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Abstract

Esophageal cancer (EC) presents a high mortality rate,
mainly due to its aggressive nature. Squamous cell
carcinoma is the most common histological type world-
wide, though, a continuous increase in esophageal
adenocarcinomas has been noted in the past decades.
Common risk factors associated with EC include smoking,
alcohol consumption, gastroesophageal reflux disease,
Barrett's esophagus and obesity. In an effort to overcome
chemotherapy resistance in oncology, it was discovered
that histone acetylation/deacetylation equilibrium is
altered in carcinogenesis, leading to changes in chromatin
structure and altering expression of genes important in
the cell cycle, differentiation and apoptosis. Based on
this knowledge, histone acetylation was addressed as
a potential novel chemotherapy drug target to repress
cancer cell proliferation. There are four classes of histone
deacetylases (HDACs) inhibitors with a variety of different
mechanisms of actions that render them possible anti-
cancer drugs. They arrest the cell cycle, inhibit differen-
tiation and angiogenesis and induce apoptosis. They
do not necessarily act on histone proteins, since they
can also exert indirect anti-cancer effects, by modifying
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various cellular proteins. In addition, HDACs have also
been associated with increased chemotherapy resistance.
Based on the literature, HDACs have been associated
with EC, with surveys revealing that increased expression
of certain HDACs correlates with advanced TNM stages,
tumor grade, metastatic potential and decreased 5-year
overall and disease-free survival. The aim of this survey
is to elucidate the molecular identity and mechanism of
action of HDAC inhibitors as well as verify their potential
utility as anti-cancer agents in esophageal cancer.

Key words: Esophageal cancer; Histone deacatylases;
Inhibitors; Drugs

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Esophageal cancer (EC) remains one of the most
lethal malignancies, mainly due to its aggressive nature.
In an effort to overcome chemotherapy resistance, it
was discovered that histone acetylation/deacetylation
equilibrium is altered in carcinogenesis, leading to chan-
ges in chromatin structure and altering expression of
genes important in the cell cycle, differentiation and
apoptosis. Therefore, histone acetylation was addressed
as a potential novel chemotherapy drug target. Based
on the literature, histone deacetylases (HDACs) have
been associated with EC, with surveys elucidating that
increased expression of certain HDACs correlates with
advanced TNM stages, tumor grade, metastatic potential
and decreased 5-year overall and disease-free survival.

Schizas D, Mastoraki A, Naar L, Spartalis E, Tsilimigras
DI, Karachaliou GS, Bagias G, Moris D. Concept of histone
deacetylases in cancer: Reflections on esophageal carcinogenesis
and treatment. World J Gastroenterol 2018; 24(41): 4635-4642
Available from: URL: http://www.wjgnet.com/1007-9327/full/
v24/i41/4635. htm DOI: http://dx.doi.org/10.3748/wjg.v24.
141.4635

INTRODUCTION

Esophageal cancer (EC) remains one of the most lethal
malignancies worldwide, mainly due to its aggressive
nature and the eight most common malignancy of the
gastrointestinal (GI) tract'™. It is also often diagnosed in
late stages, making a curative approach less likely. The
5-year survival rate ranges from 15%-25% and disease
outcome is strongly associated with early diagnosis™.
Squamous cell carcinoma (SCC) is described as the
most common histological type worldwide, though in
many countries a continuous increase in esophageal
adenocarcinomas has been reported. The incidence
of EC is 2-4 times higher in males compared to fe-
malest®. There is a slight difference in the predisposing
parameters associated with each subtype of esophageal
carcinoma, with smoking and alcohol consumption
being the most important risk factors for SCC and
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gastroesophageal reflux disease, Barrett’s esophagus
and obesity being implicated in adenocarcinomas®.
Well defined molecular pathways and targets involved
in esophageal carcinogenesis include tissue inhibitors
of metalloproteinase (TIMP) 3 and 4 and vascular endo-
thelial growth factor receptor (VEGFR). Expression of
human epidermal growth factor receptor 2 (HER2)/neu
and c-kit is also high in EC, with slightly higher rates of
expression in adenocarcinomas rather than SCCs™,

