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Epigenetic regulation of hTERT
promoter in hepatocellular carcinomas
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Abstract. Although hepatocellular carcinoma (HCC) is the
fifth most common cancer worldwide, the molecular patho-
genesis of the disease has not been elucidated. Several studies
have shown that telomerase activity and hTERT expression are
increased in HCCs. In the present study we tried to elucidate
hTERT transcriptional and epigenetic regulatory mechanisms
in HCC. hTERT expression was tested by real-time PCR and
DNA methylation status was assessed by MethyLight and
DNA bisulfite sequencing analyses in 106 tissues (64 with
HCC and 42 without liver disorders) and also in 7 hepato-
carcinoma cell lines (HepG2, HepG3B2, C3A, SNU-182,
SNU-398, SBU-449 and SNU-475). hTERT expression levels
were inversely correlated with DNA methylation levels in
HCC and normal tissues (r=-0.859). hTERT expression was
found to be regulated by DNA methylation and histone H3-K9
modifications, affecting the ability of c-myc binding in E-box 1
site in h\TERT promoter. Additionally, c-myc siRNA liposomal
down-regulation inhibited significantly hTERT expression
(p<0.05). Thus, we propose that hTERT is regulated by a
combination of epigenetic mechanisms (DNA methylation
and histone modifications) and by the transcription factor
c-myc in HCC.

Introduction
Human hepatocellular carcinoma (HCC) is one of the most

common solid tumors, rated fifth in incidence and third in
mortality worldwide (1). Although much is known about the
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etiological agents (i.e. HBV, HCV infections) responsible for
the majority of HCC, the molecular pathogenesis of HCC is
not well understood (2). Activation of telomerase seems to be
one of the molecular events that underlie the multigenetic
process of hepatocarcinogenesis (3-5).

It has been recently described that telomerase consists of
two molecules each of telomerase reverse transcriptase,
telomerase RNA and dyskerin (6). hTERT is the catalytic
component of telomerase and is considered to be the rate-
limiting component of telomerase activity (7). The presence of
telomerase activity as well as hTERT expression has been well
documented in HCC (8-13).

It is known that hypermethylated promoters lack
transcriptional activity, a fact which may lead to gene
inactivation due to direct or indirect prevention to the access
of transcription factors (14). CpG hypermethylation (also
known as de novo methylation) acts as an alternative and/or
complementary mechanism to gene mutations causing gene
inactivation and it is now recognized as an important
mechanism in carcinogenesis (15). Therefore, methylation
profiles have been considered useful indicators of the
transcriptional state of the genes in different types of cancer,
including HCC (16,17).

Regarding hTERT methylation status, previous studies
have shown that it does not always correlate with hTERT
expression levels in different types of cancer (18,19),
suggesting that other mechanisms such as histone modifi-
cations may regulate hTERT expression in these cells.
Furthermore, several studies have shown that the oncogene
c-myc acts as an important transcriptional regulator of hTERT
since it binds to the DNA sequence 5-CACGTG-3', termed
E-box, which contains a CpG site (20-22).

In the present study, we attempted to elucidate the
epigenetic and transcriptional regulation of hTERT in HCCs.
Specifically, the aim was to determine whether hTERT
methylation status is associated with hTERT expression and
telomerase activity in normal and HCC liver tissues. In
addition, we investigated how DNA methylation and histone
modifications in hTERT promoter as well as c-myc, regulate
hTERT expression in hepatocellular carcinomas.
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Materials and methods

