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Esophageal cancers are highly aggressive tumors with poor prognosis despite some recent advances in surgical and
radiochemotherapy treatment options. This study addressed the feasibility of drugs targeting epigenetic modifiers in
esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC) cells. We tested inhibition of
histone deacetylases (HDACs) by SAHA, MS-275, and FK228, inhibition of DNA methyltransferases by Azacytidine (AZA)
and Decitabine (DAC), and the effect of combination treatment using both types of drugs. The drug targets, HDAC1/2/3
and DNMT1, were expressed in normal esophageal epithelium and tumor cells of ESCC or EAC tissue specimens, as well
as in non-neoplastic esophageal epithelial (Het-1A), ESCC (OE21, Kyse-270, Kyse-410), and EAC (OE33, SK-GT-4) cell lines.
In vitro, HDAC activity, histone acetylation, and p21 expression were similarly affected in non-neoplastic, ESCC, and EAC
cell lines post inhibitor treatment. Combined MS-275/AZA treatment, however, selectively targeted esophageal cancer
cell lines by inducing DNA damage, cell viability loss, and apoptosis, and by decreasing cell migration. Non-neoplastic
Het-1A cells were protected against HDACi (MS-275)/AZA treatment. RNA transcriptome analyses post MS-275 and/or
AZA treatment identified novel regulated candidate genes (up: BCL6, Hes2; down: FAIM, MLKL), which were specifically
associated with the treatment responses of esophageal cancer cells. In summary, combined HDACi/AZA treatment is
efficient and selective for the targeting of esophageal cancer cells, despite similar target expression of normal and
esophageal cancer epithelium, in vitro and in human esophageal carcinomas. The precise mechanisms of action of
treatment responses involve novel candidate genes regulated by HDACi/AZA in esophageal cancer cells. Together,
targeting of epigenetic modifiers in esophageal cancers may represent a potential future therapeutic approach.

Introduction

Esophageal cancer is an aggressive malignancy of the upper
gastrointestinal tract and is classified into two major histotypes:
esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC). Esophageal cancer patients are often
diagnosed at advanced stages with metastatic disease.1 Prognosis
clearly depends on cancer stage, showing a decrease of the 5-year
survival rate from 69% for T1 down to 17% for T3.2 Thus, ther-
apeutic approaches are dependent on stage and cancer sub-type
(ESCC or EAC).3 Precursor lesions, such as Barrett’s Esophagus,
or early stages with localized disease are managed by endoscopic
mucosal resection.4 The only curative approach for advanced
esophageal cancers (T3 or lymph node metastasis) is still based

on surgery.3,5 Neoadjuvant treatment by combined radio-/che-
motherapy with 5-flurouracil and cisplatin achieves doubling of
median survival from 20.4 to 45.6 months.6 ESCC patients
show higher rates of pathological complete response than EAC
patients after neoadjuvant radiochemotherapy.7 Indeed, periop-
erative chemotherapy instead of neoadjuvant radiochemotherapy
seems to be favorable for EAC treatment.8 So far, treatment strat-
egies including molecular targeted intervention are not yet widely
approved for patients with ESCC and EAC, except HER2-tar-
geted therapy for adenocarcinomas of the lower gastric-esoph-
ageal junction (GEJ).9

Epigenetic alterations are involved in the carcinogenesis and
progression of esophageal cancers.10-12 Moreover, epigenetic
modifiers, such as DNA (cytosine-5)-methyltransferase 1
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(DNMT1) and class I histone deacetylase 1 and 2 (HDAC1/
HDAC2) are frequently expressed in esophageal cancers and may
represent novel target structures.13-16 Little is known about the
detailed mechanisms of action and response to HDAC inhibitors
(HDACi) or DNMT1 inhibitors, such as Azacytidine (AZA) and
its derivative Decitabine (DAC) in esophageal cancer cells, partic-
ularly upon consideration of the 2 distinct clinico-pathological
subtypes of ESCC and EACs.17-19 In other solid gastrointestinal
tract cancers, HDACi or AZA showed anti-tumor activity in
model systems, but its clinical relevance is still under investiga-
tion.20,21 Since solid tumors frequently exhibit major intra- and
inter-tumoral heterogeneity, it is not surprising that HDACi and
AZA treatment was so far only approved for hematological dis-
eases.22-24

The mechanism of action of HDACi or DNMT inhibitors is
mainly via their effect on altering, respective re-activating tran-
scription of silenced tumor suppressor genes.25 Re-expression of
p21/CDKN1A is one example for gene de-repression post
HDACi treatment and marks a critical decision point for
HDACi efficacy.26,27 Moreover, HDACi show major cell type-
specific, respective potentially cancer cell-selective effects28,29 and
include distinct patterns of induction of apoptosis, differentia-
tion, cell cycle arrest, or even immunomodulation (for
HDACi).16,21,30,31 The distinct cellular effects may be triggered
by cell type-specific patterns of transcriptional re-expression, as
well as oxidative stress or DNA repair.32,33

Importantly, synergistic effects of HDACi and the DNMT
inhibitor DAC were reported for growth inhibition, DNA dam-
age, and apoptosis induction in different tumor entities.34–36

Again, the underlying mechanism of action is not validated yet,
but HDACi appear to decelerate removal of incorporated DAC
from DNA, thereby enhancing the harmful action of DAC.37

In the setting of the 2 major types of esophageal cancer, this
study addressed the basic molecular effects (e.g. histone acetyla-
tion levels) as well as cellular (e.g. cell viability) and molecular
(RNA transcriptome) responses of non-neoplastic and several
esophageal cancer cell lines to broad (suberoylanilide hydroxamic
acid or SAHA) and specific (MS-275, FK228) HDACi, to the
DNMT inhibitors AZA and DAC, and to combinations of
HDACi and AZA. In addition, human tissue specimens of
esophageal cancer patients and case-matched normal esophageal
epithelia were examined for expression of the therapy-relevant
targets HDAC1/2/3 and DNMT1, as well as the levels of corre-
sponding epigenetic marks. Our study thereby comprehensively
investigates the basis for potential further (pre-) clinical bio-
markers and inhibitor exploitation of epigenetic modifiers in the
2 main histotypes of esophageal cancers.

