGDS. The virtual endoscopy. 
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presence of fluid (primarily, its amount) in the organ lumen affected the quality of 

the image, which resulted in the appearance of artifacts in the simulation process 

(in two of five patients). Note that the mucous membrane in the region of lesion 

and nearby was characterized by excessive serration, although the circular 

narrowing of the antral division of the stomach characteristic of such a lesion was 

also well visualized as in videoendoscopy. The planar slices specified the depth of 

tumor invasion and the status of regional lymphatic vessels and allowed the 

Figure 5. Video EGDS. The virtual endoscopy.

The high quality of virtual images was also noted in the infiltrative and mixed character of
growth, when the tumor was localized in the body of the stomach (five patients). In infiltrative
tumor growth with the phenomena of antral stenosis, the presence of fluid (primarily, its
amount) in the organ lumen affected the quality of the image, which resulted in the appearance
of artifacts in the simulation process (in two of five patients). Note that the mucous membrane
in the region of lesion and nearby was characterized by excessive serration, although the
circular narrowing of the antral division of the stomach characteristic of such a lesion was also
well visualized as in videoendoscopy. The planar slices specified the depth of tumor invasion
and the status of regional lymphatic vessels and allowed the detection of remote metastases.
Unfortunately, the video sequences obtained during the study were characterized by the
monotonousness of color images and did not allow us to pinpoint the areas of necrosis and
disintegration, hemorrhage of the tumor surface, as well as perineoplastic and inflammatory
mucosal changes. The high level (100%) of detection of a tumor lesion of the organ during
virtual simulation in our study is determined by the vast extent of the lesion (large-sized
leiomyomas and extended stage II–IV GC) and a good level of inflation of the organ.

4. Discussion

Despite rapid development of medical technologies, it is difficult to differentiate between
benign and malignant tumors of the stomach. In this connection, the development of new and
the perfection of available technologies is an important task. One of the most promising
methods for increasing the resolving capacity of endoscopic examination is laser spectro- and
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videofluorescence. The procedure of endoscopic fluorescent diagnostics only insignificantly
lengthens the EGDS performance time (in contrast to chromoendoscopy), and the conclusion
as to the character of a pathological process can be formulated immediately in the process of
gastroscopy performance. The equipment complex used now for FD is compact (portable) and
mobile enough, which allows it to be delivered to the endoscopy room. No additional time for
assembling the complex and preparing it for operation under the endoscopy room conditions
is required. The rapid elimination of Alasens from the body decreases the likelihood of the
development of toxic and photic reactions and makes it a drug of choice for fluorescent
diagnostics. All the above mentioned allows us to recommend laser spectral FD combined with
the study of Alasens-induced PPIX, and videofluorescence in the future, to use in the clinical
setting as an express method of diagnosis, including the early diagnosis, of malignant gastric
tumors.

This study showed that complex transabdominal ultrasonography is a highly informative
method of diagnosis of GC. The possibility of detecting GC localized in the pyloroantral
division and in the lower third of the stomach body during trans-US performance approaches
the absolute values (97.4%). At the same time, in isolated lesions of the cardia and the upper
third of the stomach body, we failed to reveal the tumor in any of the 10 patients studied. On
the whole, the success rate of revealing GC at all tumor sites using complex trans-US exami‐
nation constituted 87.0%. The high level of detection of the neoplastic process in the stomach
in our study can be explained by the fact that we knew exactly where the process was localized
in most patients (based on the EGDS and X-ray findings) and targeted at the zone concerned.
However, this does not decrease the possibilities of the method but, on the contrary, testifies
to its high diagnostic potential. In addition to the changes revealed for the first time in the
stomach (in two patients with early cancer), the ‘hollow organ’ symptom was detected in
numerous patients at the outpatient step followed by purpose-oriented examination and
verification of the diagnosis with the subsequent referral to the clinic for operative treatment.
Our experience shows that routine ultrasonography of the organs of the abdominal cavity
should not be confined to the examination of the parenchymatous organs only. What is
necessary is target visualization in the region of hollow organs (in particular, the stomach),
especially in patients with the phenomena of abdominal discomfort. True, ultrasonography is
actually the first and sometimes the only diagnostic procedure for most of such patients.

