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Epigenetic activation of the drug transporter OCT2
sensitizes renal cell carcinoma to oxaliplatin
Yanqing Liu,1* Xiaoli Zheng,1* Qinqin Yu,1 Hua Wang,2 Fuqing Tan,3 Qianying Zhu,1

Lingmin Yuan,1 Huidi Jiang,1 Lushan Yu,1†‡ Su Zeng1†‡

Renal cell carcinoma (RCC) is known for its multidrug resistance. Using data obtained from the cancer transcriptome
database Oncomine and the proteome database The Human Protein Atlas, we identified the repression of organic
cation transporter OCT2 as a potential factor contributing to oxaliplatin resistance in RCC. By analyzing OCT2 expres-
sion in collected patient tissues and commercial tissue microarray specimens, we demonstrated OCT2 repression in
RCC at both transcription and protein levels. Epigenetic analysis revealed that the repressed OCT2 promoter in RCC is
characterized by hypermethylated CpG islands and the absence of H3K4 methylation. Further mechanistic studies
showed thatDNAhypermethylationblockedMYCactivationofOCT2bydisrupting its interactionwith the E-Boxmotif,
which prevented MYC from recruiting MLL1 to catalyze H3K4me3 at the OCT2 promoter and resulted in repressed
OCT2 transcription. Targeting thismechanism,we designed a sequential combination therapy and demonstrated that
epigenetic activation of OCT2 by decitabine sensitizes RCC cells to oxaliplatin both in vitro and in xenografts. Our
study highlights the potential of translating “omics” data into the development of targeted therapies.
ded f

 on A

ugust 5, 2016
http://stm

.sciencem
ag.org/

rom
 

INTRODUCTION

Renal cell carcinoma (RCC) is themost common form of kidney cancer
and accounts for 2 to 3% of all cancers in adults (1). Prognosis of ad-
vanced RCC is extremely poor because of treatment resistance (2).
Oxaliplatin is a platinum-based chemotherapy and is typically used in
combination therapies for the treatment of colorectal cancer. Early clin-
ical trials showed that oxaliplatin is ineffective against advanced RCC
(3, 4). One of the major mechanisms of platinum resistance in this
cancer type is inadequate amounts of platinum reaching the target
DNA (5). In vitro studies have shown that organic cation transporter
2 (OCT2; also known as SLC22A2) is the major transporter that en-
hances the cellular uptake and, consequently, cytotoxicity of oxaliplatin
(6–9). A recent clinical study also showed that OCT2 expression corre-
lates with prognosis of oxaliplatin-based chemotherapy in metastatic
colorectal cancer patients (9). RCC originates from renal proximal tu-
bules, where OCT2 is highly expressed (10). Our preliminary data
mining revealed that OCT2 is repressed in RCC (11, 12). The above
evidence suggested a potential link between OCT2 repression and
oxaliplatin resistance in RCC. Genes involved in platinum inactivation
(GSTP1, ABCC2, ATP7A, ATP7B, and MT1A) and DNA repair defi-
ciency (ERCC1 and ERCC2) may co-contribute to oxaliplatin resistance
(5, 13–15). However, none of these genes shows consistent differences at
themRNAand protein levels between normal kidney andRCC (11, 12),
indicating that these genes do not contribute to oxaliplatin resistance
in RCC.

Accumulating studies support an association of epigenetic changes
in drug transporter genes with drug response in cancer (16, 17). Epige-
netic events are heritable changes in gene expression that are not
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mediated by alterations of the underlying DNA sequence, including
DNA methylation, histone modifications, nucleosome remodeling,
and noncoding RNA expression. Given the reversible nature of epige-
netic alterations, combining epigenetic drugswith conventional chemo-
therapies has emerged as a promising treatment option to improve
therapeutic efficacy in cancer treatment (18). Promoter DNAmethyla-
tion controls the specific expression of OCT2 in human renal proximal
tubules (19). However, whether and how epigenetic pathways are
involved in OCT2 repression in RCC have been unclear.

