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ABSTRACT
Renal cell carcinoma (RCC) is a common malignant tumour affecting the urinary system, and
multidrug resistance is one of the major reasons why chemotherapy for this type of cancer often
fails. Previous studies have shown that loss of the human organic cation transporter OCT2 is the
main factor contributing to oxaliplatin resistance in RCC, and that DNA hypermethylation and
histone methylation play important roles in the transcriptional repression of OCT2 in RCC. In this
study, we found that histone acetylation also regulates OCT2 repression in RCC and elucidated the
underlying mechanisms. In normal renal cells, HDAC7 combines with MYC at the OCT2 promoter,
resulting in a decrease in free HDAC7, which in turn increases the levels of H3K18ac and H3K27ac at
the OCT2 promotor and activates OCT2 expression. In RCC cells, however, the interaction between
HDAC7 and MYC does not occur, which leads a high abundance of HDAC7 and low levels of H3K18ac
and H3K27ac at the OCT2 promoter, thereby resulting in the inhibition of OCT2 transcription. We
found that combined treatment using the DNA methylation inhibitor decitabine and the histone
deacetylase inhibitor vorinostat significantly increased the expression of OCT2 in RCC cell lines,
which sensitized these cells to oxaliplatin. We accordingly propose that the combination of antic-
ancer agents and epigenetic drugs can provide a novel chemotherapeutic regimen.
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Introduction

Worldwide, kidney cancer accounts for 2–3% of all
cancers [1], and approximately 90% of the kidney
cancers are renal cell carcinomas (RCCs) [2]. RCC is
also one of the tumours prone to multidrug resis-
tance (MDR). The effective rate of clinical che-
motherapy for RCC is only 7–10%. This MDR can
be attributed in part to the high expression of certain
drug transporters in the kidney. The human organic
cation transporter member 2 (OCT2, encoded by
SLC22A2), which is the most abundant organic
cation transporter in the kidney, is mainly expressed
on the basolateral or apical side of renal tubular
epithelial cells and participates in drug uptake [3–
5]. The functions of this transporter are related to the
disposal of many clinically endogenous substances
and drugs in the body [6,7].

Previous studies have shown that platinum is
the main anti-cancer substrate of OCT2 [8], and

that OCT2 has different transportability for
different platinum compounds (in the order oxa-
liplatin > Pt [DACH]Cl2 > ornaplatin > transpla-
tin > cisplatin), whereas it is unable to transport
carboplatin [9]. In addition, several studies have
shown that an increase in the exogenous expres-
sion of OCT2 can significantly increase the accu-
mulation of oxaliplatin and thereby enhance cell
cytotoxicity [10,11]. Although some other OCT
transporters, such as OCT1 [10] and OCT3 [12],
are also involved in the transport of platinum, the
expression of these transporters in renal tubular
epithelial cells is very low [10]. Therefore, the
expression and activity of OCT2 are assumed to
play decisive roles in the accumulation and cyto-
toxicity of platinum anti-cancer drugs, particu-
larly oxaliplatin, in renal cancer cells.

Histone acetylation, which is associated with
chromatin assembly, DNA repair, and
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recombination [13,14], is one of the most exten-
sively studied types of epigenetic modification.
Dynamic histone acetylation is critical for correct
gene expression and is regulated by a balance of
histone acetyltransferases (HATs) and histone dea-
cetylases (HDACs). If this balance is disrupted,
there exists the potential for tumour develop-
ment [15].

HATs include members of the p300/CBP and
MYS GNAT families. It has been found that CBP
and P300 catalyse the process whereby H3K18ac and
H3K27ac activate the transcription of downstream
genes [16]. On the basis of structural differences,
HDACs can be divided into five classes: Class I,
including HDAC1, HDAC2, HDAC3, and HDAC8;
Class IIa, including HDAC4, HDAC5, HDAC7, and
HDAC9; Class IIb, including HDAC6 andHDAC10;
Class III, which are related enzymes of silent infor-
mation regulator 2 (SirT2), and Class IV, which
comprises only HDAC11. HDACs regulate tumour
growth by inhibiting histone acetylation, which in
turn suppresses the transcription of oncogenes [17];
therefore, HDACs can provide key targets for anti-
tumour drugs. Vorinostat (suberoylanilide hydroxa-
mic acid, SAHA) was the first HDAC inhibitor
approved by the Federal Drug Administration
(FDA) for the treatment of cutaneous T-cell lym-
phoma (CTCL), and thereafter Romidepsin (FK228)
was also approved by the FDA for treatment of
CTCL and peripheral T-cell lymphoma.

