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Abstract. Delta-like  3 (DLL3) is a member of the 
Delta/Serrate/Lag-2 family of ligands for the Notch receptor 
and plays a role in Notch signaling. We have previously 
revealed that the expression of DLL3 is silenced by aberrant 
DNA methylation and that overexpression of DLL3 in the 
HuH2 hepatocellular carcinoma  (HCC) cell line induced 
apoptosis. In the present study, we first confirmed the meth-
ylation of DLL3 in HuH2 cells and analyzed the methylation 
status of the DLL3 promoter region by bisulfite sequencing. 
Furthermore, we investigated whether other epigenetic modi-
fications, such as histone acetylation and histone methylation, 
affected the expression of DLL3. Treatment with the DNA 
methylation inhibitor, 5-azadeoxycytidine (5-Aza-dC) slightly 
reactivated DLL3 mRNA expression and bisulfite sequencing 
revealed that CpG sites in the DLL3 promoter region of the 
HuH2 cells were densely-methylated. In addition, a significant 
increase in the expression of DLL3 was observed when the cells 
were treated with 5-Aza-dC in combination with the histone 
deacetylase inhibitor trichostatin A. However, an inhibitor of 
the dimethylation of histone H3 lysine 9 (H3K9me2) or the 
trimethylation of histone H3 lysine 27 (H3K27me3), modifica-
tions that are associated with gene silencing, had no effect on 
DLL3 reactivation. In combination with the findings from our 
previous study, these results indicated that DLL3 expression 
was silenced in HCC cells by DNA methylation and was more 
readily affected by histone acetylation than histone methyla-
tion (H3K9me2 or H3K27me3).

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common 
cancer among men and the second most common cause of 
cancer mortality in both sexes (1,2). Approximately 70-90% 
of HCC patients have a background of chronic liver disease or 
liver cirrhosis. Major risk factors for liver cirrhosis are chronic 
infection with hepatitis B or C virus, alcoholic liver disease 
and non-alcoholic steatohepatitis. The precise molecular 
mechanisms in hepatocarcinogenesis have not been fully 
elucidated, however a variety of organ microenvironmental 
factors during chronic inflammation, such as viral proteins, 
cytokines and reactive oxygen or nitrogen species, affect 
carcinogenesis through the genetic or epigenetic activation 
of oncogenes and/or inactivation of tumor suppressor genes. 
These genetic and epigenetic alterations work synergistically, 
leading to a multistep developmental pathway for HCC (3,4).

In regard to genetic alterations, whole-genome sequencing 
has revealed that the genes involved in chromatin regulation, 
such as ARID1B, ARID2, MLL3 and MLL, were highly mutated 
in HCC, although no common somatic gene mutations were 
found in multicentric tumor pairs from that study (5). Whole 
genome sequencing of hepatitis B virus-associated HCC indi-
cated β-catenin (CTNNB1) to be the most frequently mutated 
oncogene (15.9%), with TP53 being the most frequently 
mutated tumor-suppressor gene (35.2%) (6). On the contrary, 
the epigenetic regulation of gene expression represented a 
complex crosstalk of DNA methylation, histone modifica-
tion, chromatin remodeling, and non-coding RNAs. Of these, 
DNA methylation led to stable gene silencing, primarily by 
the covalent modification of cytosine residues within CpG 
dinucleotides.

In cancer cells, two kinds of aberrant methylation have been 
observed. The first one is a genome-wide hypomethylation, 
which causes chromosome instability, aberrant transcription 
or transposable element reactivation and the other is a site-
specific hypermethylation, primarily of CpG islands located 
in or around, gene promoter regions. Although most of the 
cytosine residues in CpG islands were unmethylated (7,8), 
the aberrant methylation of tumor-suppressor gene promoters 
has been implicated in the development of a wide variety of 
cancers (9). In HCC, gene silencing associated with aberrant 
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promoter hypermethylation was found in a variety of genes, 
such as_CDKN2A (p16), RASSF1A (Ras-association domain 
containing family 1), GSTP1 (glutathione S-transferase) 
and CDH1  (E-cadherin)  (10,11). Yoshikawa  et  al as well 
as other researchers have also revealed, using restriction 
landmark genomic scanning, that the suppressor of cytokine 
signaling-1 (SOCS-1), SOCS-3 and apoptotic speck protein‑like 
(ASCL) genes are aberrantly methylated (12-14). Our previous 
methylation analysis  (15) with methylation‑specific PCR 
revealed that Delta-like 3 (DLL3), a member of the Delta/
Serrate/Lag-2 family of ligands for the Notch receptor, was 
frequently methylated in HCC cell lines. In the present study, 
we investigated the expression of DLL3 in HCC tissues 
by immunohistochemistry and confirmed the methylation 
status of the DLL3 promoter in HCC cell lines using bisulfite 
sequencing. Finally, we investigated the role of histone modifi-
cation in the regulation of DLL3 expression in HCC cell lines.