Results

Frequent HDAC1–3 and DNMT1 expression in esophageal
carcinomas

In case-matched tissue specimens of normal esophageal epi-
thelium (n D 20) and ESCCs (n D 10) or EACs (n D 10) of
patients without neoadjuvant treatment, HDAC1, HDAC2,

HDAC3 and DNMT1 were frequently expressed in the nuclei of
basal normal epithelial and ESCC and EAC cells (Fig. 1).
Thereby, 10–20% of ESCC and EAC had slightly lower
HDAC1, HDAC2, and HDAC3 expression in cancer as com-
pared to normal epithelial cells. In addition, 50% of ESCCs and
EACs showed a clear loss of nuclear DNMT1 in cancer cells
(Fig. 1, arrows; see Supplementary Table S1 for quantification).
Finally, H3K9Ac (80% of ESCC, 40% of EAC) and 5mC (50%
of ESCCs and EACs) levels were reduced in cancer as compared
to normal epithelial cells.

Thus, HDAC1–3 as relevant drug targets are frequently
expressed in normal and cancer cells of ESCC and EAC patients,
whereby DNMT1 is lost in cancer cells in about half of the
patients.

HDACs are deregulated in esophageal cancer cells
Six esophageal cancer cell lines (ESCC cell lines OE21, Kyse-

270, and Kyse-410, EAC cell lines OE33 and SK-GT-4, and a
cell line derived from a GEJ adenocarcinoma, OE19) and a non-
neoplastic esophageal epithelial cell line (Het-1A) were next char-
acterized for HDAC1, HDAC2, HDAC3, and DNMT1 locali-
zation and expression (Fig. 2). As seen for human tissue
specimens, nuclear HDAC expression was seen in non-neoplastic
Het-1A and the 6 ESCC, EAC, and GEJ cancer cell lines
(Fig. 2A). Similar to 10–20% of patient tissue specimens, some
ESCC and EAC cell lines showed significantly reduced HDAC1,
HDAC2, and HDAC3 protein levels (OE21 cells: HDAC1
P D 0.0015; HDAC2 P < 0.001; HDAC3 P D 0.0479, and
OE33 cells: HDAC1 P D 0.0435; HDAC2 P D 0.017; Fig. 2B).

Furthermore, compared to the non-neoplastic Het-1A cells,
HDAC activity was increased in all ESCC and EAC cell lines,
except in the GEJ cell line OE19, exhibiting reduced HDAC
activity (Fig. 2C).

Thus, HDAC levels in the selected non-neoplastic and esoph-
ageal cancer cell lines reflect patterns observed in human esoph-
ageal cancer patients. Importantly, HDAC activity appears to be
uncoupled from HDAC levels in some esophageal cancer cells.

HDACi and AZA selectively reduce esophageal cancer cell
viability

To test the vulnerability of esophageal cancer cells to HDAC
inhibition, the effects of broad (SAHA) and 2 selective HDACi
(MS-275, FK228) as well as 2 DNMT inhibitors (AZA and
DAC) were examined in ESCC and EAC cells with reduced
HDAC levels but maintained HDAC activity (Fig. 3).

For HDACi, SAHA reduced cell viability at doses from 1 to
5 mM mainly in OE21 cells (Fig. 3A). In contrast, MS-275
showed strong cancer cell selectivity, with reduction of cell viabil-
ity to 52.4% in OE21 (P D 0.0012) and to 40.0% in OE33
(P D 0.0065) at 1 mM (Fig. 3B). Finally, FK228 also effectively
reduced cell viability without being cancer cell selective
(Fig. 3C).

Second, treatment with continuous AZA at different doses
reduced cell viability to 46.4% in OE21 cells at 50 mM
(P D 0.0026; Fig. 3D). OE33 and the non-neoplastic Het-1A
cells only showed an effect at the highest dose of 100 mM
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(Fig. 3D). Daily AZA refreshment revealed similar results,
excluding drug stability problems (Fig. 3E). In contrast, DAC
treatment decreased cell viability of non-neoplastic Het-1A cells,
but was ineffective in esophageal cancer cells (Fig. 3F). DAC was
therefore not considered for further experiments.

Surprisingly, in combination treatment of 2 different concen-
trations of each HDACi with 50 mM AZA, cell viability of non-
neoplastic Het-1A cells was mainly unaffected (Fig. 3G). In con-
trast, HDACi/AZA combination treatment had a supportive
effect on esophageal cancer cells as compared to HDAC or AZA
alone (see Supplementary Fig. S1): For OE21 cells, all tested
HDACi/AZA dose combinations showed enhanced effects com-
pared to the single substances (P D 0.0246 ¡ 0.0003; Fig. 3H).
For OE33 cells, a marked reduction of cell viability was seen for
0.5 mMMS-275 with AZA (P D 0.0022; Fig. 3I).

In addition, combined HDACi/AZA treatment was able to
render specific HDACi effective, which had been ineffective
alone (Figs. 3 H and I). Thus, combination of FK228/AZA
reduced OE21 cell viability to 35% (P D 0.017 ¡ 0.007), while

this was not seen for FK228 alone or only to 57% for AZA alone
(Fig. 3H).

The supportive effects of combined HDACi and AZA treat-
ment were also observed for additional ESCC (Kyse-270, Kyse-
410), EAC (SK-GT-4), and one GJE (OE19) cell lines (Supple-
mentary Fig. S2; see Additional File 2). Thereby, the strongest
effect of combined HDACi (particularly MS-275) with AZA
treatment was seen for Kyse-270 and Kyse-410.

The above experiments in 7 cell lines clearly show that -
despite the similar HDAC levels in non-neoplastic and cancer
cell lines - HDACi (SAHA, MS-275 and FK228) and AZA act
in a cancer cell-selective way and show enhanced cancer cell-selec-
tive efficacy upon combination therapy.