Previous studies have demonstrated that the
loss of OCT2 in tumour cells is the major cause
of oxaliplatin resistance in RCC. DNA and his-
tone methylations are key factors in the transcrip-
tional repression of OCT2 in RCC [18]. Here, we
found that aberrant histone acetylation also
occurs in the OCT2 promoter and explore the
mechanisms whereby an HDAC7-MYC complex
mediates the regulation of OCT2 in RCC.
Although epigenetic drugs have poor therapeutic
effects on most solid tumours [19,20], the combi-
nation of epigenetic drugs with cytotoxic drugs
[21] or immunotherapeutics [22] can enhance the
anti-cancer effect, indicating that it is possible to
design novel combination therapies for RCC. As
OCT2 expression is increased by the HDAC inhi-
bitor SAHA and DNA methylation inhibitor dec-
itabine (DAC) in RCC cells, we investigated the

synergistic effect of SAHA-DAC-oxaliplatin com-
bination therapy on RCC cells.

Results

Aberrant active histone acetylation by H3K27ac
and H3K18ac in RCC

OCT2 transcriptional repression in RCC has pre-
viously been shown to be regulated by DNA methy-
lation and H3K4me3 [18]; however, to date, it was
not known whether histone acetylation is related to
OCT2 transcriptional repression. We initially
observed that in three pairs of the tumour-
adjacent tissues, H3K18ac and H3K27ac were both
enriched around the transcription start site (TSS) of
the OCT2 promoter, whereas H3K9ac abundance
was very low (Figure 1(a)). As H3K18ac, H3K27ac,
and H3K9ac are involved in transcriptionally per-
missive histone modification, the results indicated
that H3K18ac and H3K27ac might be associated
with OCT2 transcription. We observed that OCT2
transcription was markedly decreased in selected
three pairs of RCC tissues (Figure 1(b)), and thus
ChIP-qPCR assays were carried out to identify
H3K18ac and H3K27ac occupancy in these three
pairs of tissues. In the tumour-adjacent tissues,
H3K18ac and H3K27ac were highly enriched
around the TSS of OCT2 and were reduced to
different degrees in the matched tumour tissues,
whereas no significant change was detected for
H3K9ac (Figure 1(c–e)), indicating that the loss of
H3K18ac and H3K27ac, but not that of H3K9ac,
might occur at the OCT2 promoter when OCT2 is
repressed in RCC.

Increased transcriptional expression of HDAC7
and HDAC9 in RCC

Given that the acetylation and deacetylation of
histones are catalysed by HATs and HDACs,
respectively, we next attempted to determine
whether HATs or HDACs mediate OCT2 repres-
sion in RCC.

The Oncomine database showed that the expres-
sion of CBP and P300, which have been reported to
mainly catalyse H3K18ac and H3K27ac, had no sig-
nificant effect in RCC tumours compared with the
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tumour-adjacent tissues (Fig. S1). The microarray
data indicated that HDACs, but not CBP and P300,
are the key factors involved in histone acetylation in
RCC. To determine the role of HDACs in the OCT2
regulatory mechanism, the mRNA expression of
class I and II HDACs was examined in four ran-
domly selected pairs of RCC tissues with reduced
expression of OCT2 (Figure 2(a), Fig. S2) by RT-
qPCR. We found that only HDAC7 and HDAC9
were up-regulated in these four RCC tissues
(Figure 2(b–e)), suggesting that these two HDACs

might mediate histone deacetylation around the TSS
of the OCT2 promoter. We then examined the
mRNA expression of HDAC7 and HDAC9 in 36
pairs and 30 pairs of RCC tissues, respectively
(Figure 2(f–g)); Fig. S3). Due to ethical reasons, the
amounts of some of the collected samples were
insufficient to enable mRNA expression analysis of
both HDAC7 and HDAC9. The results confirmed
that higher HDAC7 and HDAC9 expression was
detected in RCC tumours than in the paired adjacent
tissues. Due to OCT2 repression in RCC, the

Figure 1. Decreased OCT2 transcriptional expression and aberrant histone acetylation in three pairs of RCC patients tissues (No. 33;34;37).
(a) ChIP assay of H3K9ac, H3K18ac and H3K27ac at OCT2 promoter in tumour-adjacent kidney tissues; (b) RT-qPCR analysis of OCT2 mRNA
expression; (c, d, e) H3K9ac, H3K18ac and H3K27ac occupancy at OCT2 promoter. The results are expressed as means ± S.D. from technical
triplicates in A-E[one-tailed unpaired t-test; **P < 0.01; ***P < 0.001; ****P < 0.0001].