Materials and methods

Cell culture. The HuH2 and HuH4 HCC cell lines (generous 
gifts from Dr. Hirohide Yoshikawa, Sasa Hospital, Tokyo, 
Japan) were maintained in minimum essential medium 
(MEM; Sigma-Aldrich, St. Louis, MO, USA) containing 10% 
fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, 
Waltham, MA, USA) at 37˚C under a 5% CO2 atmosphere.

Tissue samples. Non-cancerous liver tissues were obtained 
from HCC patients who underwent surgical resection in the 
Department of General and Gastroenterological Surgery, 
Osaka Medical College (Takatsuki, Japan). Informed written 
consents were obtained from all patients and the study was 
conducted according to the guidelines of the Ethics Committee 
of Osaka Medical College.

Immunohistochemical study of the DLL3 expression. Human 
tissue arrays containing HCC cells and corresponding 
adjacent non-cancerous liver tissues (CSA4: Human, liver 
cancer-metastasis-normal; SuperBioChips, Seoul, Korea) 
were immunostained with anti-DLL3 antibody. Briefly, 
tissue array slides were deparaffinized in xylene and 
hydrated using an ethanol series. Endogenous peroxidase was 
blocked by incubating slides with 5 mM periodic acid. Cell 
permeabilization was carried out by incubation with 0.5% 
Triton X-100 in phosphate-buffered saline (PBS) for 5 min 
at room temperature. After blocking non-specific binding 
with 10% bovine serum albumin in PBS, the slides were 
incubated with rabbit anti‑human DLL3 polyclonal antibody 
(ARP47292_P050; Aviva Systems Biology, San Diego, CA, 
USA), diluted 1:1,000, at 4˚C overnight. After washing with 
PBS, signals were detected using the Dako EnVision™ Dual 
Link System-HRP kit (Agilent Technologies, Inc., Santa 
Clara, CA, USA), according to the manufacturer's protocol. 
After counterstaining with hematoxylin, the slides were 
imaged by microscopy (Eclipse E600; Nikon, Tokyo, Japan) 
and photographed with a CCD camera (VB-7010; Keyence, 
Osaka, Japan). The staining intensity of the DLL3 antibody 
was evaluated by three researchers (YM, KM and AH) at 
separate times, and graded as either: (-), Negative; (+), weak; 
(++), moderate; or (+++), strong.

Bisulfite sequencing of CpG islands in the DLL3 promoter. 
Genomic DNA was purified from the HuH2 and HuH4 cell 
lines and primary liver tissues were surgically resected, using 
the QIAamp DNA Mini kit (Qiagen Inc., Valencia, CA, USA). 
Subsequently, genomic DNA from each sample (1 µg) was 
subjected to bisulfite treatment using the EpiTect Bisulfite 
kit (Qiagen), according to the manufacturer's protocol. The 
target region of the DLL3 promoter, containing 26 CpG sites 
(nucleotides 103181-113850 in AC011500), was divided into 
three parts, with each part amplified twice by PCR using 
Platinum Taq DNA polymerase (Life Technologies; Thermo 
Fisher Scientific, Inc.) and specific primers (Fig. 1; Table I). 
PCR products were cloned into pT7-Blue plasmid and 
24  transformants were picked randomly. Colony PCR was 
carried out using M13R and U19 primers. Eight insert-positive 