During the last decades there has been a lot of effort
in overcoming chemotherapy resistance in tumor cells.
This has led to the investigation of more cellular com-
pounds implicated in gene expression and transcription
processes. Among the findings, it was discovered that
histone acetylation/deacetylation equilibrium is affected
in carcinogenesis, leading to modified chromatin struc-
ture and therefore changes in gene expression. It is
common knowledge that in eukaryotic cells, DNA is
tightly developed around a histone core, forming the
nucleosome, which is the basic DNA structure. Further
coiling of the nucleosomes leads to the formation of the
chromosomes. Histone can undergo various alterations
including acetylation, phosphorylation, methylation and
ubiquitination affecting chromosomal stability and gene
expression®’). Uncoiling promotes gene expression,
providing access of transcription factors in the DNA.
On the contrary, heterochromatin represses gene trans-
cription and is associated with hypoacetylated histones.
Based on the above, histone acetylation was addressed
as a potential chemotherapy drug target to repress
cancer cell proliferation. Histone deacetylase (HDAC)
function in human cells is to counteract the action of
acetyltransferases, providing an equilibrium in histone
acetylation. In cancer cells, absence of balance between
acetyltransferases and HDACs provokes significant
modifications in chromatin structure altering expression
of genes important in the cell cycle, differentiation and
apoptosis™.

The aim of this review article is, at first, to elucidate
the molecular identity and mechanism of action of HDAC
inhibitors as well as verify their potential utility as anti-
cancer agents. More importantly, we will also describe
and critically review the relevant literature of HDAC
implication in esophageal carcinoma.

MOLECULAR IDENTITY AND
MECHANISM OF ACTION

Histone acetylation is sustained in all cells by the func-
tional equilibrium between two categories of enzymes:
Histone acetyltransferases (HATs) and HDACs. Based on
the HDACs' homology to their yeast analogues, they are
divided in four classes. Class I are nuclear HDACs 1, 2, 3
and 8. Members of class ITa include HDACs 4, 5, 7 and
9, with HDACs 6 and 10 belonging to Class IIb and being
located both in the nucleus and the cytoplasm. Class
IV includes only HDAC 11. ClassI, II and IV are Zn**-
dependent and work by editing histones. Class I HDACs
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have a different mechanism of action and are NAD" de-
pendent homologues of the yeast sirtuin proteins®'.
HDACs have recently been implicated in normal cell cycle
regulation and differentiation as their pivotal role in tight
gene control has been verified.

The increased function of HDACs has been associated
with many neurodegenerative diseases, as well as normal
aging and heart failure™™". In addition, HDACs have been
implicated in many different types of cancer, including
HDAC1 that can be highly expressed in prostate, gastric,
lung, esophageal, colon and breast cancer, HDAC2 in
colorectal, cervical and gastric cancer cells and HDAC3 in
colorectal, gastric and prostate cancer™. In some malig-
nant lesions, increased expression of certain HDACs has
also been correlated with worst prognosis and decreased
survival.

Chromatin structure and coiling is a process very
dynamic, by nature. Lysine residues’ acetylation is a
mechanism of major significance in the relaxation of
DNA structures and gene transcription. In cancer cells,
the loss of balance between HATs and HDACs causes
changes in chromatin structure and alters expression
of genes basic in the cell cycle, differentiation and
apoptosis. For instance, in cells that provoke hyper-
acetylation of histones, due to HDAC repression,
chromatin is less condensed and favors an increased
access of transcription factors to the DNA sequence
promoter regions, increasing expression of many genes,
that may potentially include oncogenes, leading to
tumorigenesis®®. On the other hand, in cells that favor
hypoacetylation, through HDAC overexpression, there
is an increase in cellular proliferation through proteins
affecting the cell cycle. Many HDACs, including HDAC4,
that is implicated in increased proliferation of EC cellular
pathways, help cells overpass the G1-S checkpoint. Flow
cytometry of these cell structures treated with HDAC
inhibitors has shown an increase in the G1 population
with a concomitant decrease in the S population of cells.
The main mechanism of action of HDAC4 is through an
increase in cyclin dependent kinases 2 and 4 and an
augmentation in phosphorylated retinoblastoma protein.
Altogether, these alterations help cells progress to the S
phase of the cell cycle!”. Another mechanism that may
alter normal cell cycle control, in cells overexpressing
HDACs, is through HDAC-mediated inhibition of p21
protein, that normally arrests cell cycle in G1-S phase™.