Here, we determined the epigenetic mechanisms underlying OCT2
repression in RCC. We then designed a combination therapy to reacti-
vate OCT2 expression and sensitize RCC cells to oxaliplatin.
RESULTS

OCT2 is repressed in RCC
Immunohistochemistry data from The Human Protein Atlas (HPA)
demonstrated strong staining of OCT2 in normal kidneys and no
staining inmost of the RCC tissues using two antibodies targeting dif-
ferent epitopes of the OCT2 protein (fig. S1). To confirm this result,
we analyzed OCT2 expression on an RCC tissue microarray (TMA).
Consistent with data from HPA, OCT2 staining was positive in 24 of
31 samples from adjacent nontumor tissues but negative in all 31 RCC
tumor tissue samples (Fig. 1, A and B). These results imply that OCT2
expression is repressed in RCC. Microarray data from Oncomine
showed that OCT2 transcription was down-regulated in RCC tissues
compared with that in normal kidney (Fig. 1C) (11). To confirm this
result, we profiled mRNA expression of OCT2 in 46 pairs of RCC tu-
mors and adjacent normal tissues. Consistent with high-throughput
sequencing data, our quantitative polymerase chain reaction (qPCR)
analysis confirmed thatOCT2mRNA expression was significantly de-
creased in RCC tumor tissues compared with that in adjacent nor-
mal controls (P < 0.0001; Fig. 1D). These data together demonstrate
that OCT2 is repressed at both mRNA and protein expression levels
in RCC.
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Fig. 1. OCT2 is repressed in RCC. (A) Representative images of immuno-
histochemistry staining forOCT2protein on a TMAconstructed from31pairs
of RCC and adjacent nontumor tissue. ccRCC, clear cell RCC; chRCC, chromo-
phobe RCC; pRCC, papillary RCC. (B) Statistical analysis of immunohisto-
chemistry staining results for OCT2 from the TMA slide (two-tailed Fisher’s
exact test). (C) Meta-analysis of OCT2 transcription using data sets from

the Oncomine database (one-tailed unpaired t test). Data sets from four
study groups (48–51) consistently show reduced OCT2 transcription in
RCC tissues compared with that in the normal kidney. The y axis represents
log2median-centered intensity (normalized expression). (D) qPCR analysis of
www.Sci
OCT2 transcription inRCC (two-tailedpaired t test). RNAextracted from46pairs
of RCC and adjacent nontumor tissue samples was used. For (C) and (D),
shaded boxes represent the interquartile range (25th to 75th percentile).
Whiskers represent the 10th to 90th percentile. The bars denote themedian.
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DNA hypermethylation represses
OCT2 in RCC
Next, we attempted to identify themecha-
nisms that underlie OCT2 repression in
RCC. As shown in Fig. 2A, OCT2 prox-
imal promoter region contains two puta-
tive CpG islands (CGIs). To determine
whether the OCT2 promoter activity is
controlled by DNA methylation, we per-
formed a luciferase assay in human em-
bryonic kidney (HEK) 293 cells. Two
OCT2promoter fragments,−1932basepairs
(bp) to +61 bp and −358 bp to +61 bp,
were cloned into the CpG-free luciferase
reporter vector pCpGL Basic (20). After in
vitro methylation by M.SssI methylase in
the presence of S-adenosyl-L-methionine,
transcriptional activity of both promoter
constructs was inhibited by at least 80%
(Fig. 2B), suggesting that DNAmethylation
directly represses theOCT2 promoter activ-
ity in vitro. The upstream CGI at theOCT2
promoter region −320 bp to −66 bp con-
tains 13 CpG sites. DNA hypomethylation
at this region regulates kidney-specific
expression of OCT2 (19). To investigate
whether aberrantDNAmethylation regu-
latesOCT2 repression inRCC,we used bi-
sulfite sequencing PCR (BSP) to examine
methylation at the upstream CGI of
OCT2.We optimized the PCR using com-
binedbisulfite restriction analysis to rule out
unbiased amplification (fig. S2, A and B).
Thirty-five pairs of RCC andmatched adja-
cent nontumor tissues were used in the
analysis. Compared with nontumor tissues,
theoverallmethylationpercentage in the se-
quenced region significantly increased in
RCC tissues with both strong repression
(transcription reduced by at least 70%; P <
0.0001) and weak repression of OCT2
(transcription reduced by less than 70%;
P=0.006) (Fig. 2C), suggesting that hyper-
methylation occurs on theOCT2 promoter
in RCC. In the sequenced CGI region, the
fourth CpG site is located within a consen-
sus sequence CACGTG called E-Box. Un-
like the overall methylation, the E-Box site
was exclusively hypermethylated in RCC
tissues with stronger repression of OCT2
(Fig. 2D). The result was further confirmed
by methylation-sensitive arbitrary qPCR
(MS-AP-qPCR) assay. The performance
of this assay was validated using control
DNA templates (fig. S2, C andD).Methyl-
ation density at least 30% higher in tumor
tissues than in adjacent nontumor tissues
is defined as hypermethylation (21). As
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Fig. 2. DNA hypermethylation represses OCT2 in RCC. (A) Schematic of the OCT2 promoter region
around transcription start site (TSS). (B) Luciferase assay in HEK293 cells. Promoter constructs were treated