Figure 1. Tentative nucleotide sequences after bisulfite treatment. Tentative 
nucleotide sequences of the target genomic DNA (nucleotides 103181‑113850) 
after bisulfite treatment are displayed. Twenty-six CpG sites are enclosed 
with a square and the location and sequences of the forward  (F) and 
reverse (R) primers are indicated. For the first part of the target region, 
the primers F1/R1 (first PCR) and F2/R1 (second PCR) were used. For the 
middle region, F3/R4 (first PCR) and F4/R2 (second PCR) were used. For 
the last region, F3/R4 (first PCR) and F5/R3 (second PCR) were used. T, thy-
mine converted from cytosine by bisulfite treatment of DNA; underlined 
letters indicate translation initiation site. The primer sequences are listed 
in Table I.

Table I. Primer sequences for bisulfite sequencing.

F1	 5'-TTATTATTTTGTATAGTTTTTA-3'
F2	 5'-GTATAGAGTATAAAGTTATAGG-3'
F3	 5'-GGTAGTTTTGGTTTATATTA-3'
F4	 5'-GTATAATTTTATATATAGGT-3'
F5	 5'-TTAGATATAAGGTTTGGAAGTTAG-3'
R1	 5'-TAATATAAACCAAAACTACC-3'
R2	 5'-ACCTATATATAAAATTATAC-3'
R3	 5'-CTAACTTCCAAACCTTATATCTAA-3'
R4	 5'-AAAAACCATAACCTTCTAAT-3'

The target region of the DLL3 promoter containing 26 CpGs was divided 
into three parts, with each part amplified by PCR using the abovementioned 
primers. F, forward; R, reverse; DLL3, delta-like 3.
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clones were subsequently amplified in 1 ml of growth media 
and plasmid DNA was purified for sequencing.

Treatment with demethylating agent and histone methyl-
transferase inhibitors. HuH2 cells were incubated in media 
containing either 1, 3 or 10 µM of the demethylating agent 
5-azadeoxycitidine (5-Aza-dC; Sigma-Aldrich) for 72 h. The 
culture media was exchanged to a new media containing 
5-Aza-dC on day 3. For the inhibition of histone deacetylation, 
1 or 3 µM of trichostatin A (TSA) (Sigma-Aldrich) was added 
to the medium on day  3. For the inhibition of H3K9me2 
dimethylation, the selective G9a and G9a-like protein histone 
lysine methyltransferase inhibitor BIX  01294 (Enzo Life 
Sciences, Inc., Farmingdale, NY, USA) was used (16). To block 
the trimethylation of lysine 27 on histone H3 and of lysine 20 
on histone H4, the lysine methyltransferase EZH2 inhibitor 
3-deazaneplanocin A hydrochloride (DZNep; R&D Systems, 
Minneapolis, MN, USA) was used (17). DZNep (30 or 50 µM 
final concentration) or BIX 01294 (1, 10 or 30 µM final concen-
tration) was added to the culture media, either alone or together 
with 5-Aza-dC and TSA, on day 3. On day 4, total RNA was 
purified using the NucleoSpin RNA kit (Machery-Nagel 
GmbH, Düren, Germany) according to the manufacturer's 
instructions and subjected to real-time PCR.

Real-time PCR. Real-time PCR was carried out with the 
StepOne Plus™ Real-Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific) using the PrimeScript One Step 
RT-PCR kit (Takara Bio, Inc., Otsu, Japan), according to 
the manufacturer's instructions. The final 20  µl reaction 
mixture consisted of: 10 µl of 2X One Step RT-PCR buffer, 
0.4 µl of Takara Ex Taq HS (5 U/µl), 0.4 µl of PrimeScript 
RT enzyme Mix II, 1 µl of the 20X primer-probe set, 0.4 µl 
of ROX Reference Dye, 2 µl of total RNA (100 ng/ml), and 
5.8 µl of RNase Free dH2O. Pre-made primer and probe sets 
for DLL3 (Hs01085096-m1) and GAPDH (Hs032929097) as 
an internal standard, were purchased from Applied Biosystems 

(Foster City, CA, USA). The reaction was carried out at 42˚C 
for 5 min, then at 95˚C for 10 sec, followed by 40 cycles at 95˚C 
for 5 sec and 60˚C for 30 sec. Relative quantification of the 
DLL3 expression was analyzed using the ΔΔCq method and 
the StepOne Software v2.3 (Applied Biosystems) (16).