HDAC INHIBITORS AS ANTI-CANCER
DRUGS

Inhibiting histone deacetylation can cause changes in
expression of many genes involved in cell differentiation,
apoptosis, angiogenesis, motility, inflammation and
metabolism. One of the most important ways that
HDAC inhibitors affect the cell cycle is the increase
provided in the expression of the gene coding for p21
protein that acts as a signal regulator for the cell to go
through G1 and proceed to the S phase. In cases it is
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over-expressed, it functions closely with protein p53,
arresting the cell cycle in G1 phase and inhibiting cellular
differentiation™*.

As far as apoptosis is concerned, HDAC inhibitors
have been proposed to activate both the intrinsic and ex-
trinsic pathways. In carcinogenesis, evasion of apoptosis
remains one of the most important mechanisms contri-
buting to cell immortality. Many cancer cells have in-
creased levels of antiapoptotic factors, including BCL-
XL™, Incubation of such cells in an HDAC inhibitor leads
to a downregulation of related factors and upregulation
of pre-apoptotic ones'*®, HDAC inhibitors can also
induce apoptosis even when caspases enzymes are
inhibited, showing the ability to accelerate cell death
even in apoptosis-resistant cells, possibly through the
activation of autophagy®™. At this point, it is important
to understand that HDAC overexpression occurs only in
cancer cells. As a result, HDAC inhibitors neither affect
cell cycle nor induce apoptosis in cells with normal HAT/
HDAC expression!'”.,

HDACs have also been found to remove acyl groups
from other non-histone proteins, like transcription factors
and important regulatory proteins of cellular proliferation,
differentiation and apoptosis™. After understating the
implication of histones in chromatin structure and gene
expression, there were a lot of questions concerning the
accumulation of these non-histone proteins and whether
they do influence the anti-cancer action of these novel
agents. To answer that, DNMT3B, a methyltransferase
that abnormally methylates and suppresses tumor sup-
pressor genes and LSD1, which has been implicated
in sustaining cancer cell proliferation were assessed™®.
Results after HDAC inhibition were indicative of a
significant decrease in both DNMT3B and LSD1, showing
potential additional anti-cancer mechanisms of action
of these drugs!'®. Therefore, HDAC inhibition can affect
gene transcription in cancer cells in a direct fashion with
changes in the histone core, or in an indirect modality
through the removal of acyl groups from other important
regulatory proteins. Using HDAC inhibitors can induce
a state of growth repression, arrest differentiation and
initiate apoptosis'®.

Furthermore, HDAC over-expression in cancer cells
has been associated with increased macropinocytosis
highly related with cellular migration and substantial
metastatic potential. HDAC6 activity, precisely, has been
shown to increase macropinocytosis. Supporting the
above information, HDAC6 inhibition led to a decrease
in cellular migration and endocytosis, through actin re-
modeling processes, reducing the metastatic capacity
of tumor cells™™. Zhu et ai*® taking advantage of this
HDAC associated increased macropinocytosis, linked
an HDAC inhibitor (cinnamic acid) to neutral red (NR),
a molecule well known for achieving huge intracellular
concentrations through pinocytosis. The resulting HDAC
inhibition’s cytotoxicity was augmented by increased drug
accumulation in cancer cells through macropinocytosis.
This study displayed for the first time an important
alternative pathway for drug distribution to cancer cells,
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Table 1 Histone deacetylase-associated mechanisms of action in carcinogenesis

Increased expression of genes associated with the cell cycle, increasing proliferation, by overpassing the G1-S checkpoint, either by increasing CDK-2 and

[13]

-4, or by inhibiting p21 protein that arrests cell cycle™.

