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ABSTRACT
Histone deacetylases (HDACs) have been linked to a variety of cancers, and HDAC inhibitors
(HDACi) are a promising class of drugs that have demonstrated anti-cancer effects. However, we
have little knowledge regarding the selection and application of HDAC inhibitors to the perso-
nalized treatment of ovarian cancer (OC). Here, we report a correlation between the high expres-
sion of HDACs and poor outcomes in OC patients, which reveals that HDACi are a class of agents
that show great promise for the treatment of OC. Furthermore, we found that HDACi increased
both the mRNA and protein levels of DHRS2, which has been shown to be closely linked to HDACi
sensitivity when it is highly expressed, especially in ovarian cancer cells. Consistently, we found
that suppression of DHRS2 reduced the sensitivity of OC cells to HDAC inhibitors via attenuation
of the inhibitory effects of HDAC inhibitors on Mcl-1 in vitro. Our study demonstrated that DHRS2
expression was decreased in OC tissues and that high expression of DHRS2 was correlated with
better outcomes in OC patients. In addition, DHRS2 expression was closely related to the effects of
chemotherapy. Our study reveals the role of DHRS2 in cell apoptosis induced by HDAC inhibitors
and explores the clinical attributes of DHRS2 in OC from a new perspective, suggesting that OC
patients with high DHRS2 expression may benefit from treatment with HDAC inhibitors.
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Introduction

Ovarian cancer is the deadliest gynecological can-
cer in the United States; it is estimated that
approximately 21,880 new cases and 13,850 deaths
occurred annually. Ovarian cancer is typically
diagnosed at a late stage, and there is no effective
screening strategy [1]. Despite recent advances in
surgical techniques and platinum-based che-
motherapy, survival has changed little during the
last 30 years [2]. Recently, the use of innovative
technologies for treatment, such as angiogenesis
inhibitors, PARP inhibitors and immunotherapy
agents, has surged, but fewer than half of affected
women survive longer than 5 years after diagnosis.
Therefore, new approaches are urgently needed to
improve outcomes for patients.

With the advent of large-scale sequencing, it has
been shown that ovarian cancer is characterized by
a high number of chromosomal and epigenetic
abnormalities. Epigenetics can be defined as

modifications of DNA and/or associated proteins
other than DNA sequence variations that dynami-
cally regulate gene expression and/or associated
function, and includes DNA methylation, miRNA
regulation, and histone modifications. Histone
modifications are controlled by histone acetyl-
transferases (HATs) and HDACs [3]. HDACs are
enzymes that are associated with the modulation
of many basic cellular processes, such as apoptosis,
DNA damage repair, cell cycle control, autophagy,
metabolism, and senescence. Various HDAC inhi-
bitors have been evaluated in preclinical and clin-
ical trials [4], and four synthetic compounds, viz.,
vorinostat, romidepsin, belinostat, and panobino-
stat have been approved as HDACi for cancer
treatment by the United States Food and Drug
Administration (FDA) [5–7]. A great number of
experiments have revealed that HDACi may com-
prise a promising class of drugs with demonstrated
anticancer effects against OC [8–10]. However, the
results of clinical trials that have used HDACi to
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treat OC have been ambiguous [11,12]. If HDACi
are to be developed into an effective therapy, it will
be important to establish which patient group may
benefit.

Here we report a new way to expand and guide
the application of HDACi to the treatment of
ovarian cancer. We managed to identify an impor-
tant downstream gene involved in cell death
induced by HDACi and evaluated the plausibility
of exploiting this gene as a biomarker to direct the
selection and application of HDACi to treatment.
Among the genes induced by HDACi that were
identified via analysis of the ‘Connectivity Map’
database (cMap), we successfully identified
a promising target, DHRS2, whose high expression
was closely related to HDACi sensitivity, and sup-
pression of its expression induced HDACi resis-
tance in ovarian cancer cells. The results were
further verified by experiments in vivo. In addi-
tion, decreased DHRS2 in ovarian cancer is asso-
ciated with PFS and OS in ovarian cancer.
Therefore, high expression of DHRS2 could serve
as a reliable biomarker for expanding the use of
HDACi use to the treatment of OC in the future.