Western blot analysis. Expression of DLL3 in HuH2 and HuH4 
cells was analyzed by western blotting. For the DLL3 reacti-
vation assay, HuH2 cells were cultured in media containing 
1 µM of 5-Aza-dC for 72 h, replaced once on day 3 and TSA 
was added to the media on day 3 to give a final concentra-
tion of 1 µM. On day 4, the cells were lysed in lysis buffer 
containing 20  mM Tris-HCl pH  8.0, 150  mM NaCl, 1% 
NP-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate 
and protease inhibitor cocktail (Roche Diagnostics GmbH, 
Mannheim, Germany). The supernatant was then subjected 
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and electroblotted onto a polyvinylidene difluo-
ride membrane (EMD Millipore, Billerica, MA, USA). The blot 
was blocked with 5% skim milk in TBS for 1 h at room temper-
ature and incubated with 1:100-diluted anti-DLL3 antibody 
(cat. no. ab103102; Abcam, Cambridge, MA, USA) overnight 
at 4˚C. After several washes, the blot was incubated with 
1:1,000-diluted HRP-conjugated anti-rabbit IgG (cat. no. 7074; 
Cell Signaling Technology, Beverly, MA, USA) for 1 h at 
room temperature. Immunoreactive bands were detected with 
the Fusion FX chemiluminescence imaging system (Vilber 
Lourmat, Marne La Vallée, France), using Western Lightning 
ECL Pro (PerkinElmer, Waltham, MA, USA).

Statistical analysis. In all statistical analyses, normality of the 
data was assessed using the Shapiro-Wilk test. Differences 
between HuH2 and HuH4 cell lines with respect to DLL3 
mRNA expression were tested by Wilcoxon test. For the 
comparison of data among more than three groups, the 
Tukey‑Kramer Honest Significant Difference test was applied 
when the data were normally distributed. Instead, when the 
data were not normally distributed, Dunn's non-parametric 
test was performed.

Results

DLL3 expression in HCC cells. The expression of DLL3 
in primary HCC samples and adjacent liver tissue was 
investigated by immunohistochemistry of tissue arrays. The 
results from two representative cases are displayed in Fig. 2. 
In case 1, strong immunoreactivity for DLL3 was detected 

Figure 2. Immunohistochemical detection of DLL3. Positive signals were 
detected in the cytoplasm of hepatocytes. Upper panel: Positive signals 
were detected in carcinoma cells (right), whereas no signals were detected 
in adjacent non-cancerous hepatocytes (left). Lower panel: Moderate to 
strong signals were detected in the cytoplasm of both non-cancerous (left) 
and cancerous (right) hepatocytes. Two representative cases are displayed. 
HCC, hepatocellular carcinoma; DLL3, delta-like 3.

Table II. Summary of immunohistochemistry results.

Immunoreactivity	 Strong (+++)	 Moderate (++)	 Weak (+)	 None (-)

Non-cancerous	 5	 4	 0	 0
liver
HCC	 0	 9	 9	 18

The expression of DLL3 was investigated with a tissue array containing 36 HCC 
tissues and nine corresponding non-cancerous liver tissues. The staining intensity 
of DLL3 in the cytoplasm was classified as strong (+++), moderate (++), weak (+) 
or none (-). HCC, hepatocellular carcinoma; DLL3, delta-like 3.
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in the cytoplasm of non-cancerous hepatocytes, whereas no 
signal was detected in adjacent cancer cells. In case 2, DLL3 
was expressed both in non-cancerous hepatocytes and the 
adjacent HCC cells. A summary of the immunohistochem-

istry results from all cases is provided in Table II. Moderate 
to strong immunoreactivity against DLL3 was detected in 
non‑cancerous hepatocytes in all cases  (9/9), whereas for 
half of the HCC cases (18/36), no immunoreactivity could be 
detected. No DLL3 immunoreactivity was detected in two 
cases of cholangiocellular carcinoma cells (data not shown).