with (Me) or without (Mock) M.SssI. The y axis indicates relative light units (RLU). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. (C and D) BSP analysis of OCT2 CGI in RCC and matched adjacent nontumor
tissues. Samples belong to the 46 pairs of tissues in Fig. 1D. Transcription reduced by at least 70% was
considered strong repression (the alternative was weak repression). The y axis in (C) indicates the overall
methylation percentage calculated from the 13 CpG loci in the sequenced region (two-tailed paired t test).
Boxes represent the interquartile range (25th to 75th percentile). Whiskers represent the 10th to 90th
percentile. The bars denote the median. The y axis in (D) indicates the average methylation percentage
of each CpG site calculated from patient tissues with either OCT2 strong repression (left) or weak repression
(right). (E) MS-AP-qPCR shows E-Boxmethylation status at the OCT2 promoter in vivo (two-tailed unpaired t
test). The y axis indicates E-Box percentage methylation ratio in tumors (T) and paired adjacent nontumor
tissues (N). Methylation ratio T/N = 1.3 (indicated as the dashed line) is the threshold for hypermethylation
(21). BSP andMS-AP-qPCRdata from individual samples are provided in table S5. (F) BSP analysis ofOCT2CGI
in RCC cell lines. (G) RCC cell lineswere treatedbyDAC at the indicateddosage for 72 hours. (H) RCC cell lines
were treatedwith 2.5 mMDAC for 72 hours. Lysates from786-O stably expressingOCT2 complementaryDNA
(786-O–OCT2) or parent vector (786-O–EV) were loaded as control. Data are means ± SEM from biological
triplicates in (B) and biological triplicates with technical duplicates in (G).
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shown in Fig. 2E, hypermethylation at the E-Box was observed in 15 of
25 RCC tissue samples with strong OCT2 repression, but in none of
those with weak repression. These results suggest that E-Box hyper-
methylation is associated with OCT2 repression in RCC. However,
we cannot discount the possibility that other CpG sites at the OCT2
promoter region are also implicated in its transcriptional regulation.

Next, we examined whether DNA demethylation activates OCT2
expression in RCC cells. The OCT2 promoter was hypermethylated
in all three RCC lines (786-O, 769-P, and Caki-1) used in the study
(Fig. 2F). Decitabine (DAC), a demethylating reagent that blocks
cellularDNAmethyltransferases (DNMTs), was used to globally inhibit
DNA methylation in RCC cell lines. The effect of DAC on the de-
methylatingOCT2 promoter was monitored by analyzing E-Boxmeth-
ylation usingMS-AP-qPCR (fig. S3). Upon treatment withDAC,OCT2
transcription was activated in all three RCC cell lines in a dose-
dependent manner (Fig. 2G). Western blot analysis confirmed that
DNA demethylation by DAC induced OCT2 expression at the protein
www.Sc
level inRCCcell lines (Fig. 2H). Together,we conclude thatDNAhyper-
methylation represses OCT2 in RCC.