HDACi and/or AZA downregulate HDAC activity and alter
their target protein expression

To link the distinct non-neoplastic and esophageal cancer cell
responses to specific HDACi and AZA effects, HDAC activity,

Figure 1. HDACs are deregulated in esophageal cancer cells. The panels show representative serial sections, respective the same tissue areas, of match-
ing normal esophageal epithelium and ESCC or EAC tissue specimens stained for the epigenetic modifiers HDAC1, HDAC2, HDAC3, H3K9ac (red staining;
via AP/Streptavidin, DAKO Real Detection system AP/RED) as well as DNMT1 and 5mC (brown staining, via DAB, DAKO envision FLEXC Kit). Note reduced
H3K9ac as well as loss of DNMT1 expression and 5mC (see arrows) in tumor cells of ESCCs and EACs as compared to normal epithelial cells (see inserts).
Refer to Supplementary Data Table S1 for quantification of all cases. Bar represents 100 mm.

www.tandfonline.com 433Epigenetics



histone acetylation, and target pro-
tein expression were next exam-
ined (Fig. 4 and Supplementary
Fig. S3 and S4).

HDAC activity was inhibited
in non-neoplastic and the 6 esoph-
ageal cancer cell lines (Fig. 4).
This was most significant for treat-
ment with MS-275, causing
decreased HDAC activity down
to 28–39% rest activity compared
to vehicle treated cells (P D 0.07
to � 0.001).

Subsequently, in Het-1A,
OE21 and OE33 cells, histone H3
acetylation was induced by
HDACi/AZA (Supplementary
Fig. S3). Thereby, HDACi/AZA
target levels were not directionally
altered, except for a different regu-
lation of DNMT1 in non-neoplas-
tic (upregulation) and EAC
(downregulation, P D 0.0428 ¡
0.0129), as well as a clear reduc-
tion of HDAC3 protein expression
in ESCC cells (P D 0.04; Supple-
mentary Fig. S4).

Thus, altered control of HDAC
activity does not explain the dis-
tinct cellular responses of non-neo-
plastic and esophageal cancer cell
lines to HDACi/AZA treatment,
while cell line specific regulation
of HDACi/AZA targets post treat-
ment may add to this.

HDACi induce DNA damage,
apoptosis and cell cycle arrest
exclusively in esophageal cancer
cells

To examine the basis of cancer
cell specific loss of cell viability by
HDACi/AZA treatment, induc-
tion of DNA damage, apoptosis,
S-phase distribution and cell pro-
liferation were next analyzed
(Fig. 5).

First, quantification of DNA
strand breaks by COMET assay
post AZA, MS-275, or MS-275/
AZA treatment revealed a marked
induction of DNA breaks in
ESCC/OE21 and EAC/OE33
(Fig. 5A, middle and right panels),
but not in non-neoplastic/Het-1A
cells (Fig. 5A left panel). A similar

Figure 2. HDACs are deregulated in esophageal cancer cells. (A) Indirect immunofluorescence staining
revealed nuclear localization for DNMT1 and HDAC1, HDAC2, and HDAC3 in all 7 cell lines. (B) Protein levels
were analyzed by immunoblotting, shown by one representative blot (left) and quantification by densitome-
try (right), revealing maintained HDAC1, HDAC2, HDAC3 and DNMT1 expression in most esophageal cancer
cell lines, but decreased HDAC1, HDAC2, and HDAC3 expression in OE21 and OE33 compared to Het-1A
cells. (C) Measurement of general HDAC activity revealed increased HDAC activity in all esophageal cancer
cell lines (except OE19 as GEJ cell line) compared to Het-1A cells (dark gray bars). Trichostatin A (TSA) as pos-
itive control shows adequate reduction of HDAC activity in all cell lines, proving specificity of the fluores-
cence signal. Data is represented as mean § SEM for 3 independent experiments. All activity
measurements were performed in technical duplicates. Significance levels are represented as *: 0.05–0.01,
**: � 0.01–0.001 and ***: � 0.001.
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Figure 3. Dose response curves for the effect of HDACi/AZA on cell viability. Cells were cultured with DMSO (=0 on x-axis) and various doses of (A) SAHA,
(B) MS-275, (C) FK228 as well as (D, E) AZA or (F) DAC for 72 h before cell viability was analyzed. To rule out known difficulties with AZA drug stability,
cells were treated with (D) continuous AZA or (E) daily refreshment of AZA. (G-I) Cells were treated with 50 mM AZA and 2 different concentrations of
each HDACi for 72 h before cell viability was determined. Data is represented as percent in comparison to vehicle (DMSO) treated cells (set to 100%).
Shown is the mean § SEM for 3 independent experiments, each performed in technical triplicate. Significance levels are represented as *: 0.05–0.01, **:
� 0.01–0.001 and ***: � 0.001.

Figure 4. Downregulation of HDAC activity by HDACi. HDAC activity was measured 24 h post HDACi/AZA addition, showing similar downregulation of
HDAC activity in all 7 cell lines. Inhibitor concentrations: SAHA D 0.1 mM, MS-275 D 0.5 mM and FK228 D 0.1 nM. Shown is the mean § SEM of 3 inde-
pendent experiments, performed in technical duplicates. Significance levels are represented as *: 0.05–0.01, **: � 0.01–0.001 and ***: � 0.001.
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finding was recorded by analysis of DNA damage via p-H2A.X
levels, showing increased p-H2A.X levels post AZA and particu-
larly post all HDACi/AZA combinations in ESCC/OE21 and
EAC/OE33, but not in non-neoplastic/Het-1A cells (Supple-
mentary Fig. S5).