Materials and methods

Antibodies and reagents

DHRS2 antibody (cat# 15,735–1-AP), MCL-1 anti-
body (cat# 66,026–1-Ig) and GAPDH antibody (cat#
60,004–1-Ig)were obtained fromProteintech.Cleaved
PARP antibody (cat# ab32064) was obtained from
Abcam. Trichostatin A (cat# 58,880–19-6) and apici-
din (cat# EPI008A) were obtained from Sigma-
Aldrich. SAHA (cat# s1047) was obtained from
Selleck.

Cell culture and transfection

OC cell lines ES2, SK-OV-3 and A2780 were obtained
from the American Type Culture Collection (ATCC)
and cultured according to the accompanying instruc-
tions. For the RNA interference of DHRS2, a specific
siRNA pool targeting DHRS2 was custom-designed
and synthesized by Ribobio. For siRNA transfection,
Lipofectamine 3000 (Invitrogen) was used according
to the manufacturer’s instructions. The siRNA
sequences used for transfection were as follows:

DHRS2 si-1 5′-CACUAGAACACUGGCAUUG-3′,
5′-GUGAUCUUGUGACCGUAAC −3′; DHRS2 si-2
5′-CUGGGUGUCUACAAUGUCATT-3′, 5′-
UGACAUUGUAGACACCCAGTT −3′. For stable
transfectionofDHRS2, pre-designed shRNA lentiviral
particles were obtained from Genechem, and the
shRNA sequence (the targeting sequence was 5ʹ-
CTGGGTGTCTACAAUGUCA-3ʹ).

Cell counting kit-8 (CCK8) assay

ES2 and A2780 OC cells were seeded at 6,000 cells
per well in 96 well plates. The cells were allowed to
adhere for 12 h and then treated with appropriate
concentrations of HDAC inhibitors for 48 h. Each
well was then incubated with 10 µl CCK8 reagent
for 2 h. The OD value of each well was measured
at 450 nm using a microplate reader.

Quantitative mRNA analysis using qRT-PCR

TRIzol reagent (Invitrogen, CA, USA) was used to
extract the total RNA from cells. A reverse tran-
scriptase kit (TaKaRa, Dalian, China) was used to
synthesize cDNA from the RNA (2 μg). The
DHRS2 primer sequences were as follows: forward
(5′-3′) CCTCTGGTAGGGAGCACTCT, reverse
(5′-3′) CCAGCGCCACTACTGGATTA; the
GAPDH primer sequences were: forward (5′-3′):
GCCTCGTCCCGTAGACAAAA; reverse (5′-3′)
GATGGGCTTCCCGTTGATGA.

Western blotting

The cells were lysed in RIPA buffer containing
PMSF and protease inhibitors (Beyotime
Biotechnology) and sonicated. Typically, 40 μg of
protein lysate was resolved on a Bolt 4–12% gra-
dient gel, and the proteins were transferred to
a PVDF membrane (Millipore). The membranes
were blocked in 5% bovine serum albumin (BSA)
and 1% Tween-20 in PBS for 1 h and incubated
with the primary antibodies overnight at 4°C.
Following incubation with the secondary antibo-
dies, the membranes were visualized using a Li-
COR Odyssey infrared scanner.
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Flow cytometry analysis (FCA)

Cell cycle analysis carried out as described pre-
viously [13]. Briefly, cells were fixed in 75% cold
ethanol for at least 24 h and subsequently
washed with PBS. RNase A (0.2 mg/mL) in PBS
and propidium iodide were then added to the
cells prior to FACS cell cycle analysis. For cell
apoptosis analysis, an Annexin-V-fluorescein
isothiocyanate/propidium iodide (Annexin-
V-FITC/PI) cell apoptosis detection kit was
used to detect cell apoptosis (cat# 556,547, BD).
The cells were collected and washed with a PBS
solution, which was followed by centrifugation at
1200 rpm for 5 min. The supernatant was aspi-
rated, and then Annexin V-FITC and PI were
added. The compounds were incubated in the
dark at room temperature for 10 min. Flow
cytometry analysis was conducted within 1 h of
incubation.