Inhibition of both the intrinsic and extrinsic apoptotic pathways'™.

Acyl group removal from other non-histone proteins, like transcription factors and regulatory proteins, indirectly affecting cellular proliferation'”.
Increased macropinocytosis, a process closely related to cellular migration and increased metastatic potential™.

Increased chemotherapy resistance in tumor cells”'.

Protection from cellular damage caused by ROS®?.
Inhibition of angiogenesis by decreasing VEGF and HIF-1o

[22]

Reduction of E-cadherin and increased vimentin expression, increasing metastatic potential™.

Increased HSP function, conferring stability to oncogenic proteins®”.

Decreased function of DNA repair enzymes™.

CDK: Cyclin dependent kinases; ROS: Reactive oxygen species; VEGF: Vascular endothelial growth factor; HIF-1a: Hypoxia inducible factor 1-alpha; HSP:

Heat-shock proteins.

exploiting HDAC-induced macropinocytosis®”.

Moreover, HDACs can also play a major role in che-
motherapy resistance. One hypothesis that can explain
this finding is based on the changes on chromatin struc-
ture. Altering chromatin’s coiling status can prevent DNA
targeting drugs from accessing their target molecule,
reducing the extent of DNA damage and improving cel-
lular survival. Taking the above into consideration, it is
understandable why HDAC inhibitors have been shown
to increase chemotherapy cell vulnerability®®*!. Results
from different clinical trials have shown that combination
treatment of an HDAC inhibitor with chemotherapy
regimens or ionizing radiation leads to an additive/
synergistic effect, partly explained through hyper-acety-
lation mediated DNA relaxation and increased drug
penetration™.

Last but not least, HDAC inhibition increases reactive
oxygen species (ROS), causing DNA and membrane
damage in cancer cells. At the same time, it affects angio-
genesis, a process of utmost importance in cancer cell
survival, by decreasing the levels of circulating VEGF
and hypoxia inducible factor-1 alpha (HIF-1a), arresting
cellular proliferation®?!, Additionally, one important fea-
ture of all HDAC inhibitors in tumors is the formation of
more differentiated, less aggressive cellular colonies®®”,

However, despite the increasing amount of infor-
mation we possess on the field of HDACs and their
inhibitors as anti-cancer drugs, there are many cellular
interactions that are not yet thoroughly investigated.
HDAC inhibition leads to activation of various cellular path-
ways and acetylation of many different cellular proteins.
It is interesting to identify these pathways and describe
their interactions with HDACs, since gene analysis in cells
treated with an HDAC inhibitor has shown an increase
in gene proteins associated with cell cycle processes and
cell to cell adhesions'™. In that direction, Yar Saglam
et al®¥ studied the potential association of an HDAC
inhibitor with EF24 that inhibits NF-xB pathway, based
on the knowledge that classI HDAC inhibitors cause
augmentation in genes regulated by this pathway, leading
to an increase in cellular proliferation. Interestingly,
their results verified that combination treatment further
decreased cellular proliferation than the administration of
class I HDAC inhibitor alone™.
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HDAC INHIBITORS

HDAC inhibitors include four categories of drugs that are
not structurally equal and also show different affinity for
the various categories of HDACs. The 4 classes include
the short chain fatty acids (butyrate and valproic acid),
hydroxamates (i.e., trichostatin A-TSA), benzamides
(i.e., MS275) and cyclic tetrapeptides (i.e., FK228).
Hydroxamates are the only type of HDAC inhibitors that
possess a pan-HDAC inhibition activity, with the rest
showing a more selective inhibition®’. At the moment,
United States Food and Drug Administration (FDA)
has approved three HDAC inhibitors as anti-cancer
medication, including Romodepsin (FK228), Vorinistat
(SAHA) and Belinostat approved in 2014, with many
others undergoing clinical trials®®. The most sensitive
biomarkers used in measuring HDAC inhibition effect are
H3 and H4"",