Methylation analysis of the DLL3 promoter and expression 
of DLL3 in HCC cells. The methylation status of CpG sites 
presented in the DLL3 promoter region was investigated by 
bisulfite sequencing. In Fig. 1 tentative nucleotide sequences 
of the target DLL3 promoter region after bisulfite treatment 
are displayed. As displayed in Fig. 3A, CpG sites in the DLL3 
promoter region were densely methylated (closed circles) in 
HuH2 cells in all randomly selected clones, whereas the CpG 
sites were rarely methylated in clones derived from HuH4 cells 
or genomic DNA from the liver tissues of chronic hepatitis 
patients (Fig. 3A). Real-time RT-PCR analysis revealed that 
DLL3 mRNA expression in HuH4 cells was significantly 
(P=0.005) higher than in HuH2 cells (Fig. 3B).

DLL3 reactivation using the demethylating agent 5-Aza-dC. 
When the deoxycytidine analogue 5-Aza-dC is taken up by 
the cells, it is incorporated into DNA and inhibits methyltrans-
ferase activity, resulting in DNA demethylation. Although 
demethylation by 5-Aza-dC induces reactivation of silent 
genes, it can be toxic to cultured cells  (17). Thus, we first 
investigated the survival of HCC cells after administration of 
5-Aza-dC to determine the optimal dose for subsequent DLL3 
reactivation assays. As summarized in Table III, 5-Aza-dC 
was cytotoxic to HCC cells in a dose-dependent manner. 

Figure 3. Methylation of DLL3 promoter and reactivation assay. (A) Bisulfite sequencing of the DLL3 promoter region. The methylation status of 26 CpG sites 
in the DLL3 promoter were investigated using genomic DNA from HuH2, HuH4 and chronic hepatitis liver specimens. Eight individual clones were randomly 
picked for sequencing. Filled and open circles represent methylated and unmethylated sites, respectively. (B) Real-time PCR analysis. Total RNA samples from 
HuH2 and HuH4 cells were analyzed by PCR using specific DLL3 primer/probe sets. Representative data from three independent experiments are displayed; 
data represent mean ± SD (n=5; *P<0.05).

Table III. Summary of cell viability.

Treatment	 Viability (%)

No treatment	 100
1 µM 5-Aza-dC	 75
3 µM 5-Aza-dC	 25
10 µM 5-Aza-dC	 10
1 µM TSA	 95
3 µM TSA	 95
1 µM 5-Aza-dC + 1 µM TSA	 55
1 µM 5-Aza-dC + 3 µM TSA	 75
30 µM DZNep	 100
50 µM DZNep	 100
1 µM 5-Aza-dC + 1 µM TSA + 30 µM DZNep	 25
1 µM 5-Aza-dC + 1 µM TSA + 50 µM DZNep	 30
1 µM BIX 01294	 100
10 µM BIX 01294	 100
1 µM 5-Aza-dC + 1 µM TSA +1 µM BIX 01294	 40
1 µM 5-Aza-dC + 1 µM TSA +10 µM BIX 01294	 30

HuH2 cells were treated with the reagents indicated and then cell viability was 
evaluated by counting cells attached to the culture plates using phase‑contrast 
microscopy on day 4 of the treatment. Representative data are shown. 
5-Aza‑dC, 5-azadeoxycytidine; TSA, trichostatin A; DZNep, 3-deazanepla-
nocin A hydrochloride.
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HuH2 cell confluency was ~25% or less after 4 days of treat-
ment with either 3 or 10 µM 5-Aza-dC, whereas it was 75% 
when HuH2 cells were treated with 1 µM 5-Aza-dC. Thus, 
we evaluated the effect of 5-Aza-dC on DLL3 reactivation at 
the concentration of 1 or 3 µM. We found that when the HuH2 
cells were treated with 1 or 3 µM 5-Aza-dC for 4 days, the 
expression of DLL3 mRNA was reactivated up to two-fold. 
Treatment with 3 µM 5-Aza-dC induced a significant (p=0.03) 
increase in DLL3 mRNA expression, although it also had a 
cytotoxic effect (Fig. 4).