As expected from cell viability and DNA damage analyses,
there was no significant apoptosis induction in non-neoplastic
Het-1A cells by HDACi/AZA (Fig. 5B left panel). Instead, treat-
ment of ESCC/OE21 or EAC/OE33 cells with AZA, HDACi,
or HDACi/AZA significantly increased the number of apoptotic
cells compared to control-treated cells (ESCC/OE21: MS-275/
AZA up to 11.2%, P D 0.0164; EAC/OE33: MS-275 with
12.3%, P D 0.0031, and MS-275/AZA up to 24%, P D 0.0088;
see Fig. 5B middle and right panels).

Moreover, increased apoptosis in ESCC and EAC cells was
accompanied by reduction of S-phase (Fig. 5C) and Ki-67-posi-
tive cells (Fig. 5D) post HDACi and/or AZA treatment. This
effect was enhanced upon combined MS-275/AZA treatment,

but was not seen for non-neoplastic/Het-1A cells. In addition,
treatment with AZA or SAHA/AZA and FK288/AZA, which
was mainly ineffective at the level of cell viability, only slightly
altered S-phase and Ki-67-positivity.

Thus, the significant cancer cell-selective reduction of cell via-
bility by HDACi/AZA treatment in ESCC and EAC cells is
mediated via increased DNA damage, apoptosis induction,
reduced proliferation, and cell cycle arrest. Non-neoplastic cells,
with similar loss of HDAC activity upon HDACi/AZA treat-
ment, are protected against these effects.

Azacytidine impairs migration specifically in tumor cell lines
To investigate whether HDACi/AZA treatment may also

affect esophageal cancer cell migration, cell exclusion assays were
next performed using conditions not affecting cell viability
(Fig. 6A).

HDACi/AZA treatment had no effect on migration of non-
neoplastic/Het-1A cells (Figs. 6B and C left panels). In contrast,

Figure 5. HDACi/AZA treatment induces DNA damage, apoptosis and cell cycle arrest selectively in esophageal cancer cells. (A) DNA damage was
assessed by COMET assays 24 h after addition of MS-275 and/or AZA, revealing induction of DNA damage in OE21 (AZA, MS-275-AZA) and OE33 (MS-
275/AZA) cells. The total number of analyzed cells, respective COMETs, by CASP software V1.2.2 is given in the bars. (B) Measurement of apoptosis 72 h
post HDACi and/or AZA treatment showed cancer cell selective effects, especially of combined MS-275 and AZA treatment in OE21 and OE33 cells. Apo-
ptosis data is presented as percent of 10 000 recorded cells. (C) S phase distribution and (D) Ki-67 expression was analyzed 72 h post HDACi/AZA treat-
ment. Abbreviations: C D control/DMSO treatment, A D AZA, S D SAHA, M D MS-275 and F D FK228. Shown is the mean § SEM for 3 independent
experiments. Obtained p-values were represented as *: 0.05–0.01 and **: � 0.01–0.001.
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ESCC and EAC cells showed decreased cell migration post MS-
275/AZA treatment (Fig. 6B), which was significant for ESCC/
OE21 cells (P< 0.017) and was mostly related to effects of AZA.

Thus, non-neoplastic and esophageal cancer cells also differ in
their responses to HDACi/AZA regarding cell migration.

Transcriptome analyses reveal distinct profiles of genes
regulated by MS-275/AZA treatment in esophageal cancer cells

To identify genes regulated by HDACi/AZA treatment and
thereby mirroring the different cellular outcomes of non-neoplas-
tic and esophageal cancer cells, RNA transcriptome analyses were
performed 24 h post treatment (Fig. 7; Table 1).

Transcriptome analyses showed that AZA alone had only
minor effects on gene expression, while MS-275 alone and specif-
ically the MS-275/AZA combination induced high numbers of
differentially up- or down-regulated genes (Fig. 7A). Since

combined MS-275/AZA treatment was shown to be especially
effective against cancer cells (Figs. 3, 4 and 5), the RNA tran-
scriptome data was analyzed in detail for genes affected by com-
bined MS-275/AZA treatment in both ESCC/OE21 and EAC/
OE33, but not in non-neoplastic/Het-1A cells.

Thus, cancer cell specific genes affected by MS-275/AZA
treatment included 251 significantly regulated genes, with 121
and 130 genes being up- and down-regulated, respectively
(Fig. 7B). Table 1 shows the TOP40 of significantly up- or
down-regulated genes. Functional analysis with gene-set enrich-
ment38 between DMSO and MS-275/AZA treated cells eluci-
dated the cancer cell specific cellular consequences after
combined drug treatment. The bar plots clearly depict the signifi-
cant upregulation of apoptotic pathways (Fig. 7C) and downre-
gulation of DNA damage repair pathways and cell cycle
progression (Fig. 7D) in OE21 and OE33 cells.

Figure 6. Azacytidine impairs migration specifically in esophageal cancer cells. (A) Cell viability measurement 24 h post inhibitor treatment. Shown is the
mean § SEM for 3 independent experiments, performed in technical triplicates. (B) Cell migration was analyzed 24 h post inhibitor treatment by cell
exclusion assay. Cell migration was quantified 24 h post MS-275/AZA addition. Data is represented as the log2 fold change of the cell free area
(mean § SEM) of 3 independent experiments. Representative images are shown in (C).
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Since p21 is involved in cellular responses to HDACi/AZA
treatment in other cancer types,26 validation of RNA transcriptome
data was first performed for p21. Indeed, p21/CDKN1A mRNA

expression was upregulated by MS-275/
AZA in non-neoplastic, ESCC and
EAC cells (Fig. 7E). This was further
confirmed by qRT-PCR for MS-275/
AZA as well as all other HDACi/AZA
combinations, revealing an upregulation
of p21 mRNA (Fig. 7F) and protein
(Fig. 7G) expression in all 3 cell lines.
At the protein level, this was only signifi-
cant post MS-275/AZA treatment of
ESCC/OE21 (P D 0.046) and EAC/
OE33 (P D 0.0337) cells, again reflect-
ing their cellular response. To confirm
that these alterations were mediated via
direct HDACi effects, the CDKN1A
promotor was analyzed for global his-
tone H3 acetylation (H3Ac) and histone
H3 trimethylation at lysine 4
(H3K4me3) by ChIP (Fig. 7H).
Indeed, MS-275 or MS-275/AZA treat-
ment increased H3Ac to 4-fold in both
cancer cell lines, while H3K4me3 was
preferentially upregulated by 2-fold in
OE33 cells (Fig. 7Hmiddle and left).