Histopathological analyses using
immunohistochemistry (IHC)

The tissue microarrays used in this work were pur-
chased from Alenabio (cat# bc11012b and t112c;
http://www.alenabio.com/, China). Tissues from 20
OC patients who had received at least six courses of
typical cisplatin-based chemotherapy after surgery at
Tongji Hospital at the Tongji Medical College,
Huazhong University of Science and Technology,
between 2012 and 2014 were used in the study. The
studywas approved by the local ethics committee. The
patients were selected and divided into treatment
response and treatment nonresponse groups accord-
ing to the CA125 criteria proposed by the
Gynecological Cancer Intergroup (GCIC) [14]. The
analyses were conducted as described previously [15].
IHC staining with DHRS2 antibody (1:50 dilution)
was performed. The final immunoreactivity score
was determined by multiplying the intensity score
(0–3+) by the extent of staining as determined using
light microscopy (0–100%), and ranged from
a minimum score of 0 to a maximum score of 12.

Use of animals

All animals used in this work were obtained from
Beijing HFK Bioscience Co, Ltd. (Beijing, China), and

the experiments were approved by the Committee on
the Ethics of Animal Experiments at Tongji Medical
College. The mice were maintained in the accredited
animal facility of Tongji Medical College.

Statistics

Data are presented as the mean ± s.d. The differ-
ences between the experimental groups were ana-
lysed using Student’s t-test.

Results

Increased HDAC mRNA expression correlates with
poor progression-free survival in OC patients

As (Figure 1(a)) shows, there are 18 different isoforms
ofHDACs that are grouped into four classes. Classes I,
II and IV comprise the ‘classical’ HDACs[16]. To
investigate the association between HDACs and OC
prognosis, we searched the Kaplan-Meier plotter
(KMP) database. The KMP is capable of assessing
the effects of 54,675 genes on survival in 1,816 ovarian
cancers, with a mean follow-up of 40 months. The
primary purpose of the tool is for meta-analysis-based
biomarker assessment. The relevant gene expression
data and survival information for 1,816 ovarian cancer
patients were downloaded from GEO[17]. In order to
analyse the prognostic value of the HDACs, each of
the 11 total HDACs were assigned to one of two
groups according to whether it had low or high
expression. Poor progression-free survival (PFS) was
compared between the two groups. The results
showed that, for most HDACs, there is a significant
correlation between high expression levels and poor
PFS, except forHDAC3 (P=0.27),HDAC6 (P=0.13),
and especially for HDAC4 (P = 8.1e-08; (Figure 1
(b-l)). We further assumed that drugs that regulate
HDACs should be able to reverse OC progression; in
addition, the genes that are regulated by theseHDACs
and that participate in HDACi resistance are likely to
be key to the application and selection of HDAC
inhibitors for the treatment of OC.

DHRS2 expression is elevated in response to
HDACi

The cMap shows the impact of various drugs on
gene expression profiles. Among these drugs, two
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types of HDACi, SAHA and TSA, are included
[18,19]. Using the cMap, we managed to identify
key genes that participate in the regulation of
HDACs. As the results in (Figure 2(a)) show, a set
of genes were upregulated when tumor cells were
exposed to HDACi; among them, DHRS2 was the
most dramatically upregulated (fold change > 4;
p < 0.001). Further, we analysed the alterations in
DHRS2 that are common in tumor cells and OC
tissues and found that the alteration frequencies
were below 1.5% using the cBioPortal[20] (Figure
2(b)), which suggested that DHRS2 is a suitable
target for further investigations of the mechanisms
underlying HDACi resistance. As the data in the
cMap was attained from human colon adenocarci-
noma (HT-29) cells, we measured DHRS2 expres-
sion in the ovarian cancer cell lines ES2, A2780 and
SK-OV-3 exposed to different HDACi using qRT-