EPIGENETICS 793



Figure 2. HDACs transcriptional expression in RCC patients tissues. (a) RT-qPCR analysis of OCT2 mRNA expression in four pairs of RCC
patient tissues (No. 33,44,55,62); (b, c, d, e) RT-qPCR analysis of HDACs mRNA expression in four pairs of RCC patient tissues (No.
38,44,55,62); (f, g) The two-tailed paired t-test for mRNA expression of HDAC7 (f) and HDAC9 (g) in RCC tissues. The results are expressed as
means ± S.D. from technical triplicates in a–f [a–e: one-tailed unpaired t-test: *P＜0.1；**P < 0.01; ***P < 0.001; ****P < 0.0001; F-G: two-
tailed paired t-test: ***P < 0.001].
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assembled data further indicated that HDAC7 and
HDAC9 regulate the abundance of H3K27ac and
H3K18ac at the OCT2 promoter, resulting in
a decrease in H3K18ac and H3K27ac in RCC.

Increased HDAC7 occupancy upon SAHA
treatment and myc-mediated activation of
OCT2

In order to examine the influence of histone acet-
ylation on OCT2 expression, 786-O cells were trea-
ted with the histone deacetylase inhibitor SAHA.
We accordingly observed that OCT2 expression was
activated in 786-O cells in response to SAHA treat-
ment (Figure 3(a)). As SAHA inhibits all class I and
II HDACs, to further investigate how HDAC7 and
HDAC9 affected OCT2 expression, 786-O cells were
transfected with nontargeting control siRNA (si-
NC), or siRNA targeting HDAC7 (siHDAC7-s1
and siHDAC7-s2) and HDAC9 (siHDAC9-s1 and
siHDAC9-s2). The silencing effect of siRNA was
assessed by RT-qPCR (Figure 3(c–d)). After transi-
ent knockdown expression of HDAC7 and HDAC9,
OCT2 expression was significantly increased in 786-
O cells (Figure 3(b)), and OCT2 protein expression
was increased after HDAC7 and HDAC9 knock-
down in 786-O cells (Figure 3(e–f)). Collectively,
these results provide evidence that both HDAC7
and HDAC9 regulate OCT2 expression in RCC. In
addition, the expression of OCT2 was found to be
positively correlated with the efficiency of HDAC
inhibition.

Our previous data have indicated that MYC, act-
ing as a transcription factor, regulates OCT2 expres-
sion by binding to the OCT2 promoter [18]. In our
study, we found SAHA induces the mRNA expres-
sion of MYC in 786-O (Figure 4(a)). We therefore
generated 786-O cells that stably expressed shRNA
against MYC as described in a previous study [18].
MYC was efficiently knocked down when shRNA
against MYC was turned on by doxycycline treat-
ment (Figure 4(b)). The knockdown of MYC was
found to block the transcriptional activation of
OCT2 by SAHA in both mRNA and protein level
(Figure 4(c–d)). We then performed Co-IP analysis
to examine the direct interaction between MYC and
HDAC7 in 786-O cells following treatment with
SAHA. We found that MYC and HDAC7 bind to

each other after SAHA treatment, and when MYC
was knocked out, the protein complex disappeared,
but there was still free HDAC7 in the cell
(Figure 4(e)). However, HDAC9 did not bind to
MYC in SAHA-treated 786-O cells (Fig. S4).
A subsequent CHIP-qPCR assay showed that both
MYC and HDAC7 occupancy at the E-box of the
OCT2 promoter were enriched in SAHA-treated
786-O cells (Fig. S5), resulting in the reducing of
free HDAC7 at the acetylation site of OCT2 promo-
ter (Figure 4(f)). When HDAC7 was knocked down,
H3K18ac and H3K27ac enriched at OCT2 promoter
in 786-O cells (Figure 4(g)). We accordingly pro-
posed our assumption that the combination of
MYC and HDAC7 at the E-box of OCT2 promoter
in normal renal cells results in a decrease in free
HDAC7, which may increase the expression
H3K18ac and H3K27ac and activate OCT2 tran-
scription. In contrast to normal kidney cells, MYC
cannot bind to and interfere with HDAC7 in RCC
cells, which increases the amounts of free HDAC7 at
the OCT2 promoter and decreases H3K18ac and
H3K27ac levels, eventually resulting in OCT2 tran-
scriptional inhibition. However, it remains unclear
why the recruitment of HDAC7 by MYC at the
OCT2 promoter in RCC cells is disrupted.