The studies conducted recently emphasized low diagnostic possibilities of conventional CT
investigation in detecting GC, especially at stage T1 when the attempts to reveal any changes
in the stomach wall were unsuccessful. On the whole, the accuracy of detecting the depth of
invasion in more prevalent forms was not satisfactory either (no more than 65%) [10]. The main
limiting factors were artifacts from peristaltic movements of the stomach wall, which did not
allow us to assess its condition on standard examination. However, at present, the appearance
of dynamic 3D MHCT capable of assessing the stomach wall in all the divisions in the four-
dimensional mode has significantly increased the diagnostic possibilities of this technique.

In our study, dynamic 3D CT proved to be a highly revealing technique for GC (sensitivity
97%). Such high values were primarily achieved by virtue of the possibility of evaluating
peristaltic disorders of the stomach, which was afforded by this CT technique, in contrast to
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the standard method relying on measuring only the thickness of the stomach wall. Dynamic
MHCT enabled us to reveal seven of nine (85%) cases of early GC owing to the characteristic
contrast between the mucous and submucous layers and peristaltic disorders without the
stomach wall thickening. But it is fair to say that, at present, MHCT is inferior to the conven‐
tional endoscopic examination in revealing early GC.

The progress in computer technology led to the fact that virtual simulation is finding an ever
wider application in different fields of surgery and oncology [6]. Our study demonstrated the
possibilities of such simulation as applied to the construction of virtual gastroscopy. A high-
quality virtual image not inferior to that acquired with conventional videoendoscopy was
obtained in the case of intraluminal character of neoplastic growth [7, 9]. As it follows from
the literature data, virtual endoscopy is not surpassed by conventional endoscopy in terms of
its diagnostic possibilities of tumor detection and is more informative than planar slices,
especially when the invasion depth is small (T2 and especially T1). Nevertheless, it is fair to
say that now virtual endoscopy cannot be considered a real alternative to conventional
videoendoscopy as a method of primary diagnostics of GC. At present, the possibilities of the
wide application of the complex of CT techniques for differential diagnosis of benign and
malignant ulcers with negative results of biopsy are also doubtful, although the first reports
are highly encouraging [11]. In our opinion, the use of endo-ultrasonography and laser
fluorescence spectroscopy (the so-called optic biopsy) is more justified for these purposes.
Virtual simulation extends the possibilities of the method and allows for a more accurate choice
of the target zone for a thorough study of the stomach wall with a view to specifying the depth
of malignant invasion. However, the rapid progress of computer technology and software will
possibly allow us to consider the complex of CT studies, including those in the virtual
endoscopy mode, a screening technique in the countries with a high morbidity rate [7, 9]. At
present, MHCT has found wide application in various diseases of the organs of the abdominal
cavity, retroperitoneal space, and vertebral column. Therefore, we think that the use of such a
method for an additional examination of the stomach in the group at higher risk not only for
cancer but also for CT study of the organs of the abdominal cavity for other diseases with a
view to detecting changes seems to be interesting and promising.

5. Conclusion

Fluorescent diagnostics with the study of Alasens-induced protoporphyrin IX is a highly
efficacious, simple, and safe method for diagnosing GC. It can be used as a standard step of
endoscopic examination in diagnostically complicated cases. The sensitivity of the method is
96%; its specificity is 98%.

The method for detecting videofluorescence with Alasens is a promising screening technique
in patients with GC and in precancerous states.

Trans-ultrasonography is a potentially screening method in distal localization of GC. The
possibility of detecting GC localized in the pyloroantral division and in the lower third of the
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body of the stomach using complex trans-ultrasonography was 95.6% attaining the absolute
values in the T3 and T4 groups.

Dynamic MHCT is a highly informative method for cancer detection. The possibility of
revealing cancer did not depend on the tumor localization and constituted 97% in the group
of patients attaining absolute values, beginning with T2 invasion depth.

Indications for use of virtual endoscopy, one of the MHCT modes, as a method for the primary
diagnosis of GC and for screening the disease require further study and specification.

Modern ultrasound and CT technologies allow us not only to stage GC but also to carry out
primary diagnostics. However, the technical complexity and the high cost of CT, and the
impossibility that cancer of the proximal division of the stomach will be detected ultrasono‐
graphically do not allow us to regard them as full-fledged screening techniques. Laser
spectroscopy is indicated only in diagnostically difficult cases, and videofluorescent diagnos‐
tics requires higher performance, after which it may rightly be considered a recognized
screening method.
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