Thus, RNA transcriptome data was
validated at the mRNA, protein and
regulatory level for the known HDACi

target p21/CDKN1A. Moreover, functional gene enrichment
analysis of RNA transcriptome data reflected the cancer cell selec-
tive behavior of esophageal cancer cells.

Figure 7. RNA transcriptome analyses
reveal differentially regulated genes by MS-
275/AZA treatment. (A) The diagram repre-
sents the absolute numbers of significantly
upregulated (red bars) and downregulated
(green bars) genes for MS-275, AZA and
their combination (comb.) compared to
vehicle (DMSO) treated cells. (B) Number of
genes regulated by MS-275/AZA treatment
depicted by Venn diagram, showing joint
or unique regulation between cell lines.
Using the curated gene sets from the Con-
sensus Path DB,80 all gene sets related to
apoptosis, drug metabolism, DNA replica-
tion and damage as well as cell cycle were
extracted, depicting (C) upregulated and
(D) downregulated gene sets from OE21,
OE33 and Het-1A cell lines. (E) Regulation
of CDKN1A/p21 mRNA in the present RNA
transcriptome were confirmed (F) by qRT-
PCR on mRNA and (G) by immunoblot on
protein level for all 3 HDACi/AZA combina-
tions. (H) ChIP analysis was performed 24 h
post MS-275/AZA treatment with H3Ac and
H3K4me3 followed by real-time PCR of the
CDKN1A promotor. Data are represented as
fold change of % input DNA (after normali-
zation to H3) compared to vehicle (DMSO)
treated cells (mean § SEM).
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Novel candidate genes involved in cancer cell specific
responses to HDACi/AZA treatment

To further study the genes altered in parallel to the specific
cellular responses of esophageal cancer cell lines upon HDACi/
AZA treatment, selected genes from the RNA transcriptome
TOP40 analysis (see Table 1) were further validated by qRT-
PCR post MS-275, AZA, or MS-275/AZA treatment (Fig. 8).
For upregulated genes this was BCL6 (rank #2) and Hairy and
enhancer of split 2/Hes2 (rank #27). For downregulated genes
this was Fas apoptotic inhibitory molecule/FAIM (rank #4) and
MLKL (rank #9).

Indeed, BCL6 was specifically and significantly upregulated in
ESCC/OE21 and EAC/OE33 (P D 0.0258), but not in non-
neoplastic/Het-1A cells (P D 0.3563). Again, this was most
prominent for combined HDACi/AZA treatment. Instead,

Hes-2 was strongly upregulated in EAC/OE33, but not in
ESCC/OE21. Non-neoplastic/Het-1A cells, however, also
showed some Hes-2 regulation in HDACi/AZA treated cells by
qRT-PCR. Furthermore, FAIM was downregulated in OE33 by
combined MS-275/AZA treatment, whereas MS-275 alone
showed the strongest downregulation in OE21. In addition,
MLKL was specifically downregulated in ESCC/OE21
(P D 0.0032) and EAC/OE33 (P D 0.047) post combined MS-
275 or MS-275/AZA.

Thus, qRT-PCR data confirm RNA transcriptome data for
selected candidates specifically involved in the cellular responses
of cancer, but not non-neoplastic cells to HDACi/AZA
treatment.

Discussion

Epigenetic alterations are involved in the carcinogenesis and
progression of esophageal cancers.10-12 However, in contrast to
hematologic39-41 or some selected other gastrointestinal tract
tumors,42-44, the potential of epigenetic-based therapy has not
yet been widely addressed in esophageal cancer. So far, treatment
advances of the highly aggressive esophageal cancers are by sur-
gery and radiochemotherapy.5,8

In an exploratory setting, the present study examined the
potential of targeting epigenetic modifiers in the 2 main clinico-
pathological sub-types esophageal squamous cell carcinoma
(ESCC) and esophageal adenocarcinoma (EAC). In contrast to
previous studies in other cancer entities, analysis of human tissue
specimens for HDAC1, HDAC2, HDAC3, and DNMT1
expression, as well as comprehensive analysis of both non-neo-
plastic and ESCC and EAC cell lines using treatment with the
DNMT1 inhibitors AZA and DAC, three HDACi with different
specificities and combined HDACi/AZA were tested. Further-
more, the present study addressed basic and cellular effects of the
different treatments and performed extensive RNA transcriptome
analyses to identify genes involved in mediating the specific cellu-
lar responses. By this, this study provides a novel comprehensive
approach and insight into the epigenetic targeting of esophageal
cancer.

As reported in part before by others,13,14,45 HDAC1,
HDAC2, and HDAC3 protein expression is frequent in esoph-
ageal carcinomas, both in the adjacent normal epithelial as well
as in the cancer cells. At a first glance, this argues against HDACs
being a valuable target and may explain why others before have
not followed this further. Indeed, we also found similar HDAC
expression patterns in our in vitro model with 7 cell lines, of
which 6 reflected the spectrum of human esophageal cancers.
Nevertheless, these still exhibited distinct and significant cancer
cell-selective effects upon inhibition of the ubiquitous targets.
Moreover, our analyses of human tissue specimens of esophageal
cancers also suggested frequent histone H3 hypoacetylation, espe-
cially in ESCCs. Increased HDAC activity may account for this
hypoacetylation, as again indicated by our in vitro analyses.
Indeed, HDAC activity was uncoupled from HDAC expression
in our in vitro analyses. In human esophageal cancers, fresh-fro-
zen tissue specimens of patients not receiving neoadjuvant

Table 1. Summary of TOP40 differentially regulated genes post MS-275/AZA
treatment in esophageal cancer cells