Combination therapy using epigenetic drugs and
oxaliplatin enhances the chemosensitivity of RCC
cells

Previous studies have shown that DAC can effec-
tively induce the expression of OCT2 and that
sequential combination of DAC and oxaliplatin
sensitizes RCC cells to oxaliplatin both in vitro
and in xenografts [18]. In our study, we observed
a 28.4-fold increase in epigenetic activation of
OCT2 in RCC cells following DAC+SAHA treat-
ment (Figure 5(a)). The rank order of induction
was as follows: DMSO > SAHA > DAC > DAC
+SAHA in both mRNA and protein level
(Figure 5(a–b)). The platinum cellular uptake in
786-O has the same trend as OCT2 up-regulated
expression (Figure 5(c)). We therefore examined
whether pretreatment with DAC and SAHA syner-
gistically promoted stronger cytotoxicity compared
with DAC or SAHA alone. Cells of the 786-O line
were initially treated sequentially with increasing
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concentrations of SAHA, DAC, or oxaliplatin (Fig.
S6A). The median inhibitory concentration (IC50)
values of these three drugs were calculated as
follows: IC50 (DAC) = 12.01 µM, IC50 (SAHA) =
4.69 µM, and IC50 (oxaliplatin) = 22.39 µM (Fig.
S6B-D). Finally, the 786-O cells were pretreated
sequentially with increasing concentrations of
SAHA and/or DAC, followed by application of
various concentrations of oxaliplatin at 48

h (Supplemental Table 4) to evaluate the combina-
tion index (CI). According to the Chou-Talalay
method, the gradient concentrations of drugs are
determined by their IC50 values [23]. As shown in
Figure 5(d), DAC and oxaliplatin alone induced an
approximate 50% reduction in the survival rate of
786-O cells at maximal concentrations of 50 µM
and 150 µM, respectively, whereas SAHA had
a 70–80% cytotoxic effect at the maximal

Figure 3. Loss of HDAC7/HDAC9 up-regulated the expression of OCT2 in RCC cell line 786-O. (a) RT-qPCR analysis of OCT2 mRNA
expression in 786-O after treated with SAHA at 0.2 µM, 0.5 µM, 1.0 µM, 2.0 µM for 48 h; (b) RT-qPCR analysis ofOCT2mRNA expression after
HDAC7 or HDAC9 knocked down in 786-O cells; (c, d) RT-qPCR analysis of HDAC7 (c) or HDAC9 (d) mRNA expression after targeted siRNA
was transfected into 786-O cells. (e) HDAC7 and OCT2 protein expression after HDAC7 knockdown in 786-O cells. (f) HDAC9 and OCT2
protein expression after HDAC9 knockdown in 786-O cells. The results are expressed as means ± S.D. from technical triplicates in A-D.
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concentration of 20 µM. Given that it is essentially
unproductive to examine the effects of drug com-
binations when the cell growth inhibition is extre-
mely low, we only investigated the effect of such
combinations when the cell growth inhibition rate
was greater than 50%. Whereas a synergistic or
additive effect was observed after treatment of

786-O cells with SAHA+oxaliplatin
(CI = 0.29–0.89), only synergistic effects were
observed after 786-O cells had been treated with
DAC+oxaliplatin and DAC+SAHA+oxaliplatin
(CIDAC+OXA = 0.12–0.47, CIDAC+SAHA+OXA =
0.11–0.63). In order to compare the synergistic
effect of DAC+oxaliplatin and DAC+SAHA