PCR and western blotting. Similar tendencies were
observed in the two cell lines, both of which exhib-
ited significant upregulation of their mRNA expres-
sion levels and protein expression levels in the
presence of TSA, Apicidin and SAHA, respectively
(Figure 2(c,d) and S1A-C). Overall, in different
ovarian cancer cell lines, various HDACi can
increase the DHRS2 transcriptional expression
level. Therefore, we assumed that DHRS2 could be
involved in cell death induced by HDACi.

Decreased DHRS2 mRNA expression corelates to
HDACi resistance

To investigate the relationship between the DHRS2
expression level and HDACi resistance, we utilized
the Cancer Therapeutics Response Portal (CTRP),

Figure 1. The prognostic value of HDACs in OC patients. A. Classification of members of the HDAC family. B-L. The prognostic
value of expression of HDACs included in www.kmplot.com. PFS curves were plotted for all patients.
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which links genetic, lineage, and other cellular fea-
tures of cancer cell lines to small-molecule sensitiv-
ity[21]. Correlation analysis of HDACi sensitivity
and DHRS2 expression in cells that were from any
primary site/subtype and were adherent showed
that decreased DHRS2 mRNA expression was
linked to resistance against 7 different HDACi
(Table S1); the characteristic diagrams for apicidin
and SAHA are shown individually in (Figure 3(a,
b)), respectively. In addition, we also investigated
this relationship in OC cells and found a greater
negative correlation between DHRS2 mRNA
expression and the area under the concentration-
response curve (AUCs) for 11 different HDACi

using Pearson correlation analysis (Table 1).
Characteristic diagrams are shown in (Figure 3(c,d)).

To validate the CTRP results, we treated two OC
cell lines, ES2 and A2780, with SAHA, TSA and api-
cidin separately. As shown in (Figure 3(e)), DHRS2
mRNA expression in ES2 cells was significantly lower
than in A2780 cells. However, a higher IC50 was
observed in ES2 cells than in A2780 cells. Overall,
A2780 cells, which have a higher DHRS2 mRNA
expression level, exhibited a correspondingly greater
sensitivity to TSA, SAHA and apicidin exposure
(Figure 3(e-h)), which supported our CTRP data and
indicated that decreased DHRS2 mRNA expression
correlated with HDACi resistance.

Figure 2. DHRS2 expression is upregulated by HDAC inhibitors. A. Upregulated genes shown in clusters based on the collection
of gene signatures for HDACi (http://scads.jfcr.or.jp/db/cs/ushi2012.html), including TSA and SAHA. B. DHRS2 alterations common in
tumors cell and OC tissues, obtained from the cBioPortal. C and D. qRT-PCR and western blot showing DHRS2 expression in ES2 cells
(C) and A2780 cells (D) after treatment with SAHA, apicidin and TSA for 48 h. *data were obtained using a different probeset_id.

126 Y. HAN ET AL.

http://scads.jfcr.or.jp/db/cs/ushi2012.html


Suppression of DHRS2 results in HDACi resistance
in vitro

Because DHRS2 appeared to be expressed at lower
levels in HDACi-resistant OC cell lines than in
HDACi-sensitive cell lines, we assumed that decreased
DHRS2 expression leads to resistance to HDACi,
which interferes with several hallmark processes of
cancer cells, including proliferation, apoptosis, cell
cycle regulation, metastasis, angiogenesis and differ-
entiation[22]. We downregulated DHRS2 expression
in ES2 cells using siRNA and subjected these cells to
proliferation, apoptosis and cell cycle assays. The sup-
pression ofDHRS2by the siRNAwas confirmedusing
qRT-PCR (Figure 4(a)). During the cell proliferation/