TOP 40 upregulated genes TOP 40 downregulated genes

Gene Symbol P-value Gene Symbol P-value

1 VPS37D 7.22E-14 1 C1orf131 4.98E-10
2 BCL6 2.82E-11 2 NASP 2.72E-09
3 BSPRY 7.36E-11 3 C12orf4 3.15E-09
4 LIX1L 2.97E-10 4 FAIM 1.24E-08
5 BMP2 5.14E-10 5 ANXA10 1.42E-08
6 HMOX1 4.07E-09 6 RABEPK 1.72E-08
7 ARID3A 4.89E-09 7 WARS 2.59E-08
8 GABARAPL1 6.36E-09 8 RECQL4 5.69E-08
9 UBAP1 8.77E-09 9 MLKL 8.06E-08
10 IL1RN 8.96E-09 10 VPS36 8.59E-08
11 PRDM1 1.69E-08 11 TRIM25 1.20E-07
12 CPT1A 2.61E-08 12 SLC10A3 1.88E-07
13 GAB2 2.61E-08 13 RWDD4 2.20E-07
14 FERMT2 2.91E-08 14 SOX21 2.27E-07
15 GPC2 3.54E-08 15 PHF11 3.18E-07
16 PLIN3 6.65E-08 16 REEP5 7.15E-07
17 RAB8B 7.60E-08 17 CAP2 7.65E-07
18 ZSCAN2 1.06E-07 18 QTRT1 8.34E-07
19 KIAA0895 1.16E-07 19 MSRA 1.05E-06
20 RAB3IL1 1.25E-07 20 ATP6V0A2 1.15E-06
21 TFAP2C 1.36E-07 21 POLDIP2 1.48E-06
22 RNF39 2.87E-07 22 PSMD1 2.08E-06
23 COQ5 3.42E-07 23 ZNHIT2 3.33E-06
24 ZNF45 3.44E-07 24 UBE2Q1 5.41E-06
25 PRAME 4.26E-07 25 SDSL 6.32E-06
26 GADD45B 5.28E-07 26 RBM17 7.29E-06
27 HES2 6.12E-07 27 GPT2 7.78E-06
28 TCP11L1 7.19E-07 28 MIB2 8.72E-06
29 ZSWIM6 1.16E-06 29 H2AFX 1.10E-05
30 ZSWIM4 1.29E-06 30 TAP2 1.20E-05
31 ZSCAN21 1.51E-06 31 DDX46 1.30E-05
32 SULT2B1 1.56E-06 32 WDR61 1.61E-05
33 TBPL1 1.99E-06 33 MOCOS 2.18E-05
34 TOR1AIP2 2.40E-06 34 WDR77 2.38E-05
35 IRS2 2.49E-06 35 SUCLG2 2.38E-05
36 JUN 2.75E-06 36 TXNRD2 2.78E-05
37 FBXO34 2.77E-06 37 FAM185A 3.11E-05
38 PHF13 2.88E-06 38 FST 3.23E-05
39 SPRR3 3.52E-06 39 MATN2 3.84E-05
40 GPR37 3.80E-06 40 SF3A1 3.93E-05
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radiochemotherapy are required to
perform these tests, but since the stan-
dard of care for most advanced esoph-
ageal cancers does not foresee this,3

translational analysis of this aspect
requires further prospective studies.

Irrespective of this, our immuno-
histochemical analysis showed that the
actionable drug targets HDAC1,
HDAC2, and HDAC3 are present in
the clinico-pathological situation, pro-
viding one important basis for further
exploitation of targeting epigenetic
modifiers in esophageal cancer.

For this, the different types of
HDAC inhibitors require detailed
consideration, since some HDACi are
broadly acting (e.g., SAHA), others
show more specific HDAC targeting,
like MS-275 or FK228 for class I
HDACs.16 So far, it is still unclear
whether broad or more specific
HDACi are more feasible for cancer
cell treatment. In addition, HDACi
with similar specificities may even dif-
ferentially affect the same cancer cell
model.46 Therefore, parallel testing of
several HDACi in the same cell model
is important.

However, so far only few studies
addressed the effect of single HDACi
(for example, FK228 or TSA) on
ESCC cells in vitro.47–50 Importantly,
there are no previous reports on
HDACi testing in EAC cells with a
therapeutic perspective. Hence, the
present study is the first to demon-
strate the effect of two DNMT inhibi-
tors (AZA/DAC), broad (SAHA), and
specific (MS-275, FK228) HDACi in
three ESCC, two EAC, and one GEJ
cell lines and comparing this to a non-
neoplastic esophageal epithelial cell
line (Het-1A).

As reported previously in other set-
tings,21,51 the two DNMT inhibitors
AZA and DAC induced different
responses in esophageal cancer cells.
Hence, only AZA was further tested in
combinations with HDACi in esoph-
ageal cancer cells.

Our subsequent comprehensive
analysis clearly underlines the cancer-
cell selectivity of HDACi/AZA treat-
ment for robust cell death responses in
ESCC and EAC cells, especially for

Figure 8. Validation of novel candidate genes associated with specific response of esophageal cancer
cells. RNA transcriptome data of 4 selected TOP40 genes is shown as expression levels post 24 h of
HDACi/AZA treatment in the left panels. Results of validation by qRT-PCR for relative mRNA levels is
shown in the right panels. Shown is the mean § SEM for 3 independent experiments (right hand). (A)
BCL6 (rank #2) and Hes2 (rank #27) were selected as upregulated genes and (B) FAIM (rank #4) and
MLKL (rank #9) were selected as downregulated genes. Refer to Table 1 for ranking of the TOP40 gene
list.
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MS-275/AZA. This was not seen for a cell line derived from a
gastro-esophageal junction adenocarcinoma (OE19).52

Specifically, so far only few other groups focusing on solid can-
cers have addressed the effects of HDACi on paired non-neoplas-
tic and corresponding cancer cell lines, especially not for cells
derived from the same epithelial origin.33,43,53 For instance, Lee at
al.33 compared normal foreskin fibroblast to non-small cell lung
cancer and prostate cancer cells—i.e. comparing cell lines from
different cellular origins—for response to a single broad HDACi
(SAHA). Similar, Qiu et al.53 compared HDACi responses of pri-
mary neonatal foreskin fibroblasts to the cervical cancer cell line
HeLa and human melanoma cell lines (MM96L, SK-Mel-13,
A2058, MM229). Nevertheless, both studies also showed cell
death upon HDACi treatment only in the transformed cancer
cells, as seen in the present study of esophageal cancer cells.