DNA hypermethylation inhibits MYC regulation of
OCT2 in RCC
We next attempted to decipher how DNA methylation causes OCT2
repression in RCC. The DNA methylation results described above re-
vealed the association of E-Box hypermethylation with OCT2 repres-
sion, which indicates a putative role of the E-Box in OCT2 regulation.
The E-Box within promoter CGIs is a preferential target site for MYC
(22). MYC selectively binds to the E-Box and functions as a transcription
factor to regulate gene expression. We identified MYC occupancy at
OCT2 proximal promoter in the normal kidney using a chromatin im-
munoprecipitation (ChIP) assay (Fig. 3A). To determine the role ofMYC
in regulating OCT2, we constructed 786-O cell lines that conditionally
expressed short hairpin RNAs (shRNAs) specific to MYC (shMYC-15
and shMYC-17) or nontargeting shRNA (shNC). MYC was efficiently
ienceTranslationalMedicine.org
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silenced in 786-O cells when shMYC ex-
pression was turned on in the presence of
doxycycline (Dox) in the cell culturemedi-
um(Fig. 3B).DNAdemethylation byDAC
activated OCT2 transcription in the ab-
sence of Dox and showed little effect on
MYC expression. However, DAC failed
to activate OCT2 expression in MYC-
depleted cells (Fig. 3C). These data suggest
that MYC is a key factor involved in
OCT2 activation. To determine the im-
portance of the E-Box in MYC-mediated
regulation of OCT2, we introduced a site-
specific mutation into the promoter
construct. Luciferase assay showed that
this E-Box mutation interfered with the
ability of MYC to transactivate the
OCT2promoter (Fig. 3D), indicating that
MYC activates OCT2 by interacting with
the E-Box motif.

E-Box–mediated regulation ismethylation-
dependent (23–25). We therefore explored
whether OCT2 activation by MYC
through the E-Box is controlled by DNA
methylation. After in vitro methylation,
the ability of MYC to transactivate the
OCT2 promoter was reduced to the basal
level (Fig. 3E). ChIP assays further showed
that DNA demethylation by DAC boosted
MYC occupancy at the OCT2 promoter
in 786-O cells. The specificity of MYC
antibody in ChIP assay was validated
in cells expressing shRNA specific to
MYC (Fig. 3F). These data suggest that
MYC regulates OCT2 transcription by
occupying the unmethylated promoter.
Overall, our results indicate that DNA
hypermethylation in RCC inhibits
MYC-mediated regulation of OCT2 by
preventing MYC occupancy at the E-
Box motif of the OCT2 promoter.
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Fig. 3. DNA hypermethy-
lation inhibits MYC regu-
lation of OCT2 in RCC.
(A) ChIP-qPCR analysis of
MYC at the OCT2 promoter
in normal human kidney.
IgG, immunoglobulin G.
(B) Immunoblotting con-
firmed MYC knockdown
in 786-O cells. shRNA ex-
pression was induced in
the presence of Dox (1 mg/ml) for 72 hours. (C) MYC (upper) and OCT2 (bottom) mRNA expression in
shRNA-expressing 786-O cells. Cells were treated with 2.5 mM DAC and/or Dox (1 mg/ml) for 72 hours
[two-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison tests; * in top graph from left
to right: P< 0.0001, P< 0.0001, P= 0.0002, and P= 0.0004; * in bottomgraph from left to right: P< 0.0001, P<
0.0001,P<0.0001, andP<0.0001]. (D) HEK293 cellswere transfectedwithOCT2 reporter plasmids alongwith
either MYC or empty expression vector (vector). The wild-type E-Box element CACGTG (white) was mutated
into CTGTAG (gray). Fold activation was calculated by dividing the RLU from OCT2 reporter transfection by
RLU from blank pGL3 Basic vector transfection. Luc, luciferase. (E) HEK293 cells were transfected with meth-
ylated (Me) or mock-methylated OCT2 reporter plasmids along with MYC. (F) ChIP-qPCR analysis of MYC at
the OCT2 promoter in 786-O cells. Cells expressing shMYC-15 were treated with 2.5 mMDAC and/or Dox
(1 mg/ml) for 72 hours. Data are means ± SEM from technical triplicates in (A), biological triplicates with
technical duplicates in (C) and (F), and biological triplicates in (D) and (E).
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DNA hypermethylation inhibits MLL1 catalyzing H3K4
trimethylation at the OCT2 promoter
DNAhypermethylation usually coincides with the loss of trimethylated
lysine 4 on histone H3 (H3K4me3) (26). H3K4me3 is an epigenetic
mark of active chromatin state in most eukaryotes (27–29). By ChIP-
qPCR analysis, highly enrichedH3K4me3was observed around theTSS
of OCT2 in normal kidneys and was reduced by 80% in paired RCC
tumor with strong repression ofOCT2. As a control, H3K4me3 enrich-
ment at peptidylprolyl isomerase A (PPIA), which is stably expressed in
renal normal and cancer tissues (30, 31), was comparable between
www.Sc
normal and paired tumor tissue (Fig. 4A), suggesting that gene-specific
loss ofH3K4me3 occurs at theOCT2promoterwhenOCT2 is repressed
in RCC.