Subjects. The study protocol conformed to the ethical
guidelines of the University Hospital of Larissa. In this
study the control group consisted of individuals without
liver disease. Specifically, liver tissue specimens were
obtained from 42 individuals (26 male, 16 female; mean
age: 47.3 years, range 37-83 years) during an operation that
was performed for cholelithiasis (cholecystectomy). All
individuals had apparently no evidence of chronic liver
disease and normal ALT values (24.5+5.1 U/l), tested
negative for HBsAg, anti-HCV and anti-HIV antibodies
and denied ever having used hepatotoxic drugs, herbals, or
having abused alcohol or injected drugs. The HCC tissue
samples were purchased from US Biomax Inc cancer tissue
bank collection (US Biomax Inc, MD, USA). From the 64 HCC
samples, 43 were well differentiated (grade I-stage I; 11 due
to HCV-related cirrhosis and 32 due to HBV-related cirrhosis)
and 21 were moderately differentiated (grade II-stage II; all
due to HCV-related cirrhosis). The diagnostic criteria for
HCC were based on the conclusions of the Barcelona-2000
EASL conference (23) while the histological diagnosis was
made according to the AJCC/UICC classification system
(24).

Cell lines. HepG2, HepG3B2, C3A, SNU-182, SNU-398,
SNU-449 and SNU-475 hepatocarcinoma cells were purchased
from ATCC (USA). Cells were cultured in RPMI-1640
medium (Gibco, Paisley, Scotland) supplemented with 10%
fetal bovine serum (Gibco), L-glutamin 2 mM (Gibco),
penicillin 100 IU/ml and streptomycin 100 pg/ml (Gibco) at
37°C in 5% CO,.

TRAP assay. TRAP assay is considered a sensitive and
specific PCR-based functional enzyme assay for determining
telomerase activity. It was performed using TeloTAGGG
telomerase PCR ELISAPYS kit (Roche, Indianapolis, USA), as
described previously (8).

RNA extraction and real-time PCR analysis. RNA extraction
and hTERT mRNA levels were assessed as described
previously (8). For analysis of c-myc, the following probe and
primers were used: Taq Man Probe, 6-FAM-5'-AGAAGCC
GCTCCACATACAGTCCTGG-3'-TAMRA; forward primer,
5'-GGACGACGAGACCTTCATCAA-3"; and reverse primer,
5'-CCAGCTTCTCTGAGACGAGCTT-3'". To normalize
hTERT and c-myc mRNA expression we amplified B-actin
which served as loading control using the following primers
and probes TGGTGATGGAGGAGGTTTAGTAAGT
(forward), ACCAATAAAACCTACTCCTCCCTTAA
(reverse), 6-FAM-ACCACCACCCAACACACAATAACA
AACACA-TAMRA (probe).

Bisulfite treatment - MethyLight analysis. Bisulfite treatment
was performed as described previously (25). DNA methylation
was detected by a fluorescence-based, real-time PCR assay
MethyLight. The following primers and probes for methylated
DNA were used for the MethyLight reactions: a) hTERT:
5'-GCGTCGGAGGTTAAGGTTGTT-3', (forward primer),
5'-CTCTCCAAAATTACCGTACGCG-3' (reverse primer),
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5'-6FAM-AACTCGCTCGCCCGCCGAA-BHQ-1-3' (probe).
b) Actin: (primers and probe described above).

Bisulfite DNA sequencing. DNA was extracted from patient
samples and bisulfite treated as described above. After
bisulfite modification, PCR were performed with primers
specifically designed to amplifiy bisulfite-modified DNA
sequence of the promoter and first exon of h”TERT 5'-CTAC
CCCTTCACCTTCCAA-3' and 5'-GTTAGTTTTGGGGTT
TTAGG-3'. Amplification was performed using the master
mix (Promega), with the following PCR conditions: 40 cycles
of 94°C for 30 sec, 57°C for 45 sec and 72°C for 50 sec. PCR
products were cloned into the pGEM-T vector using the
pGEM-T vector system II (Promega). DNA extracted from
bacterial clones (QIAprep Spin Miniprep kit, Qiagen) was
analyzed by sequencing with the M 13 forward primer (5'-GTA
AAACGACGGCCAG-3"), using a Big Dye Terminator Cycle
Sequencing kit and an ABI Prism 3100 sequencer (Applied
Biosystems, Foster City, CA).