DLL3 reactivation using inhibitors of histone modifica-
tion. The effects of histone deacetylation, histone  H3 
lysine  9 dimethylation and lysine  27 trimethylation on 
DLL3 expression were investigated using specific inhibitors. 
Treatment with 1 or 3 µM of the histone deacetylase (HDAC) 
inhibitor TSA alone, did not cause cellular toxicity in HuH2 
cells (Table III). DLL3 mRNA expression was significantly 
(P=0.0005) upregulated in the presence of 1 µM of TSA, 
whereas 3 µM TSA had only a slight effect. When cells were 
treated with 1 µM of TSA together with 1 or 3 µM (data not 
shown) of 5-Aza-dC, cell confluency was around 50-70%, 
indicating that cell damage was less serious. Notably, 1 µM 
of TSA in combination with 5-Aza-dC revealed a marked 
synergistic effect on DLL3 mRNA expression (P<0.0001, 
compared to no treatment controls), without inducing serious 
cytotoxicity (Fig. 5A).

The H3 lysine 9 methyltransferase inhibitor BIX 01294 at 
1 or 10 µM did not induce cell damage in HuH2 cells (Table III), 
whereas the higher dose  (30 µM) was cytotoxic, with cell 
confluency being around 5% on day  4 (data not shown). 
Treatment with BIX 01294 alone did not affect DLL3 mRNA 
expression however and no synergistic effect was observed 
when the cells were treated with BIX 01294 (1 or 3 µM) together 
with both 5-Aza-dC and TSA (Fig. 5B). Similarly, the inhibitor 
of trimethylation of lysine 27 on histone H3 and lysine 20 on 
histone H4 (DZNep) did not induce DLL3 reactivation in HCC 
cells. When DZNep (30 or 50 µM) was administered together 
with both 5-Aza-dC (1 µM) and TSA (1 µM), DLL3 expression 
was not reactivated, but rather suppressed, without affecting 
cytotoxicity (Fig. 5C; Table III).

Discussion

In the present study it was demonstrated that downregulation 
of the expression of DLL3 occured in hepatocarcinogenesis 
through epigenetic mechanisms, predominately DNA methyl-
ation and histone acetylation. In mammals, DNA methylation 
primarily occurs by covalent addition of a methyl-group at 
the C5 position of cytosine residues in CpG dinucleotides. 
Dinucleotide clusters of CpGs or CpG islands, are typically 
found in, or near, the promoter regions of genes. Although 
most CpGs in genomic DNA are methylated, CpG islands 
in gene promoter regions remain unmethylated, allowing 
transcription to occur (18). In the present study, we detected 
densely-methylated CpG sites in the DLL3 promoter region of 
HuH2 HCC cells using bisulfite sequencing and demonstrated 
that DLL3 expression could be reactivated by treatment with 
the demethylating agent 5-Aza-dC. These results supported 
the data of our previous study (15), generated using methyla-

Figure 4. DLL3 mRNA expression. DLL3-methylated HuH2 cells were 
treated either without 5-Aza-dC (a), or with 1 µM (b) or 3 µM (c) of 5-Aza-dC 
and DLL3 mRNA expression was analyzed by real-time PCR. The evaluation 
was performed with the ΔΔCT method, using GAPDH as an internal control. 
Representative results, showing the relative mRNA expression in HuH2 cells 
under each condition vs. untreated samples, are displayed; data represent the 
mean ± SD (n=5; *P<0.05).