Novel HDAC inhibitors can have several heterogenous
mechanisms of action. Their epigenetic activation of
many genes through histone modification is well de-
scribed. Henderson et al'*® developed AR-42, a hydro-
xamate combined phenylbutyrate, that is one of the
newest inhibitors under clinical trials with many histone-
independent actions. It mediates Akt dephosphorylation,
inhibits gp130/Stat3 pathway, inactivates mechanisms
implicated in DNA repair, suppresses kit activation and
initiates proteasomal degradation of topoisomerase 1"®,
Also, it has a unique effect on tumor cachexia, inhibiting
cancer-induced muscle atrophy and weight loss that is
important, since cachexia is prevalent among cancer
patients and also increases morbidity and mortality!'®!,
The variety of mechanisms also underlines the need
for further in vitro investigation of the HDAC inhibitors
and the necessity for a better understanding of all the
interconnected cellular pathways.

Table 1 summarizes the mechanisms of action of
HDAC:s in carcinogenesis.

HDAC INHIBITION IN EC

As mentioned above, EC is one of the most fatal carci-
nomas of the GI tract, mainly due to its late diagnosis
and aggressive nature. Thus, there is an increasing
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need for tools and biomarkers that will be able to predict
prognosis after resection, resistance to chemotherapy,
or help develop new combination regimens to increase
patients’ survival. As in many other cancers, loss of
normal equilibrium between histone acetyltransferases
and deacetylases play a significant role in esophageal
carcinogenesis. DNMT1 and classI HDAC1, 2 and 3 are
often increased in EC®®. To our knowledge, information
about the implication of HDACs and possible use of HDAC
inhibitors in EC have not been gathered before in one
article.

Available data on HDAC expression in esophageal
adenocarcinomas are limited in the literature. Class I
HDACs seem to be commonly implicated, with HDAC1
and HDAC2 being separately studied. Langer et a/t**’
suggested that increased HDAC1 expression (detected
in 46% of relevant specimens) did not correlate with
T, N or M stage and neither with tumor grade. On the
other hand, HDAC2 overexpression (found in 70%
of the specimens) showed a statistically significant
correlation with increased lymphatic spreading of the
tumor (N stage) and lower tumor differentiation (higher
grade). Nevertheless, correlation between HDAC1 or 2
expression and survival analysis has not been verified™.
Furthermore, increased HDAC2 expression showed a
non-significant tendency for better chemotherapy re-
sponse, compared to HDAC1, but it cannot be used as a
biomarker for chemotherapy cell vulnerability*®..

In esophageal SCC (ESCC) increased interest has
been expressed in understanding the implication of
HDAC4 in carcinogenesis. Among 86 paired ESCC
patients, Zeng et al? reported a significant increase
in HDAC4 expression in cancer cells compared to
paired normal tissue samples. In an effort to assess
HDAC4's clinical significance in these patients, high
expression was statistically significantly associated with
unfavorable clinicopathologic characteristics, including
higher grade cancer and more advanced T, N and TNM
stages!'?. Furthermore, patients with high HDAC4
expression showed a 5-year overall survival of 20.15%
with a 5-year progression free survival of 30.92%, that
were significantly shorter compared to patients with low
HDAC4 expression that presentd 68.75% and 53.59%
relevant rates respectively™’, From this study, HDAC4
was found to be, together with TNM stage, a significant
predictor of overall survival and a marginally significant
parameter of progression free survival in patients with
ESCC, suggesting its potential use as a biomarker for
ESCC patients’ prognosis. HDAC4 inhibition was also
associated with increased E-cadherin and decreased
vimentin expression, inhibiting epithelial to mesenchymal
transition (EMT) and EC cell metastatic potential™*.