Chromatin immunoprecipitation. The chromatin immuno-
precipitation (ChIP) assay was done with a ChIP assay kit
(Upstate Biotech) with anti-K9-dimethylated H3 and anti-
K9-acetylated H3 (Upstate Biotech) or c-myc (Ab56-AbCam
Inc). Immunoprecipitated DNA was amplified by real-time
PCR analysis. The primers used were as follows: hTERT
promoter area sense 5'-GGCCGATTCGACCTCTCT-3" and
hTERT promoter antisense 5'-AAGAAGCGGAACTGGA
AGGT-3'". The primers used around E-box1 were: sense
5'-GGGCTCCCAGTGGATTC-3" and antisense 5'-CGGAG
CTGGAAGGTGAAG-3'".

5-Aza-2-deoxycytidine and Trichostatin A treatment of
hepatocellular carcinoma cells. SNU-449 cells treated with
5 uM 5-Aza-2-deoxycytidine (DNA methylation inhibitor,
Sigma) for 5 days and subsequently treated with 0.5 uM of
Trichostatin A (histone deacetylase inhibitor, Sigma) for 1 day.

Small interference RNA (siRNA) experiments. c-myc siRNA
and negative control siRNA were purchased from Ambion, Inc
(Austin, TX). HepG2 and SNU-449 (2x105) cells were grown
in RPMI supplemented with 10% FBS and were transfected
with hTERT or c-myc siRNA (50 nM) or siRNA scrambled as
negative control using siPORT NeoFx lipid-based transfection
agent (Ambion, Inc) in 6-well plates.

Cell growth analysis. Cells were counted in a Beckman
Coulter Counter using vi-Cell viability program (analyzing
100 images). Cell growth was calculated as a percentage
relative to untreated counterpart.

Luciferase assay. Transient transfections were done using
Lipofectamine, according to the instructions of the manu-
facturer (Invitrogen, CA). DNA fragments (378, 31 and
3328 bp) upstream of the initiating ATG codon were PCR
amplified and inserted into luciferase reporter vector pGL3-
Basic, a promoter- and enhancerless vector (Promega, CA) in
sense orientation relative to the luciferase coding sequence at
MIlul and BglII sites. HepG2 cells were transfected with 0.5 g
of the firefly luciferase reporter plasmid and 0.05 pg of the
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Figure 1. hTERT promoter methylation and expression levels are highly correlated in liver tissues. (A) Real-time PCR analysis revealed that hTERT expression
was 10-fold higher in HCC compared to its expression in normal liver tissues (p<0.001). (B) MethyLight analysis showed that hTERT promoter was heavily
methylated in normal liver tissue (mean PMR value: 17.6) and was hypomethylated in most of the hepatocellular carcinomas (mean PMR value: 0.8). (C)
Correlation analysis showed strong correlation between hTERT promoter methylation and hTERT expression levels in HCC and normal liver tissues (r=-0.8592,

p<0.001).

control plasmid containing Renilla luciferase, pRL-TK
(Promega). Cells were lysed with passive lysis buffer and
Firefly and Renilla luciferase activities were measured
consecutively by using dual-luciferase assays (Promega) 24 h
after transfection. Total DNA used in transfections was kept
constant by adding parental vector. Transfections were
performed in triplicate in 12-well plates.

Statistical analysis. Data were analysed by unpaired t-test,
Mann-Whitney U (MWU), Kruskal-Wallis, as well as analysis
of variance (ANOVA) and the Fisher PLSD as the post-hoc
test corrected for multiple comparisons, where applicable.
Correlation coefficients were calculated by simple regression
analysis (r) and non-parametric Spearman rank correlation
(r,) when appropriate. Numerical data were expressed as
mean + standard deviation (SD). A two-sided p-value <0.05
was considered as statistically significant.