Figure 5. DLL3 mRNA expression. Real-time PCR was carried out and 
evaluated using the ΔΔCT method, with GAPDH as an internal control. RNA 
was purified from HuH2 cells that had been treated as follows: (A) Without 
TSA (a) or with 1 µM TSA (b), 3 µM TSA (c), 1 µM 5-Aza-dC + 1 µM 
TSA (d), 1 µM 5-Aza-dC + 3 µM TSA (e). (B) Without treatment (a), or 
with 1 µM BIX 01274 (b), 10 µM BIX 01274 (c), 1 µM 5-Aza-dC + 1 µM 
TSA  (d), 1  µM 5-Aza-dC  +  1  µM TSA  +  1  µM BIX  01274  (e), 1  µM 
5-Aza-dC + 1 µM TSA + 10 µM BIX 01274 (f). (C) Without treatment (a), or 
with 30 µM DZNep (b), 50 µM DZNep (c), 1 µM 5-Aza-dC + 1 µM TSA (d), 
1 µM 5-Aza-dC + 1 µM TSA + 30 µM DZNep (e), 1 µM 5-Aza-dC + 1 µM 
TSA + 50 µM DZNep (f). Representative data, indicating relative mRNA 
expression vs. untreated samples are shown; data represent the means ± SD 
(n=5; ***P<0.001; *P<0.05; NS, not significant).
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tion‑specific PCR, that DLL3 expression was silenced by DNA 
methylation in several HCC cell lines. Methylated DNA itself 
inhibited transcriptional activation by blocking the access of 
transcription factors to their binding sites (19). In addition, 
methylated DNA may be specifically recognized by a set of 
methyl-CpG binding domain proteins, leading to gene supres-
sion by the recruitment of additional proteins, such as HDACs, 
to these loci (7).

DNA is packaged in the form of chromatin, with nucleo-
somes (a basic structural unit of chromatin) being comprised 
of histone octamers (each consists of two copies of each of 
the four core histone proteins H2A, H2B, H3 and H4) that are 
wrapped by a 146 bp length of DNA. The N- and C-terminal 
histone tails protrude from the nucleosome and provide 
sites on specific residues for covalent modification, such as 
acetylation, methylation, phosphorylation, sumoylation and 
ubiquitylation (20). These modifications regulate chromatin 
structure to provide binding sites for the recruitment of 
other molecules  (21). Among these modifications, histone 
acetylation has been the most extensively studied and it has 
been demonstrated that histone acetylation/deacetylation is 
involved in transcriptional activation - serving as a switch 
between supressive and permissive chromatin states (22,23). 
Histone acetylation is enriched in transcriptionally-active 
regions and is typically found on histone H3 and H4 tails (21). 
Histone acetylation and deacetylation is catalyzed by histone 
acetyl‑transferases (HATs) and HDACs, respectively and acet-
ylation status is thus regulated by a balance in the activities of 
these enzymes. Acetylation of the histone N-terminus removes 
positive charge and the overall charge of the histone tail thus 
becomes neutral, reducing the affinity between DNA and 
histone and allowing transcription factors to access promotor 
regions (23).

Acetylation of specific lysine residues on particular 
histones is involved in the promotion of gene transcription. 
For example, acetylation of lysine 9 on histone H3 (H3K9ac), 
mainly catalyzed by GCN5/PCAF acetyltransferase and/or 
Tip 60 and Lysine 14 (H3K14ac), catalyzed by GCN5/PCAF, 
p300/CBP and/or Myst3, can be observed (24). Conversly, 
deacetylation of histones by HDACs has the opposite effect 
and negatively regulates transcriptional activity. Thus far, 
18 HDAC enzymes (HDACs 1-11, and sirtuin 1-7) have been 
identified in mammals and can be classified into four main 
Zn2+-dependent groups (classes I, IIa, IIb and IV), as well as 
a group of nicotinamide dehydrogenase-dependent class III 
HDACs  (25,26). Although histones are the most studied 
substrate for HDACs, there are a wide variety of non-histone 
targets, including DNA-binding transcription factors  (p53, 
c-Myc and NF-κB), steroid receptors (androgen receptor and 
estrogen receptor α), chaperone proteins (HSP90), structural 
proteins (α-tubulin) and signaling mediators (STAT3, Smad7 
and β-catenin) (27). The expression levels of HDACs vary by 
cell type and since they play pivotal roles in cell proliferation 
and cell death, these enzymes have become important thera-
peutic targets for treating various types of cancer (28,29). Thus 
far, a range of HDAC inhibitors have been identified, which 
are either natural products or synthetic compounds and which 
have differing target-specificities and activities. Although the 
precise mechanism is unclear, some HDAC inhibitors are effec-
tive in treating malignant diseases. Vorinostat (suberoylanilide 