viability assay, ES2 cells that expressed lessDHRS2 did
not exhibit any significant survival advantage when
comparedwith the control cells, but did gain a survival
advantage when exposed toHDACi (Figure 4(b)).We
then measured the apoptosis-resistant activity of
DHRS2 using annexin V/PI staining. ES2 cells that
expressed decreased DHRS2 did not exhibit any sig-
nificant increase in apoptosiswhen comparedwith the
control cells and did exhibit decreased apoptosis upon
HDACi exposure (Figure 4(c) and S2A). A similar
result was witnessed during the cell cycle assay,
which showed that the DHRS2-decreased group
resisted G2/M arrest mediated by HDACi (Figure 4
(d) and S3A). Further, we downregulated DHRS2
expression in another OC cell line, A2780, and the

Figure 3. ES2 cells with decreased DHRS2 mRNA expression are less sensitive to HDACi. A-D. Pearson correlation coefficients
for comparisons of HDACi sensitivity data, expressed as the area under concentration-response curves (AUCs), with DHRS2 expression
measurements, expressed as log2 robust-multi-array-average values. A. Correlation analysis of SAHA sensitivity and DHRS2 expres-
sion in cells from any primary site/subtype (adherent). B. Correlation analysis of apicidin sensitivity and DHRS2 expression in cells
from any primary site/subtype (adherent). C. Correlation analysis of SAHA sensitivity and DHRS2 expression in cells from the ovary
(adherent). D. Correlation analysis of apicidin sensitivity and apicidin expression in cells from the ovary (adherent). The mRNA levels
of DHRS2 in ES2 and A2780 cells. E-H. CCK8 assay showing inhibition of cell growth in ovarian cancer lines (ES2 and A2780) after
48 h of treatment with HDAC inhibitors (TSA, SAHA and apicidin) at various doses (0.01, 0.04, 0.12, 0.37, 1.11, 3.3 and 10 μM). Data
represent the mean values (± s.d.) obtained from quadruplicate cultures from three independent experiments.
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results were similar that the DHRS2 knockdown cells
showed lower sensitivity to TSA, SAHA and apicidin
(Figures S4A-D). This suggested that DHRS2 knock-
down leads to HDACi resistance.

Mcl-1 is involved in cell apoptosis and cell cycle
arrest and is a key survival factor that contributes
to HDACi resistance[23]. In order to clarify the
mechanisms underlying DHRS2-mediated sensi-
tivity to HDAC inhibitors in ovarian cancer cells,
we performed western blotting analysis. As shown
in (Figure 4(e)), ES2 cells treated with various
types of HDACi exhibited a reduced Mcl-1 protein
level and an increased cleaved PARP level, which
is a highly conserved protein that is implicated in
the response of cells to apoptosis. However, the
reduction in Mcl-1 and increase in cleaved PARP
was reduced in the DHRS2-decreased group
(Figure 4(e)).

Clinical attributes of DHRS2 in OC

We then compared DHRS2 expression between nor-
mal and tumor tissues using immunohistochemistry
with tissue microarrays. As predicted, DHRS2,
a HDACi-sensitive gene, was significantly

downregulated in tumor tissues from a cohort of
ovarian cancer patients when compared to 4 adja-
cent normal ovary tissues that served as controls
(Figure 5(a)). The clinicopathological characteristics
of these patients are shown in Table S2. To deter-
mine its clinical relevance, we analysed the correla-
tion between DHRS2 protein expression and clinical
features. DHRS2 was more highly expressed in grade
1 tumors than in others (P < 0.005; Figure 5(b)).
Similar results were obtained when we analysed the
CSIOVDB database, which is a transcriptomic
microarray database containing data from 3,431
human ovarian cancers (Figure 5(c))[24].