Results

hTERT is highly expressed in hepatocarcinomas in comparison
to normal liver tissues. We assessed telomerase activity and
hTERT mRNA expression in 64 HCCs and 42 normal liver
samples. Telomerase activity (measured by TRAP) was not
detected in control liver tissues, while it was strongly activated
in HCCs specimens (mean levels 54.12+8.73 U/ug protein).
Quantification of hTERT mRNA revealed that the mean levels
of hTERT mRNA expression were significantly (p<0.001)

higher in HCC (11.21£4.57; range 2.12-24.67) compared to
its expression in normal liver tissues (p<0.001, Fig. 1A).
Telomerase activity was correlated with hTERT mRNA
expression levels (r’=0.912, p<0.001) in all liver tissues.

DNA methylation is a regulatory mechanism of hTERT
expression in hepatocellular carcinomas. We were interested
to investigate whether epigenetic mechanisms regulate hTERT
expression in liver tissues. Using MethyLight analysis we
found that there was a significant difference in hTERT
promoter methylation levels between normal and cancer
tissues (ANOVA, p<0.001). Specifically, we detected that
hTERT promoter was heavily methylated in normal liver
tissue (mean PMR value: 17.6) and was hypomethylated in
most of the hepatocellular carcinomas (mean PMR value: 0.8)
(Fig. 1B). These results suggest for the first time that DNA
methylation is a major regulatory mechanism of hTERT
expression in liver tissues. Furthermore, a strong inverse
correlation was observed between hTERT promoter methy-
lation and hTERT mRNA expression levels (r=-0.859,
p<0.001) (Fig. 1C).

DNA bisulfite sequencing in HCC and normal tissues revealed
a specific methylation pattern in hTERT promoter. We have
shown that hTERT is regulated by DNA methylation in HCC
and normal liver tissues by MethyLight analysis; however we
were interested in studying in greater detail this regulatory
mechanism in hTERT promoter by DNA bisulfite sequencing.
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Figure 2. hTERT promoter methylation status assessed by DNA besulfite sequencing. Each square represents a CpG site (white means unmethylated and
black means hypermathylated). hTERT promoter area consists of an E-box and 3 Spl1 sites included in CpG sites upstream of the transcription initiation site
and a second E-box downstream the transcription initiation site (+1). We performed DNA bisulfite sequencing in the whole region and for each sample we
analyzed 10 clones. We found that in 52/64 (81%) HCC tissues, hTERT was unmethylated and highly expressed, consistent with our results presented in Fig. 1B
using MethyLight analysis. On the other hand, methylation in the first E-box CpG inhibited binding of c-myc (even when was highly expressed-for example
HCC187) and hTERT was not expressed. In addition, we detected tissues were hTERT was not methylated and not expressed even in the presence of c-myc

(e.g HCC255).

Thus, we analyzed by DNA bisulfite sequencing, the
methylation status of 27 CpG sites located in hTERT promoter
area which structurally consists of two E-box areas, the first
one in the position -165 to -160 bp relative to the site of the
initiation of transcription and the second one in the position
+44 to +49. Between the 2 E-boxes are located 3 Sp1 binding
sites (Fig. 2, white means unmethylated and black means
hypermathylated). After sequencing 10 clones for each tissue
sample we found that 81% (52/64) of HCC samples were
completely unmethylated. We detected hypermethylation in
12 HCC samples (HCC77, HCC385, HCC581, HCC111,
HCCS81, HCC141, HCC334, HCC187, HCC90, HCC471,
HCC222, HCC249) where hTERT expression was down-
regulated (Fig. 2). In these samples a methylation pattern
including E-box 1 binding site was clearly detected. On the
other hand, most (35/42) of the normal liver tissues presented
hypermethylated hTERT promoter (representative results N5,
N12, N14 shown in Fig. 2) and highly reduced hTERT
expression. According to our data, we found that when hTERT
is not methylated it is highly expressed (HCC157, HCC167,
HCC312, HCC431, HCC438 are representative results for
most of HCC samples). On the other hand, DNA hyper-
methylation in hTERT promoter (HCC77, HCC385, HCC581,
HCC111, HCC81, HCC141, HCC334, N5, N12, N14)
inhibited hTERT expression. In this group of samples, an
interesting finding was that the presence of methylation pattern

included always E-box1 CpG site, which is the binding site of
c-myc.