hydroxamic acid or SAHA) binds to the catalytic domain of 
HDACs and has been demonstrated to inhibit the activity of 
HDAC1, 2, 3 and 6 (27,30). Vorinostat induces apoptosis and 
has anti-proliferative effects against cancer cell lines and was 
approved by the FDA in 2006 to be used in the management 
of cutaneous T-cell lymphoma. TSA, conversly, an antifungal 
antibiotic derived from Streptomyces, is a potent reversible 
inhibitor of class I, II and IV HDACs (27). TSA inhibits both 
G1- and G2-phases of the mammalian cell cycle and has been 
tested as a potential anticancer agent (31,32). In the present 
study, as displayed in Figs. 3 and 4, treatment with 5-Aza-dC 
alone exerted only a slight effect on DLL3 reactivation, 
whereas TSA together with 5-Aza-dC exhibited a much more 
potent effect. We further investigated the effect of siRNAs for 
HDAC1, 2 and 3 on DLL3 reactivation, but neither individual 
nor synergistic effects were observed (data not shown). These 
results indicated that class II and/or class III HDACs may play 
an important role in DLL3 activation.

Histone methylation, catalyzed by histone methyltrans-
ferases, is another major chromatin modification and causes 
transcriptional supression or activation depending on which 
amino acids are methylated and the degree of methylation. 
Lysine is able to be mono-, di- or trimethylated, with a methyl 
group replacing each hydrogen atom of its NH3

+ group. With 
a free NH2 and NH3

+ group, arginine is able to be mono- or 
dimethylated  (21). Active genes are typically associated 
with di- or tri-methylation of H3 lysine 4 (H3K4me2/3) and 
H3K79me3 and supressed genes typically carry H3K9me2 and 
H3K27me3 (21,33). Therefore, we investigated the involve-
ment of H3K9me2 and H3K27me3 in silencing of the DLL3 
expression. As displayed in Fig. 4, neither DZNep, an inhibitor 
of histone methyltransferase EZH2-mediated trimethylation 
of H3K27, nor BIX 01294, an inhibitor of G9a histone methyl-
transferase with a strong activity towards H3K9, had individual 
or synergistic effects on DLL3 expression.

It has been reported that DLL3 is detected in the Golgi 
apparatus and rarely on the cell surface (34). Thus, DLL3 
does not bind cell surface Notch receptors to activate Notch 
signaling, however, DLL3 suppressed Notch signaling in 
a cell‑autonomous manner  (34). Notch signaling plays an 
important role in liver development by regulating a fate 
choice between hepatocytes and biliary epithelial cells and in 
the regulation of hepatoblast differentiation (35-37). In addi-
tion, it has been reported that Notch signaling is activated in 
human HCC and hepatocyte-specific expression of intracel-
lular domain of Notch promotes formation of liver tumors 
in mice  (38). Thus, silencing of DLL3 in HCC hampers 
inactivation of Notch signaling, which may contribute to 
hepatocarcinogenesis.

Although natural inducers of epigenetic aberrations have 
not yet been fully elucidated, it has been reported that age (39), 
chronic inflammation  (40-42) and viral  (43) or bacterial 
infections (44) may induce such changes. As detailed clinical 
information in regard to such factors such as the presence of 
chronic inflammation or viral infections was not available 
for the patient material included in the present study, further 
investigation using clinical specimens will be necessary to 
clarify the precise mechanisms that contribute to the epigenetic 
regulation of DLL3 expression. Our preliminary data revealed 
that infection of hepatitis virus affected the silencing of DLL3 
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expression in HCC (unpublished data), thus the levels of DLL3 
expression in HCC in the present study may have been influ-
enced by the status of the viral infection (Fig. 1; cases 1 and 2).

In conclusion, both our previous and current results 
indicated that in addition to DNA methylation, acetylation of 
lysine residues, rather than the methylation of lysine, played a 
pivotal role in post-transcriptional downregulation of DLL3 
expression during hepatocarcinogenesis. Regulation of DLL3 
expression through epigenetic mechanisms may thus be asso-
ciated with the development of Notch-dependent HCC, with 
DLL3 representing a potential molecular target for therapy.
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