Figure 4. MYC combined with HDAC7 at OCT2 promoter to regulate the OCT2 expression in RCC cell line 786-O. (a) RT-qPCR analysis of
HDAC7, HDAC9 andMYCmRNA expression in 786-O after treated with 2 µM SAHA for 48 h; (b, c) RT-qPCR analysis ofMYC (b) and OCT2 (c)
mRNA expression in 786-O cells after knockdownMYC and treated with 2µM SAHA for 48 h; (d) MYC and OCT2 protein expression in 786-O
cells after knockdownMYC and treated with 2 µM SAHA for 48 h. (e) Co-IP analysis of HDAC7-MYC complex in 786-O cells after knockdown
MYC and treated with 2µM SAHA for 48 h; (f) ChIP-qPCR analysis of HDAC7 enrichment at OCT2 promoter in 786-O cells after treated with 2
µM SAHA for 48 h; (G) ChIP-qPCR analysis of H3K18ac and H3K27ac enrichment at OCT2 promoter in 786-O cells after HDAC7 knockdown.
The results are expressed as means ± S.D. from technical triplicates in a, b, c, f, g [a: one-tailed unpaired t-test: P = 0.0008].
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+oxaliplatin in 786-O cells, we calculated the IC50

value and dose-reduction index (DRI) of oxalipla-
tin in 786-O cells (Figure 5(e)), where DRI is the
ratio of the dose of oxaliplatin(alone) to the dose of
oxaliplatin(combo), which represents the fold-dose
decrease in oxaliplatin in combination. As shown
in Figure 5(e), the DRI(oxaliplatin) of DAC+SAHA
+oxaliplatin was clearly higher than that of the
other combinations, indicating that pretreatment
of 786-O cells with DAC+SAHA followed by treat-
ment with oxaliplatin had the strongest synergetic

cytotoxicity compared with any other
combination.

Discussion

Many renal masses remain asymptomatic or non-
palpable until the advanced stages of RCC [1]. The
5-year survival rate for patients with metastatic RCC
is less than 10% [24], with the low survival rate being
attributable to the high resistance of RCC to both
chemotherapy and radiation therapy [25]. Such

Figure 5. DAC, SAHA and oxaliplatin combinations. (a) RT-qPCR analysis of OCT2 mRNA expression after treated with DAC, SAHA and DAC
+SAHA in 786-O cells, respectively; (b) OCT2 protein expression of DAC, SAHA, DAC+SAHA treatment in 786-O cells; (c) Platinum cellular
accumulation after treated with DAC, SAHA and DAC+SAHA in 786-O; (d) Dose-Survival Curve of DAC, SAHA, OXA, DAC+SAHA, DAC+OXA,
SAHA+OXA, DAC-SAHA-OXA in 786-O cells; (e) The IC50 and dose-reduction index (DRI) of OXA. DRI is the ratio of dose of OXA (alone) to dose
of OXA (combo), which represents the fold-dose decrease of OXA in combination. CI < 0.8, 0.8 < CI<1, and CI > 1 indicate synergism, additive
effect, and antagonism, respectively. The results are expressed as means ± S.D. from technical triplicates in a–d.
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resistance to chemotherapy can often be ascribed to
MDR mediated by drug transporters [26,27].

OCT2 is an uptake transporter expressed in kid-
ney tubules. In our previous studies, we detected
a correlation between the loss of OCT2 expression
and tumour cell resistance to platinum, which
showed that the aberrant OCT2 promoter in RCC
is characterized by a hypermethylated CpG island
and low H3K4 tri-methylation occupancy. In the
present study, we further investigated other epige-
netic factors related to OCT2 repression.We accord-
ingly detected significant decreases in H3K18ac and
H3K27ac at the OCT2 promoter in RCC tumour
tissue compared with the matched adjacent tissue
(Figure 1(c–e)). H3K18ac and H3K27ac are involved
in a variety of physiological processes and the relative
balance between histone acetylation and deacetyla-
tion is essential for normal cell growth. The findings
of a previous study have indicated that loss of
H3K18ac causes suppression of the nonreceptor tyr-
osine kinase EtK, which plays an essential role in
prostate cancer cell survival and growth [28],
whereas disruption of the association between
BRD4 and H3K27ac has been shown to downregu-
late MYC and promote antitumour activity in pre-
clinical animal models of human cancers [29]. We
therefore hypothesize that OCT2 repression in RCC
may be attributable to the loss of H3K18ac and
H3K27ac. However, on the basis of our present
results, we cannot exclude the possibility that other
HATs are involved in the transcriptional regulation
of OCT2, and this accordingly warrants further
research.