Indeed, cancer cells are more vulnerable to HDACi due to
their defects in DNA repair,33 differences in gene regulation,29

and/or their increased sensitivity to production of reactive oxygen
species (ROS),32 as compared to normal cells. Since we found
both increased DNA damage as well as decreased DNA repair
pathway regulation in esophageal cancer cell lines upon HDACi
treatment, a mechanistic link between HDAC inhibition and
altered DNA repair appears a conceivable explanation for the
cancer cell selective effects. In contrast, non-neoplastic cells
appear to be protected against HDACi by still functional cell
cycle control and/or DNA repair mechanisms.33,53 Moreover,
ROS may also be involved in mediating protection against
HDACi, since normal cells were shown to upregulate thiore-
doxin, which has anti-oxidant function and limits HDACi
induced ROS accumulation.32 In fact, when specifically looking
for such genes in our RNA transcriptome data, there was a
decrease of genes ensuring a stable redox environment (e.g.,
TXNRD2 or MSRA) in esophageal cancer cells only.

In order to identify novel candidate pathways and players
altered between cellular responses of normal esophageal versus
esophageal cancer cells, RNA transcriptome data was examined
and validated in more detail for 2 up- and 2 downregulated
genes. In fact, the transcriptional repressor BCL6, which was
ranked #2 of the upregulated genes in esophageal cancer cells
upon HDACi/AZA treatment, is an interesting candidate,
although alterations of BCL6 are mainly associated with B-cell
lymphomas.54 Still, in this hematologic setting, altered acetyla-
tion limits the BCL6 associated function in recruiting histone
deacetylases and sustaining its repressive functions, allowing cell
transformation.55 Indeed, BCL6 acetylation is controlled by
HDAC- and SIRT-dependent mechanisms55 and interference
with this may lead to cell cycle arrest and apoptosis. Since we
studied cancer cell lines in vitro, we can rule out possible contam-
inating effects, which might occur from lymphocytes when
performing the same RNA transcriptome analysis from (non-
microdissected) complex tissue specimens. Thus, BCL6 may rep-
resent a novel regulator also in esophageal cells.

In addition, the validated notch target gene Hes256 was signifi-
cantly upregulated predominantly in OE33 cells post MS-275/
AZA treatment. EAC tumors often show decreased Notch target
gene expression via Cdx2 overexpression.57,58 Notch signaling

promotes esophageal keratinocyte differentiation and thereby is
considered anti-oncogenic in esophageal cancers.59 Indeed, the
HDACi valproic acid was shown to re-activate Notch signaling
in cancer cells via upregulation of Notch-1 and Notch targets
like Hes1.60,61 Thus, upregulated Hes-2 might point toward re-
activation of Notch signaling in OE33 and subsequently influ-
enced cell differentiation.

Of the validated genes significantly downregulated by
HDACi/AZA treatment in esophageal cancer cells, the anti-apo-
ptotic gene FAIM (rank #4)62 and MLKL (rank #9) as mediator
of selection between necroptosis and apoptosis63 are of interest
because they may influence the observed cell death of esophageal
cancer cells. Indeed, this differential regulation of genes associ-
ated with apoptosis in non-transformed and malignant cells has
been observed before.29

Moreover, in view of our data on reduced cell migration in
esophageal cancer cells upon MS-275/AZA treatment, the RNA
transcriptome data showed that Poldip2 decreased exclusively
post MS-275/AZA (TOP#21) in both cancer cells. Indeed,
altered Poldip2 expression is known to hinder cell migration via
interference with actin organization.64

Finally, genes that were differentially regulated by MS-275/
AZA treatment and were also linked to epigenetic regulation
included a DNA helicase (RECQL4) associated with DNA dam-
age response, as well as PHF13, targeting chromatin remodeling
and DNA repair.65,66

Thus, our in vitro analyses yield essential insight into novel can-
didate genes, which mediate the cancer cell specific effects of
HDACi/AZA treatment in esophageal cancer cells. Clearly,
detailed functional analyses of the specific altered molecular path-
ways and new candidates as well as preclinical in vivo studies are
essential for transferring HDACi/AZA treatment into a more clin-
ico-pathological setting. However, this is clearly beyond the scope
of the present study. Simple xenografting of esophageal cancer cells
probably may not yield adequate in vivo data that is closer to the
clinical situation than in vitro analysis. It has to be considered that
the frequent radiochemotherapy and complex tumor microen-
vironment for esophageal cancer patients, which at the pres-
ent time may at all be considered for (epigenetic) targeted
therapy, requires careful preclinical consideration. Thus,
genetic mouse models of esophageal cancers, especially for
both subtypes of ESCC and EAC, might be the best preclini-
cal in vivo model system of choice, but these are rare.67,68

Orthotopic transplantation as alternative mouse model seems
to be possible, but also showed some drawbacks before.69-72

For example, Gros and colleagues69 injected primary EAC
cells into the submucosa of the abdominal esophagus by an
invasive surgery technique, but only peritoneal carcinomatosis
without formation of primary tumors was observed in this
model. Still, our study provides a first comprehensive in vitro
approach and insight to show cancer cell-selectivity for the
entity of esophageal cancer by comparing non-neoplastic
esophageal Het-1A cells to five esophageal and one GEJ can-
cer cell lines, providing a proof of principle concept.