The sensitivity of OC cells to chemotherapeutic
agents is a determining factor that affects the
patient’s outcome. We exploited various methods
to evaluate the correlation between DHRS2 and
chemotherapeutic sensitivity. In our small-scale
study, 20 ovarian cancer patients who had received
conventional cisplatin-based chemotherapy were
divided into sensitive and resistant groups; the
DHRS2 expression level was significantly higher
in the sensitive group than in the resistant group
(Figure 5(d)). Similar results were obtained when
data from the CSIOVDB and UCSC Xena data-
bases were analysed (Figure 5(e,f). In addition,
during the online KMP survival analysis, we
found that higher DHRS2 expression was signifi-
cantly linked to longer PFS and OS in OC (Figure
5(g,h)). Overall, decreased DHRS2 was correlated
with poor prognosis and chemotherapeutic
resistance.

Identification DHRS2 in HDACi resistance in vivo

To further determine the role of DHRS2 in ovarian
cancer formation and the development of HDACi
resistance in vivo, A2780 cells were stably transfected
with DHRS2 shRNA and control shRNA separately
(Figure 6(a)). Approximately 3x10[6] cells of each
type were subcutaneously injected into nude mice.
Twelve days later, SAHA (20 mg/kg/day) was injected
into the abdominal cavity. As shown in (Figure 6(b,c)),
tumor growth was significantly inhibited in the groups
that were given SAHA, and DHRS2 knockdown did
not impact tumor growth; nevertheless, when exposed
to SAHA, DHRS2 knockdown allowed tumors to have
a greater survival advantage. Consistently, the weights
of tumors from the NC sh group that were treated with

Table 1. Correlation analysis of HDACi sensitivity and
DHRS2 expression in adherent cells from the ovary.
Pearson correlation coefficients for comparisons of HDAC inhi-
bitor sensitivity data, expressed as the area under concentra-
tion-response curves (AUCs), with DHRS2 expression
measurements, expressed as log2 robust-multi-array-average
values.
Compound Correlation Target

Apicidin −0.260 HDAC1, HDAC2, HDAC3, HDAC6,
HDAC8

SAHA −0.201 HDAC1, HDAC2, HDAC3, HDAC6,
HDAC8

Belinostat −0.447 HDAC1, HDAC2, HDAC3, HDAC6,
HDAC8

Panobinostat −0.258 HDAC1, HDAC2, HDAC3, HDAC6,
HDAC8

Entinostat −0.133 HDAC1, HDAC2, HDAC3, HDAC6,
HDAC8

ISOX −0.0554 HDAC6
Tubastatin A −0.221 HDAC6
BRD-A94377914 −0.171 HDAC1, HDAC2, HDAC3, HDAC6,

HDAC8
Merck 60 −0.187 HDAC1, HDAC2
BRD-K80183349 −0.195 HDAC1, HDAC2,
BRD-K24690302 −0.158 HDAC1

* Pearson correlation coefficients between HDAC inhibitors sensitivity
data, expressed as areas under concentration-response curves (AUCs),
with DHRS2-expression measurements, expressed as log2 robust-
multi-array-average values.
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DMSO were no different from those from the DHRS2
sh group, but the weights of tumors from the NC sh
group that were treated with SAHA were much lighter
than those from theDHRS2 sh group (P< 0.001, Figure
6(c)). A similar conclusion was reached upon observa-
tion of photographs of the tumors (Figure 6(d)).
Characteristic images of the tumors and the IHCresults
are shown in (Figure 6(d,e)), respectively.

Discussion

Our study uncovered the value of HDACi in the
personalized precision treatment of OC patients
and demonstrated that OC patients with overexpres-
sion of DHRS2 would benefit from treatment with

HDACi. We showed that high expression of HDACs
was related to poor prognosis in OC patients, which
revealed that HDACs were perfect targets for OC
treatment. Further, DHRS2 mRNA expression was
positively correlated with sensitivity to 11 different
types of HDAC inhibitors in OC cells. HDACi nota-
bly increased DHRS2 expression, and DHRS2 played
an important role in cell apoptosis that was induced
by HDACi. High expression of DHRS2 was corre-
lated with better outcomes and responses to che-
motherapy in OC patients.