Histone acetylation is co-regulated by HATs and
HDACs. HATs promote acetylation to generate less
condensed chromatin structures, thereby enabling
the activation of transcription, whereas HDACs
mediate chromatin aggregation [30]. In the present
study, we found that, compared with paired adjacent
tissues, the expression of HDAC7 and HDAC9
increased in most of the RCC tissues, whereas the
expression of other HDACs varied. These abnormal
increases occurred during the early stage of RCC
pathological grading, suggesting that HDAC7 and
HDAC9may be potential targets and early diagnostic
markers for the treatment of RCC. Furthermore, we
also speculated that the loss of H3K18ac and
H3K27ac at the OCT2 promoter is caused by
HDAC7/9. It has been reported that the expression

of class I HDACs in tumours is abnormally increased
at both the mRNA and protein levels when com-
pared with paired adjacent tissues. In contrast to
class I HDACs, expression of class II HDACs has
been found to decrease in tumours, and a higher
expression of class II HDACs predicts a better prog-
nosis in patients [31]. HDAC7 and HDAC9 belong
to class II HDACs and Osada et al. [32] found that
HDAC7 mRNA expression was higher in node-
negative, low-grade lymph tumours compared with
late-stage lymph node metastases. Furthermore, in
pancreatic cancer, both the mRNA and protein
expression levels of HDAC7 are significantly up-
regulated in tumours [33]. These studies therefore
indicate that the expression of HDACs differs among
different cancer types.

Histone deacetylation, and particularly the inhibi-
tors of HDACs, has been a hot topic in anti-cancer
drug research in recent years [34]. The SAHA we
used in this study is a hydroxamic acid and has the
characteristics of a longer half-life, lower toxicity,
and greater stability compared with other hydroxa-
mic acids such as TSA [31]. In 2006, the FDA gave
approval for the use of SAHA in the treatment of
cutaneous T-cell lymphomas. However, although it
can induce the expression of OCT2mRNA in 786-O
cells (Figure 3(a)), it does not induce such expression
in other RCC cell lines, 769-P or CAKI (Fig. S7),
which indicated the limitation of our study: the
SAHA induction mechanism we studied may only
work in certain part of RCC patients. Although the
three cell lines are derived from primary renal clear
cell carcinomas, they were obtained from different
patients, which suggests different factors such as the
oxygen content in the tumour microenvironment
affecting the regulatory mechanism.

In our study, SAHA slightly up-regulated MYC
in 786-O cells, whereas MYC itself can recruit both
HATs and HDACs. Recent studies have shown that
the recruitment of HATs by MYC may be mediated
by TRRAP [35], which is not a HAT but is present
in a different macro-molecular complex containing
HAT sub-units, including GCN5, PCAF, and TIP60
[36]. MYC also recruits HDACs to gene promoters,
and it has previously been demonstrated that MYC
recruits HDAC3 to form a transcriptional suppres-
sor complex, co-localizes on the miR-451 promoter,
and finally induces its downregulation in acute
myeloid leukaemia [37]. However, on the basis of
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the findings of the present study, we speculate that
MYC performed an opposite function in complex
recruitment in normal renal cells. As epigenetic
regulation invariably involves the functioning of
several different pathways, there are likely to be
complex interactions relating to DNA methylation
and HDACs. Previous studies have shown that
synergy between HDAC activity and DNA methy-
lation is operative for a key epigenetic abnormality
in cancer cells, namely, transcriptional silencing of
tumour suppressor genes [38].

Based on the above results, we propose
a hypothesis that the histone acetylation mechanism
underlying OCT2 repression in RCC is regulated by
the enrichment of free HDAC7 at OCT2 promoter
(Figure 6). In normal renal cells, HDAC7 combines
with MYC at the E-box site on OCT2 promoter,
resulting in a decrease of freeHDAC7s at the promo-
ter, which increases H3K18ac and H3K27ac at the
promoter and activates OCT2 expression. However,
in RCC cells, the HDAC7-MYC complex is not estab-
lished, leading to an increase in free HDAC7s at the
OCT2 promoter and a decrease in the levels of
H3K18ac and H3K27ac, thereby resulting in OCT2
transcriptional inhibition.