To address the mechanism of H3K4me3 removal from the OCT2
promoter in RCC,we first attempted to identify the “writer” responsible
for adding H3K4me3 modification to the OCT2 promoter. In mam-
mals, at least sixmembers of the COMPASS family ofH3K4methylases
(including Set1A, Set1B, andMLL1 toMLL4) (32) trimethylate lysine 4
of H3. We assessed MLL1 occupancy at the OCT2 promoter in the
normal kidney (Fig. 4B). Then, we constructed 786-O cells that stably
ienceTranslationalMedicine.org
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expressed shRNAs specific to MLL1
(shMLL1-03 and shMLL1-04) and non-
targeting shRNA (shNC). As shown in
Fig. 4C, MLL1 was successfully depleted
from 786-O cells with the expression of
specific shRNAs. DAC treatment acti-
vatedOCT2 transcription in nontargeting
shRNA–expressing cells and showed little
effect on MLL1 expression. Similar to
MYC, when MLL1 was depleted from
786-O cells, DAC lost the ability to acti-
vate OCT2 (Fig. 4D), suggesting that
MLL1 is another crucial factor for OCT2
regulation.

To further determine the role ofMLL1
in regulating OCT2, we performed lucif-
erase assays by cotransfecting OCT2
promoter constructs with full-length or
truncated MLL1 with SET [Su(var)3-9,
Enhancer of zeste, Trithorax] domain de-
leted (MLL1-DSET). SET domain is the
catalytic center of methyltransferase ac-
tivity. Therefore,MLL1-DSETwould lack
the ability to catalyze H3K4me3 in the
chromatin. The results showed that
MLL1 activated the OCT2 promoter and
that this activity was dependent on the
presence of SET domain (Fig. 4E), which
suggested that MLL1 activates OCT2
transcription by catalyzing H3K4me3 at
the OCT2 promoter. MLL1 protein also
contains a CXXC domain, which selec-
tively binds to unmethylated CpG (33).
We found that DNA methylation in vitro
completely blocked MLL1 transactivation
of the OCT2 promoter (Fig. 4F), indicat-
ing that OCT2 regulation by MLL1 is
controlled by DNA methylation. Next,
ChIP results showed that H3K4me3 was
absent at the OCT2 promoter in 786-O
cells. After DAC treatment, the occupan-
cy was highly enriched in nontargeting
shRNA–expressing 786-O cells but not
in MLL1-silenced cells (Fig. 4G). PPIA,
which is highly expressed in 786-O cells,
was used as a control, and its expression
was not affected by MLL1 knockdown
(fig. S4). H3K4me3 enrichment at PPIA
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Fig. 4. DNA hypermethylation inhibits
MLL1 catalyzing H3K4 trimethylation at
the OCT2 promoter. (A) H3K4me3 at the
OCT2 promoter and PPIA promoter in RCC
tissues. ChIP with anti-H3, anti-H3K4me3, and anti-IgG was performed. Enrichments of anti-H3K4me3 and