In humans, the four separate classes of HDACs
have generally been identified based on their
sequence similarities: The Class I Rpd3-like proteins
(HDAC1-3 and HDAC8); the Class II Hda1-like

Figure 4. Inhibition of DHRS2 expression reduces the sensitivity of ES2 cells to HDACi. A. ES2 cells was transfected with the
indicated siRNAs for 48 h and the mRNA level of DHRS2 was measured using qRT-PCR. B. After ES2 cells were transfected with
DHRS2 siRNAs for 48 h, 1 μM TSA, 2 μM SAHA and 3 μM apicidin was added to each group. 48 h later, crystal violet dye was used to
stain the adherent cells and take photographs. C. Cells transfected with DHRS2 siRNAs were treated with SAHA for 48 hours and the
apoptotic cells were detected using flow cytometry. D. The cells transfected with DHRS2 siRNAs were treated with SAHA for 48 hours
and the cell cycle was measured using flow cytometry. E. The expression level of the indicated proteins was detected by WB in cells
that were treated as described for B.
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proteins (HDAC4-7, HDAC9, and HDAC10); the
Class III Sir2-like proteins (SIRT-7); and the Class
IV protein (HDAC11) (illustrated in Figure 1(a)).
Unlike the other HDAC classes, the class III utilizes
NAD+ rather than Zn2+ and thus is not affected by
HDAC inhibitors (HDACis) that bind to a zinc
moiety[25]. HDACs are involved in multiple stages
of cancer and have been shown to be aberrantly
expressed in a variety of human tumors, including
hematological and solid tumors [26–28]. Others
have attempted to determine the prognostic value

of HDACs in OC patients, but their results remain
controversial partly due to the small sample sizes
used. Our study comprehensively explored the
prognostic significance of HDACs in OC patients
using KMP and found that, among the 11 classical
HDAC members, high expression of all except
HDAC 3 and 6 is linked to poor prognosis. The
results strongly indicated that HDACi are promis-
ing candidates for the treatment of OC. Since 2006,
several HDACi, such as SAHA, FK-228, Belinostat
and Panobinostat, have been sequentially granted

Figure 5. Clinical relevance of DHRS2 in OC. A and B. Immunohistochemistry (IHC) was performed to analyse the protein
expression level of DHRS2 in tissue microarrays. A. Representative images of IHC performed on normal ovarian and ovarian cancer
tissues. B. Box plot showing DHRS2 expression levels among OC tissue grades. C. The data from the CSIOVDB database showed
DHRS2 expression levels among different OC tissue grades. D. Immunohistochemistry (IHC) was performed on tissues from 20 OC
patients who had received regular cisplatin-based chemotherapy to analyse the correlation between DHRS2 and chemotherapeutic
efficacy. E. The data from the CSIOVDB database showed the correlations between DHRS2 and clinical responses in OC patients. F.
The TCGA data from the UCSC Xena database showed the correlations between DHRS2 and chemotherapeutic efficacy in OC
patients. G and H. Kaplan–Meier survival curves are shown for relapse free survival (G) and overall survival time (H).
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FDA approval for use in cancer treatment, and
other HDAC inhibitors are in various phases of
clinical trials [29,30]. Although an increasing num-
ber of methods have been developed to investigate
the uses of HDACi, either as single agents or in
combination with other agents, the outcomes are
still variable for different patients. If the use of
HDACi was to be developed into an effective ther-
apy, it would be important to establish which
patient group may benefit. Our study aimed to
identify the OC patients who could benefit from
HDACi using the biomarker.