Very interestingly, hTERT promoter methylation status did
not always match with hTERT expression levels, suggesting
the presence of another regulatory mechanism for hTERT
expression in HCC. Previous studies have demonstrated that
hTERT could be regulated epigenetically not only by DNA
methylation but also by histone modifications. Consistent with
these studies, we detected a group of tissues where hTERT
promoter area was not methylated (HCC255, HCC231,
HC361, N22, N8) and hTERT was not expressed.

DNA methylation and histone modifications regulate hTERT
expression in hepatocarcinoma cell lines. In order to examine
the possible involvement of chromatin modifications in the
transcriptional regulation of hTERT, ChIP analysis in HepG2
(hTERT-positive), SNU-182 (hnTERT-reduced) and SNU-449
(hTERT-negative) hepatocellular carcinoma cells was
performed. More specifically, we examined the methylation
and acetylation status of histone H3 lysine 9 (H3-K9) in
hTERT promoter (same region as DNA methylation was
tested). It is known that methylation of H3-K9 (H3-K9 Me) is
a marker of condensed, inactive chromatin while H3-K9
acetylation (H3-K9 Ac) is associated with an open chromatin
configuration as the one found in transcriptionally active
promoters. We found that in HepG2 cells there is no DNA
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Figure 3. DNA methylation and histone modifications regulate hTERT expression in HCC cells. (A) hTERT is highly expressed (assessed by real-time PCR) and
hypomethylated (detected by DNA bisulfite sequencing) in HepG2 cells, while in SNU182 and SNU449 is highly down-regulated or not expressed and
hypermethylated. (B) Quantitation of ChIP PCR signals of methylation or acetylation of histone H3-K9. High ratio of H3-K9 Me/Ac is found in closed chromatin,
while low ratio in open chromatin. In HepG2 and SNU182 cells we detected low ratio (0.5 and 0.8 respectively) of H3-K9 Me/Ac suggesting active chromatin
around hTERT promoter while in SNU449 the ratio of H3-K9 Me/Ac was very high (1.9) suggesting a tight chromatin structure around hTERT promoter.

methylation in hTERT promoter and the ratio of H3-K9
Me/Ac is very low in comparison with SNU-449 cells where
hTERT promoter is DNA hypermethylated and the ratio of
H3-K9 Me/Ac is very high, suggesting a closed and dense
chromatin state in hTERT promoter, which leads to its
transcriptional inactivation (Fig. 3A and B). Furthermore, in
SNU-182 cells, we detected DNA hypermethylation but the
ratio of H3-K9 Me/Ac was very low, suggesting an open
chromatin state. These results suggest that hTERT can be
regulated by DNA methylation and/or by histone modifications
such as acetylation and methylation in hepatocellular
carcinomas.

Reversal of epigenetic code re-activates hTERT in hepato-
cellular carcinoma cells. According to our results we found
that hTERT is inactivated by promoter DNA methylation and
histone modifications in SNU-449 cells. We treated these
cells with the DNA methyltrasferase inhibitor, 5-Aza-2-
deoxycytidine (AZA) and with a histone deacetylase inhibitor,
Trichostatin A (TSA), in order to reverse the epigenetic code
in hTERT promoter and re-activate its expression. Specifically
SNU-449 cells treated with 5 yuM AZA for 4 days and
subsequently treated with 0.5 yM of TSA for 1 day resulted
in decreased DNA methylation levels (Fig. 4A) and H3-K9
Me/Ac ratio (by increasing H3-K9 Ac levels) (Fig. 4B), re-
activating hTERT expression.