It has previously been shown that the cellular
accumulation of oxaliplatin is the key determinant
of the cytotoxicity of this drug [39]. In renal cells,
oxaliplatin is mainly bound by OCT2 and effluxed

by MATE-2K [40]. Both OCT2 and MATE-2K are
repressed in RCC, whereas treatment with DAC or
SAHA can induce the expression of OCT2 but not
MATE-2K, resulting in the high accumulation and
cytotoxicity of OXA in RCC cells [18]. TSA, which
is similar to SAHA, can up-regulate both OCT2
and MATE-2K [41], and is hence not suitable for
use in combination therapy.

HDACs have a potent effect in haematological
diseases or lymphoid malignancies alone, but often
fail to achieve satisfactory therapeutic effects in the
case of solid tumours. In our study, we also found
that synergistic effects of the SAHA-oxaliplatin com-
bination were the lowest among the three combina-
tion groups examined, indicating that SAHA does
not work well in combination with oxaliplatin. This
may be related to the fact that SAHA does not cause
a sufficiently high induction of OCT2. Therefore,
a combination of DAC and SAHA has been used
for tumour treatment. Chen et al. [42], for example,
found that the combination of DAC and SAHA
inhibited ovarian cancer growth by inducing apop-
tosis, G2/M arrest, autophagy, and re-expression of
imprinted tumour suppressor genes, whereas Dong
et al. [43] demonstrated that combined treatment
with DAC and SAHA enhanced the antiproliferative
activity of glioma cells. In our study, we designed
a clinical protocol based on the combined use of
DAC, SAHA, and the anti-cancer drug oxaliplatin,
and we demonstrated that the toxicity of DAC
+SAHA+oxaliplatin to 786-O cells was higher than
that of DAC+oxaliplatin, and that the synergistic
effect of this combination was stronger than that of
DAC+oxaliplatin at high dose. Nowadays, there is
a heightened focus on multidrug combination
research in an effort to solve the pervasive problem
of MDR. In this study, we found that DAC and
SAHA significantly induced the expression of
OCT2 in RCC cells, enhanced the cellular accumula-
tion of oxaliplatin, and significantly reversed drug
resistance, thereby providing new insights for the
revision of clinical oxaliplatin guidelines for RCC.

Materials and methods

Tissues and cell culture

Thirty-six paired tissue samples of RCC patients were
provided by the Specimen Bank of Zhejiang Cancer
Hospital (Hangzhou, China) and were approved by

Figure 6. Histone acetylation mechanism of OCT2 repression in
RCC. In normal renal cells, HDAC7 combines withMYC at the E-box
site on OCT2 promoter, resulting in a decrease of free HDAC7s at
the promoter, which increases H3K18ac and H3K27ac at the
promoter and activates OCT2 expression. However, in RCC cells,
the HDAC7-MYC complex is not established, leading to an increase
in free HDAC7s at the OCT2 promoter and a decrease in the levels
of H3K18ac and H3K27ac, thereby resulting in OCT2 transcriptional
inhibition.
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the Institutional Review Board of Zhejiang Cancer
Hospital [No. (2014)-08-76; for detailed patient infor-
mation, see Supplemental Table 1].

HEK293T cells and cells of the RCC cell line 786-O
were purchased from the Chinese Academy of Science
Committee on Type Culture Collection Cell Libraries.
HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum,
and those of the 786-O line were cultured in RPMI-
1640 medium containing 10% fetal bovine serum. All
cells were maintained at 37°C in 5% CO2. For epige-
netic drug treatment, the 786-O cells were cultured in
medium containing SAHA (Selleck Chemical) for 48
h or DAC (Sigma-Aldrich) for 72 h, with the medium
being refreshed every 24 h.

Real-time quantitative polymerase chain
reaction analysis

Total RNA of tissues was isolated using a total RNA
mini-prep kit (Tiangen, Beijing, China), whereas total
RNA from cell lines was isolated using a total RNA
mini-prep kit (Axygen, Suzhou, China). The isolated
RNA was subsequently reverse transcribed to cDNA
using PrimeScript RT Master Mix (Takara, Tokyo,
Japan).Weperformed real-timequantitative polymer-
ase chain reactions (RT-qPCR) using a StepOnePlus
System (Applied Biosystems) and SYBR Premix EX
Taq (Takara, Tokyo, Japan). Peptidylprolyl isomerase
A (PPIA) in tissues and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) in cell lines served as the
respective internal controls. The relative mRNA
expression levels were normalized to PPIA or
GAPDH. The sequences of the primers used for ampli-
fication are listed in Supplemental Table 2.