We focused on HDAC-regulated genes and
found DHRS2 to be the most prominent target
gene of SAHA and TSA using cMap database. In
addition, DHRS2 was shown to be upregulated by
SAHA, TSA and apicidin in A2780, ES2 and SK-
OV-3 cells, which revealed that DHRS2 was a
target gene induced by HDACi. Interestingly, we

also found that the sensitivity to 7 different
HDACi was positively correlated with the
DHRS2 mRNA level in cancer cells of all origins,
and the sensitivity to 11 HDACi was more
obviously correlated with the DHRS2 mRNA
level in OC cell lines via analysis of data obtained
from the CTRP database, which contained infor-
mation about 21 different HDAC inhibitors in 860
cancer cell lines [21,31]. These 11 HDACi (apici-
din, SAHA, Belinostat, Pannobinostat, Entinostat,
ISOX, Tubastation A, BRD-A94377914, Merck 60,
BRD-k80183349 and BRD-K2490302) comprised
both highly selective HDACi and nonselective
HDACi (Table 1) and revealed that DHRS2 was
related to the sensitivity of various HDACi in OC
cells. Based on this observation, we selected apici-
din, SAHA and TSA for use in experiments in
vitro. Consistently, the A2780 cells expressing
greater DHRS2 were more sensitive to the three

Figure 6. Downregulation of DHRS2 causes A2780 cells to become resistant to SAHA in vivo.
A total of 3 × 10[6] A2780 cells expressing DHRS2-shRNA or an empty vector were subcutaneously injected into nude mice. SAHA
(20 mg/kg/day) was administered by intraperitoneal injection and was switched on day 12, as indicated by the red arrow. A. qRT-
PCR analysis of DHRS2 expression levels following stable knockdown of DHRS2. B. Tumor volumes (mm[3]) were estimated using
calipers for 20 days after tumor cell injections. C. Tumors were excised at 20 days after injection and the tumor weights were
measured. Data were analysed using Student’s t-test. D. Tumor photographs. E. Representative images of H&E staining and IHC for
DHRS2 using tumors from mice. *p < 0.05, **p < 0.01, ***p < 0.001.
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HDACi. In addition, in all three HDACi exposure
conditions, downregulation of DHRS2 expression
using siRNA abated apoptosis, cell cycle arrest and
proliferation inhibition in OC cell lines in vitro
compared to the control. In line with this result,
suppression of DHRS2 abated the effects of
HDACi on OC cells. In summary, DHRS2 is a
key gene in apoptosis that is induced by HDACi,
and the mRNA expression level of DHRS2 can
serve as a potential biomarker for HDACi selec-
tion; in other words, ovarian cancer patients
expressing high levels of DHRS2 would benefit
from treatment with HDACi.

DHRS2, which belongs to the short-chain
dehydrogenase/reductase (SDR) family, is upre-
gulated by pterostilbene and 5-aza-2'-
deoxycytidine treatment and downregulated by
cisplatin treatment [32–34]. DHRS2 inhibits
cancer cell proliferation and quiescence by
inhibiting MDM2 and stabilizing p53 [35,36].
DHRS2 is reported to be a tumor suppressor
gene, to be decreased in esophageal squamous
cell carcinoma (ESCC) and is linked to poorer
prognosis in ESCC patients[37]. However, there
have been only a few studies on the function
and clinical relevance of DHRS2. In this study,
we not only found a correlation between
DHRS2 and HDACi sensitivity, but also found
that decreased DHRS2 in OC was associated
with a higher pathological grade and poorer
outcome in OC patients. Furthermore, DHRS2
downregulation was associated with chemore-
sistance (cisplatin-based) in ovarian cancer.
Notably, in a study of gastric carcinogenesis,
DHRS2 was shown to be involved in 5-Fu
resistance in gastric carcinoma[38]. Therefore,
we assume here that DHRS2 is a potential tar-
get for treatment of multiple-drug resistance.
Study of the relevant mechanisms may even-
tually guide clinical treatment.

Overall, the results presented in this paper
showed that DHRS2 is a biomarker related to
prognosis and response to HDAC inhibitors in
ovarian cancer patients that mediates the sensitiv-
ity of ovarian cancer cells to HDACi. Our study
revealed that ovarian cancer patients with high
DHRS2 expression may benefit from treatment
with HDACi and provides a rational basis for
personalized therapy of ovarian cancer.
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