anti-IgG were normalized to that of anti-H3. (B) ChIP-qPCR analysis of MLL1 at theOCT2 promoter in normal
human kidney. (C) Immunoblotting confirmed MLL1 knockdown by shRNAs in 786-O cells. (D) mRNA ex-
pression ofOCT2 andMLL1 in shRNA-expressing 786-O cells. Cells were treatedwith 2.5 mMDAC for 72 hours.
(E) HEK293 cells were transfected with OCT2 reporter plasmids along with MLL1, MLL1-DSET, or empty ex-
pression vector (vector). Fold activation was calculated by dividing the RLU from OCT2 reporter transfection
by RLU fromblank pGL3 Basic vector transfection. (F) HEK293 cells were transfectedwithmethylated (Me) or
mock-methylated OCT2 reporter plasmids along with MLL1. (G) ChIP-qPCR analysis showing the effect of
MLL1 knockdown on H3K4me3 enrichment at OCT2 and PPIA promoters in 786-O cells. Cells expressing
shMLL1-03 or nontargeting shRNA (shNC) were treated with 2.5 mM DAC for 72 hours. Data are means ±
SEM from technical triplicates in (A) and (B), biological triplicates in (E) and (F), and biological triplicates with
technical duplicates in (D) and (G).
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showed little response toDAC treatment andMLL1 knockdown (Fig. 4G).
These results together provide evidence that both “writer” (MLL1) and
“canvas” (unmethylated promoter) are prerequisites for catalyzing
H3K4me3 modification at OCT2.

DNA methylation interferes with MYC recruitment of MLL1
to the OCT2 promoter
Luciferase assay results showed that MLL1 transactivation of theOCT2
promoter depends on the E-Box sequence (Fig. 5A) and MYC expres-
sion (Fig. 5B), which indicates a crucial role ofMYC inMLL1 regulation
of OCT2. Next, we probed whether MLL1 catalyzing H3K4me3 at the
OCT2 promoter isMYC-dependent. ChIP analysis revealed that the ex-
pression of MYC shRNA disrupted the occupancy of MLL1 at the de-
methylated OCT2 promoter (Fig. 5C). DAC treatment failed to induce
H3K4me3 enrichment at the OCT2 promoter in MYC-depleted cells.
As a control, neither DAC treatment nor MYC knockdown showed
any effect on H3K4me3 signature on GAPDH (Fig. 5D). Immuno-
precipitation analysis further revealed a direct interaction between
MYC and MLL1 in DAC-treated 786-O cells instead of untreated cells
www.Sc
(Fig. 5E). On the basis of these results, we conclude that interactionwith
MYC is required for MLL1 recruitment to facilitate catalyzing
H3K4me3 at the unmethylated OCT2 promoter. Given that the occu-
pancy of MYC at the OCT2 promoter is controlled by DNA methyla-
tion, the data put together suggest a mechanism where DNA
hypermethylation in RCC blocks MYC binding and interferes with
MLL1 recruitment, which is required to catalyze H3K4me3 at the
OCT2 promoter, which finally represses OCT2 transcription.

OCT2 activation by DAC sensitizes RCC cells to oxaliplatin
Oxaliplatin, a platinum-based chemotherapeutic agent, is mainly trans-
ported into cells byOCT2. Stable expression of OCT2 increased cellular
accumulation (by 242%) and DNA adduct formation (by 229%) of
oxaliplatin in 786-O cells (fig. S5, A and B). Accordingly, cells stably
expressing OCT2 were 10 times more sensitive to oxaliplatin than the
control cells [median inhibitory concentration (IC50) values dropped
from 51.3 to 4.62 mM] (fig. S5C).