c-myc is correlated with hTERT and regulates hepatocellular
cancer cell growth. Above we have shown that hTERT is
epigenetically regulated in hepatocellular carcinomas. c-myc
is up-regulated in several cancers including hepatocellular
carcinomas and binds in the E-box sites in hTERT promoter
activating its expression (26). We were interested in studying
how this transcription factor together with epigenetic
mechanisms regulates hTERT expression in hepatocellular

carcinomas. We tested if there is any correlation between
c-myc and hTERT expression levels in hepatocarcinoma cell
lines and specifically in HepG2, HepG3B2, C3A, SNU-182,
SNU-398, SBU-449 and SNU-475 cell lines. We found that
in cells with high c-myc expression, hTERT was also highly
expressed (for example HepG2 cells), while in cells with low
levels of c-myc, hTERT was also found down-regulated (for
example SNU-182 cells) (Fig. 5A). The correlation rate
between c-myc and hTERT expression levels was very high
(r’=0.8126), suggesting a direct relationship between these
two proteins in HCC cells. In order to understand better the
relationship between c-myc and hTERT, we took advantage
of RNAIi technology and blocked c-myc expression in
HepG2 cells using siRNA against c-myc transferred by
liposomes. siRNA treatment against c-myc resulted in hTERT
expression down-regulation (Fig. 5B). Specifically c-myc
was 90% down-regulated 48 h post siRNA transfection,
while hTERT was 60% down-regulated 72 post siRNA
transfection. In addition c-myc inactivation decreased
HepG?2 cell growth rate 46.6 and 55.3% at days 3 and 4
respectively (Fig. 5C). All the experiments were controlled
by transfecting scrambled siRNA as a control while no
toxicity or effect on cancer cell growth (si mock) was
detected.

Epigenetic mechanisms and c-myc orchestrate hTERT
expression in hepatocellular cancer. c-myc should have
access into E-box binding sites in hTERT promoter only when
the chromatin is open (e.g when DNA is unmethylated and
histones are acetylated), a hypothesis which is strengthened
by our analysis in clinical samples (Fig. 2). Actually we
found tissues (HCC187, HCC90, HCC471, HCC222,
HCC249) positive for c-myc but negative for hTERT. In
these tissues, c-myc probably can not bind to E-box 1 site
due to its methylation status.
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To verify this possibility experimentally, we overexpressed
c-myc in HepG2 cells (E-box 1 site is unmethylated) and in
SNU-449 cells (E-box 1 site is methylated). These two cell
lines express in low levels c-myc and hTERT. Endogenous
hTERT expression was up-regulated 8.1-fold in HepG2 cells
while it was not significantly (<1-fold) up-regulated in
SNU-449 cells (Fig. 6A), suggesting that E-box 1 CpG site
methylation inhibits c-myc from binding and activating
hTERT.

In order to support these data we tested if c-myc is able to
bind in an unmethylated or methylated E-box1. Chromatin
immunoprecipitation revealed that endogenous c-myc was
able to bind in umethylated E-box1 in HepG2 cells but not
methylated E-box1 in SNU-449 cells (Fig. 6B). In Fig. 4A, we

have shown that SNU-449 treatment with AZA (5 uM) for
4 days is able to re-activate hTERT expression. Chromatin
immunoprecipitation in SNU-449 cells revealed that c-myc
was not able to bind in the methylated E-box 1 area of hTERT
promoter (Fig. 6C, lane 1), while after 4 days of AZA
treatment in the absence of DNA methylation (Fig. 6C, lane 2)
c-myc was able to bind (9-fold enrichment over background).
Furthermore, there is a second E-box binding site for c-myc
which was always found unmethylated in our tissue samples
and its methylation status did not correlate with c-myc and
hTERT expression status. In addition, c-myc was able to bind
in the second E-box of both HepG2 and SNU449 cells (data
not shown), suggesting that the first E-box is the c-myc
primary site in hTERT promoter affecting its expression.
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Figure 6. Chromatin modifications affect c-myc binding in hTERT promoter. (A) c-myc overexpression was able to up-regulate hTERT mRNA expression only
in HepG2 cells (hypomethylated hTERT) and not in SNU449 cells (hypermethylated hTERT). (B) The ability of c-myc to bind to an unmethylated (HepG2) or
methylated (SNU-449) E-box 1 in hTERT promoter was tested by chromatin immunoprecipitation. Immunoprecipitated DNA was quantified by real-time PCR
analysis. (C) Treatment with AZA for 4 days in SNU-449 cells allowed c-myc binding in hTERT E-box 1 tested by chromatin immunoprecipitation. (D) Model of
hTERT transcriptional regulation in hepatocellular carcinomas. hTERT is regulated by epigenetic mechanisms affecting c-myc binding ability to activate hTERT.