Xue et al®® used RNA interference screening to
identify the HATs/HDACSs ratio implicated in EC. In
their study they included genes, that when inhibited,
they could cause a decrease in cancer cell viability
by = 20%. Therefore, HDAC1 was recognized to be
implicated in tumorigenesis™”. HAT1 was also the first
acetyltransferase to be implicated in EC, and since then
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it has been linked to more malignancies, though its con-
tribution to esophageal carcinogenesis and associated
value as target therapy still remains unknown®™. Since,
HDAC1 had already been addressed, Xue and his
colleagues studied HAT1. Silencing of HAT1, led to an
increase in the population of cells arrested in G2 phase
and a decrease in cyclinB1, that works as the checkpoint
from G2 to M phase®”. Immunohistochemical analysis
from 167 EC specimens, showed a positive expression in
67% (104 specimens) with higher expression in primary
tumor site compared to normal esophageal tissue.
Higher expression was associated with poorer tumor dif-
ferentiation, but, nevertheless, a worse survival prognosis
was not found in a statistical significant correlation®”.

In carcinogenesis, heat shock proteins, like HSP90,
are cellular regulators providing stability to multiple
oncogenic proteins maintaining a high proliferation rate
and cancer expansion®". In esophageal carcinomas,
investigations have already proved that cancer cells
present increased HSP90 expression, when compared
to normal esophageal tissue™. Tao et af** studied the
association of HDAC6 with esophageal carcinogenesis,
noticing an increased expression in comparison to normal
tissue. When HDAC6 was inhibited with RNA interference
it was documented that cancer cells had reduced motility
and invasion capacity, through increased acetylation of
a-tubulin®. In addition to the HDAC6-tubulin interaction,
a new co-relation between HDAC6 and HSP90 was
investigated. HDAC6 downregulation led to increased
acetylation of HSP9O0, inhibiting stability of oncogenic
proteins, like EGFR, and repressing tumor growth, pro-
viding a novel target in EC*®\. Combination treatment
with HDAC6/HSP90 inhibition showed the most potent
arrest in cellular mitotic activity than any of the drugs
administered alone®?.

In accordance with the above studies, Hu et a/*
addressed the possibility that selenium anti-cancer effect
could be due to its interactions with enzymes implicated
in histone acetylation. Selenium levels have been in-
versely associated with the risk for cancer development in
humans. The exact mechanism of action of selenium anti-
cancer effect is not well understood”. Studies though,
have proven the significance of selenium in decreasing
ESCC's prevalence™®. Moreover, selenomethionine can
help protect against mild esophageal squamous cell
dysplasia. Hu et al® concluded that methylseleninic
acid (MSA) inhibits cellular growth of ESCC, through
inactivation of HDAC activity, affecting gene expression
through histone modification. An upregulation of general
control nonrepressed protein 5 (GCN5) was also noted,
increasing histone acetylation. After incubation of mice
with MSA, they noted a 33% decrease in weight of MSA-
treated tumors and a significant decrease in tumor
growth rate, when at the same time the weight of af-
fected mice remained the same. Apoptosis was greatly
influenced, as concluded from the increase in caspase 3,
one of the catalytic enzymes in the common apoptotic
pathway™*. In MSA-treated cancer cells, an increase in
kriippel-like factor 4 (KLF4) was also suggested. KLF4,
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Table 2 Studies on the association of histone deacetylase involvement in esophageal cancer

Ref. Year Number of pathology = HDACs/HATs Correlation with
samples studied clinicopathological data
Langer et al® 2010 180 EC samples HDACI and 2 Increased N stage and Tumor Grade correlated with increased HDAC2 expression
Xue et al®™” 2014 167 EC samples HDACI and HAT1 Increased Tumor Grade correlated with increased HAT1 expression
Zeng et al™ 2016 86 ESCC samples HDAC4 Increased T, N, M, TNM stage, Tumor Grade and increased metastatic potential
correlated with increased HDAC4 expression
Worse 5-yr OS and DFS was noted in patients with increased HDAC4 expression
Tao et al™ 2018  Study performed on HDAC6 Increased cell motility and invasion capacity and increased HSP-90 activity, conferring
cell lines of EC oncogenic protein stability, correlated with increased HDAC6 expression

HDACs: Histone deacetylases; HATs: Histone acetyltransferases; EC: Esophageal cancer; ESCC: Esophageal squamous cell carcinoma; OS: Overall survival;

DFS: Disease free survival.