In summary, this study revealed a cancer cell selective and syn-
ergistic effect of HDAC and DNMT1 inhibition, despite similar
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target expression in non-neoplastic and esophageal cancer cells in
human tissue specimens and in vitro. Moreover, by identification
of novel candidate genes involved in this process, the present
study paves the way for further exploitation of detailed functional
pathway analyses as well as future preclinical studies.

Methods

Tissue specimens of human esophageal cancer
and immunohistochemistry

Formalin-fixed and Paraffin-embedded (FFPE) tissue speci-
mens of 20 patients with esophageal carcinomas undergoing pri-
mary resection without neoadjuvant radiochemotherapy at the
University Medical Center Freiburg were examined and was
approved by institutional ethics regulations (#435/11). Immedi-
ate serial sections (3 mm) of tissue specimens were subjected to
deparaffination, antigen retrieval and staining with appropriate
antibodies (Supplementary Table S2). IHC was evaluated for
nuclear positivity in normal esophageal epithelial cells and inva-
sive tumor cells with following scores: Score 0 D negative, Score
1 D weak and/or heterogeneous protein expression in <70%
cells, and Score 2 D strong expression and homogeneous in
>70% cells.

Cell culture and inhibitor treatment
Esophageal cell lines Het-1A, OE21, Kyse-270, Kyse-410,

OE33, OE19 and SKGT-4 (European Collection of Cell Cul-
tures) were cultured as previously described.73-75 Cell lines were
verified by DNA fingerprinting/STR analysis for authenticity via
the Leibniz-Institute DSMZ (July 2013; data available upon
request), except Kyse-270 and Kyse-410. All drugs were pur-
chased from Selleckchem (SAHA #S1047; MS-275 S1053;
FK228 #S3020; AZA #S1782; DAC #S1200) and dissolved in
DMSO. If not stated otherwise, 50 mM AZA, 0,1 mM SAHA,
0,5 mMMS-275 and 0,1nM FK228 were used.

Indirect immunofluorescence and Ki-67 quantification
Indirect immunofluorescence has been performed to standard

protocols as reported by us before.73 See Supplementary
Table S2 for used primary antibodies. Ki-67 expression was
determined by analysis on Scan̂R System from Olympus
(Hamburg, Germany).

Immunoblotting
Protein isolation and immunoblotting was performed as

described.74,75 See Supplementary Table S2 for used antibodies.
Bands were quantified by densitometry with ImageJ Version 1.46r.

HDAC activity assay
HDAC activity was quantified by HDAC Cell-Based Activity

Assay Kit (Cayman Chemicals, # 600150) according to the man-
ufacturer�s instruction. To dissect the influence of each HDACi
on the general HDAC activity, HDACi were added 24 h prior
to measurement.

Cell viability, cell cycle, and apoptosis
Cell viability (MTS assay), cell cycle by S-phase analysis (Edu

proliferation assay) and apoptosis (Annexin V/PI staining) were
determined 72 h post inhibitor treatment as described before.75

COMET assay
DNA damage was quantified 24 h post treatment by

COMET SCGE assay kit from Enzo Life sciences (ADI-900-
166) according to the manufacturer�s instruction with adaption
of used cell numbers to 3 £ 105/mL. Comets were finally photo-
graphed by fluorescence microscopy for a minimum of 50 com-
ets/condition and quantified by CASP software V1.2.2.76

Cell migration
Migration was quantified by cell exclusion assay inserts of

IBIDI (#80241). After removal of the insert, inhibitors were
added and cell free gaps were photographed (time point t0).
Same regions were again imaged 24 h later (t24). Data are repre-
sented as log2 fold change of the difference in the cell free area,
quantified by Tscratch.77

qRT-PCR
Total RNA was isolated 24 h post treatment by RNeasy�

Mini Kit (Qiagen, #74106). cDNA synthesis was performed
with iScript kit (Bio-Rad, #170–8891). qRT-PCR was per-
formed using established protocols74 and mRNA expression lev-
els were calculated by the comparative Ct method, normalized to
the housekeeping gene TBP (for p21) or ß -Actin. Primers and
probes are listed in Supplementary Table S3.

Chromatin Immunoprecipitation (ChIP)
ChIP experiments were performed as described before with

slight modifications.78,79 Chromatin (60 mg/IP) was pre-cleared
for 1.5 h at 4�C and immunoprecipitated overnight at 4�C with
the following antibodies: anti-H3K4me3 (Abcam, ab8580), anti-
H3ac (Millipore, #06–599) and anti-H3 (Abcam, ab1791). Elu-
tion and de-crosslinking was performed overnight at 65�C in 1%
SDS/0.1M NaHCO3, supplemented with 100 mg Proteinase K
(Roche, #3115879001). After RNAse (Roche, #10109169001)
treatment, DNA was purified with MinElute spin columns (Qia-
gen, #28006) and analyzed by RT-PCR with following primers
for CDKN1A transcription start site: 50-tctggggtctcacttcttgg-30

and 50-gagtcccaaataggggcagt-30.

RNA Transcriptome analyses
Total RNA was isolated 24 h post vehicle/inhibitor treatment

by RNeasy� Mini Kit (Qiagen, #74106) according to the man-
ufacturer’s instruction. Samples were then processed as described
before.74 Probe sets with known bad quality and without Entrez
ID annotation were removed, resulting in 20811 EntrezID anno-
tated genes used for analysis. Differential gene expression analysis
between treatment groups was performed by an empirical Bayes
approach providing moderated t-statistics. Gene expression data
is available at GEO under the access ID GSE57130. The gene set
enrichment analyses were performed using the GAGE algo-
rithm,38 which tests whether a gene set is highly ranked relative
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to other genes. For functional annotation we used genes sets from
the Consensus Path DB.80

Statistics
For all in vitro analyses 3 independent experiments were per-

formed and corresponding diagrams show the mean § SEM. Sta-
tistical testing was performed by student’s t-test. Obtained
P-values were represented as *: 0.05–0.01, **: � 0.01–0.001
and ***: � 0.001.
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