Discussion

A growing number of genes undergoing aberrant CpG island
hypermethylation in HCC have been discovered, suggesting
that de novo methylation is an important mechanism
underlying malignant transformation in the liver (15,27-34).
To date, there are no studies showing a correlation between
hTERT DNA methylation and expression levels in HCCs and
normal liver tissues.

In the present study, we observed a strong negative
correlation between hTERT promoter methylation and hTERT
expression in all liver tissues studied. Previous studies, which
have tried to correlate hTERT methylation status and its
expression levels in other human cancers, have revealed a
discrepancy between hTERT methylation status and expression
levels (19,35-37). Concretely, some studies have described a
positive correlation between hTERT promoter regulation and
methylation suggesting that hypermethylation correlates with
high hTERT expression and telomerase activity, while other
studies have shown no correlation between hTERT expression
and the methylation status of its promoter (19,35-37). Detection
of DNA methylation that correlates with expression levels of
a specific gene, suggests the promoter area tested for DNA
methylation is an important factor for gene transcription,
probably due to transcription factor binding to this area.
However, the discrepancies between DNA methylation and
expression levels could be attributed to tumor heterogeneity
(38).

C-myc is an important transcription factor that is frequently
overexpressed in HCCs in comparison to normal tissues
(39.40). It has been reported that c-myc binds to two E-boxes

located upstream and downstream the transcriptional initiation
site in the hTERT promoter region (41), along with several
other nuclear factors, such as Max and Mad (26,42.43). We
studied the correlation between c-myc and hTERT DNA
methylation by assessing DNA methylation levels in a CG-rich
area where c-myc potentially binds (E-boxes) as well as
histone H3-K9 methylation and acetylation status. We found
that methylation especially of the first E-box CpG site and/or
histone H3-K9 methylation, inhibited binding of c-myc
transcription factor and consequently hTERT expression in
hepatocellular carcinomas.

It is known that most cancer cell lines and tumors achieve
telomere maintenance by the reactivation of telomerase (44).
Nevertheless, we detected several HCC tissue samples, where
telomerase activity and hTERT mRNA levels were low or not
expressed. In these tissues it can be suggested that telomere
maintenance is achieved in the absence of telomerase by other
mechanisms such as the alternative lengthening of telomere
(ALT) mechanism (45). Of course other mechanisms may be
regulating telomerase expression in hepatocellular carcinomas.
Recently, it has been proposed that CTCF-binding regions in
hTERT exon 1 regulate hTERT expression in carcinoma
tissues and cells (46). In our study, we did not detect any
difference in the methylation status of CTCF-binding region
(data not shown), suggesting that probably CTCF is not
essential for hTERT regulation in hepatocellular carcinomas.

We suggest, for the first time, that DNA methylation,
histone modifications and c-myc could regulate hTERT
expression in hepatocellular carcinomas (Fig. 6D). According
to this model, when DNA is hypermethylated and histone
H3-K9 is methylated, c-myc binding in E-box 1 is inhibited,
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a fact which inactivates hTERT expression. On the other hand,
when histone H3-K9 are acetylated and hTERT promoter is
not methylated, c-myc is able to bind and activate hTERT
expression. All these results propose the complexity of tran-
scriptional regulation of hTERT. It seems that different
combinations of transcription factors and epigenetic
mechanisms regulate hTERT gene regulation, suggesting that
hTERT transcriptional regulation is cancer cell type specific.
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