Short hairpin RNA transfection of the RCC cell
line 786-O

Short hairpin RNAs (shRNAs) were cloned as
described by Paddison et al. [44], and inserted into
pTRIPZ lentiviral vectors (Thermo Scientific,
Waltham, MA). To package virus, HEK293T cells
were transfected with shRNA against MYC (shRNA-
MYC) using Lipofectamine 2000 (Life Technologies,
Grand Island, NY) according to the manufacturer’s
instructions. Cells of the 786-O line were infected by
the supernatant virus of HEK293T cells. The
sequences of the shRNAs used are listed in
Supplemental Table 3. Cells of the 786-O line

expressed shRNA following treatment with 1 μg/
mL doxycycline for 48 h.

Small interfering RNA transfection

The small interfering RNAs (siRNAs) were synthe-
sized by GenePharma (Shanghai, China) and trans-
fected into cells for 48 h using Lipofectamine 3000
(Life Technologies, Waltham, MA) according to the
manufacturer’s instructions. The target sequences of
the siRNAs used are listed in Supplemental Table 3.

Chromatin immunoprecipitation assay (ChIP)

The procedures used for ChIP analysis have been
described previously [45]. RT-qPCR was performed
using the specific primers listed in Supplemental
Table 2. The antibodies used for ChIP were as fol-
lows: anti-H3 (Abcam, Cambridge, MA; Ab1791),
anti-H3K9ac (Abcam, Cambridge, MA; Ab4441),
anti-H3K18ac (Abcam, Cambridge, MA; Ab1191),
anti-H3K27ac (Abcam, Cambridge, MA; ab4729),
anti-HDAC7 (Sigma, H2662), anti-MYC (Abcam,
Cambridge, MA; ab32072), anti-HDAC9 (Abcam,
Cambridge, MA; ab59718), and normal rabbit IgG
(Santa Cruz Biotechnology, Santa Cruz, CA; sc-
2027) as a control. The IP beads used were Anti-
Rabbit Ig IP Agarose Beads (Rockland, 00-8800-25).

Co-immunoprecipitation (Co-IP)

For co-immunoprecipitation, we used previously
described procedures [46] with some modifications.
Briefly, a lysis buffer (20 mM Tris-HCl, pH 8.0,
300 mM NaCl, 0.5 mM EDTA, 1% Nonidet P-40,
1% Triton X-100) containing protease inhibitors was
prepared freshly to lyze cells for immunoprecipita-
tion. The lysate, together with the aforementioned
antibodies and IP beads were incubated overnight at
4°C. The beads were then washed three times with IP
lysis buffer and boiled in 2 × SDS loading buffer to
elute the bound complexes. Western blotting was
performed to determine the Co-IP results.

MTT assay

Cells of the 786-O line were seeded in 96-well plates at
a density of 1000 cells/well, cultured for 24 h before
drug treatment (see in Supplemental Table 4), and
maintained in drug-free medium for 48 h. Thereafter,
100 µL of fresh medium containing 0.5 mg/mL MTT
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was added to each well of the 96-well plate as
described previously [47]. The DAC, SAHA, and
oxaliplatin contents in 786-O cells were maintained
at a constant molar ratio of 2.5:1:7.5 based on the
potency (IC50) of each drug. Drug synergy quantifica-
tion was analysed using Compusyn software
(ComboSyn, Inc.) according to the Chou-Talalay
method [23]. The combined drug effects were quan-
tified using the combination index (CI), where CI <
0.8, 0.8 < CI < 1.2, and CI > 1.2 indicated synergism,
additive effect, and antagonism, respectively.

Platinum cellular uptake in 786-O

Cells of the 786-O line were seeded in 6 cm cee dishes.
After OCT2 expression was induced by DAC, SAHA
or DAC+SAHA, 100 µM oxaliplatin was admini-
strated for 24 h. The platinum cellular uptake was
detected by ICP-MS, completed by Hangzhou
Leading Pharmatech Co., Ltd.

Statistical analysis

A two-tailed paired t-test was used to analyse differ-
ences in HDAC7/HDAC9 expression between RCC
tissues and tumour-adjacent tissues. Multiple t-tests
were used to evaluate differences in the expressions
of MYC, HDAC7, and HDAC9 determined by RT-
qPCR and histone acetylation enrichment in ChIP
assays. A P value of less than 0.05 was considered
significant. All statistical analyses and drug IC50 cal-
culations were performed using Prism version 6.0.
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