Esophageal (\(

tumor / — Cancer cell
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Figure 1 lllustration of the role of histone deacetylase in esophageal
carcinogenesis. HDACs: Histone deacetylases; HATs: Histone acetyltransferases.

played an important role in mediating MSA-induced
apoptosis, though further evaluation is essential for
HDAC-KLF4 molecular interactions and potential novel
targetst".

As mentioned above, classI HDACs 1,2 and 3 are
commonly overexpressed in esophageal carcinomas.
Though, this overexpression does not only affect malig-
nant cells. Increased levels of HDACs 1,2 and 3 have
also been found in tissue surrounding the neoplasm, as
well as normal esophageal tissue®”. Considering this
information, it is awkward to address HDAC inhibitors as
potential therapeutic agents in patients with EC. Though,
their unique cancer cell selectivity for inducing apoptosis
makes these drugs suitable for treating EC.

In order to estimate the vulnerability of EC cells to
HDAC inhibitors, combination treatments with azacytidine
have been tested in patients with both SCCs and ade-
nocarcinomas. Results confirmed a decrease in cell
viability. The combination therapeutic approach provided
better outcomes compared to either HDAC inhibitor or
azacytidine alone. Interestingly, combined treatment in
a cell line consisting of normal esophageal cells, showed
increased concentrations of the drugs inside the cell, at
the same level that was observed in cancer cell lines,
though there was no decrease in viability, supporting
the hypothesis that these novel drugs have a cancer-
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specific effect!™”). Interpreting this specificity can be
very hard, since the level of HDAC activity in both
cell lines was decreased. Nevertheless, in the cancer
cell lines an increased number of DNA double strand
breaks and apoptosis mediators was noted, leading to
the assumption that benign cells survive due to their
resistance to these effects!'”). This can be attributed
to the diminished function of DNA repair enzymes in
malignant cells; enzymes that in normal cells can repair
the damage and escape apoptosis™®,

HDAC inhibitors have also been detected to enhance
radiosensitivity in EC. This can be an interesting thera-
peutic advantage, since radiation therapy is included
in the treatment of EC, especially of ESCC. Apart from
all the aforementioned mechanisms of action of HDAC
inhibitors, the synergistic effect with radiation involves
mainly their ability to inhibit repair of double strand
DNA breaks, through increased acetylation of the repair
enzymes involved™. Valproic acid, apart from being one
of the most potent drugs in treating seizure disorders, it
also possesses HDAC inhibition activity, the exact mecha-
nism of which still remains unclear. Based on this, Makita
et al” initiated valproic acid pretreatment in cancer
cell lines and monitored an increase in H2AX, the most
sensitive marker for irradiation induced DNA breaks.
Valproic acid was found to prolong H2AX levels after
irradiation compared to patients treated with radiation
only. Therefore, it was suggested as a conjugate treat-
ment for patients with EC, in order to enhance the local
cytotoxicity of radiation therapy™.

Table 2 summarizes the results of the studies re-
porting the association of HDAC involvement in eso-
phageal cancer. Figure 1 illustrates the role of HDACs in
esophageal carcinogenesis.

CONCLUSION

In the past decade there has been an increasing amount
of research in the field of HDAC inhibition. Right now,
we have extensive studies that have proven HDAC inhi-
bition’s efficacy, particularly in oncology. Despite the
large amount of information that is available, concerning
HDAC and their implication in carcinogenesis, more
research is necessary to contribute to the understanding
of differences between the HDAC functions in the nor-
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mal and cancer cell, as well as their interactions with
other cellular targets. Aspects of their action in various
cellular pathways still remain unclear. HDAC inhibitors’
ability to have synergistic or additive effect with other
chemotherapeutic regimens could prove very useful
in the wide utilization of these novel drugs in many dif-
ferent cancer types. Better understanding of the HDAC
enzymes, will help guide pharmaceutical research and
clinical trials in developing the best possible drug com-
bination regimens, based on the type of cancer and
HDAC expression. In addition to the above, further inves-
tigation is needed in order to be able to better answer
questions regarding the interaction of HDAC expression
in cancer cells and the effect on patient’s prognosis,
association with clinicopathological parameters and che-
motherapy response.
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