On the basis of the central role ofDNAmethylation inOCT2 repres-
sion in RCC, we examined whether epigenetic activation of OCT2 by
ienceTranslationalMedicine.org
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DAC sensitizes RCC cells to oxaliplatin.
As shown in Fig. 6 (A and B), DAC treat-
ment increased cellular accumulation (by
93, 59, and 66% in 769-P, 786-O, and
Caki-1 cells, respectively) and DNA ad-
duct formation (by 153, 135, and 88% in
769-P, 786-O, andCaki-1 cells, respective-
ly) of oxaliplatin in all three RCC cell lines.
Evaluated by the Chou-Talalay method,
the sequential combination of DAC and
oxaliplatin resulted in synergetic cyto-
toxicity,withcombination indexconsistently
below 0.8 in all three RCC cell lines tested
(Fig. 6C). DAC pretreatment increased
oxaliplatin sensitivity to 13, 6, and 4 times
in 769-P, 786-O, and Caki-1 cell lines,
respectively (Fig. 6D). By contrast, we
found that combination with DAC did
not sensitize RCC cells to cisplatin and
carboplatin (fig. S6), which are also
platinum-based chemotherapy drugs,
but not favorable substrates of OCT2
(6). This result suggests the indispen-
sable role of OCT2 in the synergistic ef-
fect observed in DAC and oxaliplatin
combination therapy.

To further determine whether the syn-
ergistic effect depends onOCT2 activation,
we assessed the efficacy of combination
therapy in RCC cell lines expressing
OCT2 shRNA. OCT2 expression was not
activated by DAC treatment in the pres-
ence of OCT2 shRNA expression (Fig.
6E).Accordingly, neither increased cellular
accumulation nor DNA adduct formation
of oxaliplatin was observed after OCT2
knockdown (Fig. 6, F and G). Drug com-
bination analysis further showed that
OCT2 shRNA expression markedly
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Fig. 5. DNA methylation interferes with MYC recruit-
ment of MLL1 to the OCT2 promoter. (A) HEK293 cells
were transfected with OCT2 reporter plasmids along with
either MLL1 or empty expression vector. The wild-type E-
Box element CACGTG (white) was mutated into CTGTAG
(gray). Fold activation was calculated by dividing the RLU
from OCT2 reporter transfection by RLU from blank pGL3 Basic vector transfection. (B) Luciferase assay in
786-O cells expressingMYC shRNAs or nontargeting shRNA (shNC). Doxwas added to themedium to induce
shRNA expression. Cells were cotransfected with OCT2 reporter plasmids along with either MLL1 or empty
expression vector (vector). (C) ChIP-qPCR analysis shows the effect of DNAmethylation andMYC expression
on MLL1 occupancy at the OCT2 promoter. (D) ChIP-qPCR analysis shows the effect of MYC knockdown on
H3K4me3 enrichment at OCT2 and GAPDH promoters. 786-O cells conditionally expressing shMYC-15 were
used in (C) and (D). Cells were treated with 2.5 mM DAC or Dox (1 mg/ml) for 72 hours. (E) Coimmunopreci-
pitation assay for MYC andMLL1. 786-O cells with or without DAC treatment were used. A total of 8% of the
cell lysates thatwere used for pull-down served as immunoblotting control. Pull-downantibodies are labeled
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and (G).
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inhibited RCC cells’ sensitization to oxali-
platin by DAC pretreatment (Fig. 6D).
Furthermore, MATE-2K, which exports
oxaliplatin out of cells, was also repressed
in RCC (fig. S7, A to C), and DAC pre-
treatment did not induce MATE-2K ex-
pression in RCC cell lines (fig. S7D).
These results together suggest that DAC
sensitizes RCC cell lines to oxaliplatin by
activating OCT2-mediated uptake of
oxaliplatin without boosting its efflux
from RCC cells.

The enhanced effects of combination
therapy with DAC and oxaliplatin were
also demonstrated in 786-O and Caki-
1 xenograft models. The drug administra-
tion timeline is shown in Fig. 7A. One
week after DAC pretreatment, E-Box
methylation at the OCT2 promoter
dropped to about 40% (fig. S8), and
OCT2 expression was induced in xeno-
grafted tumors (fig. S9). At 24 hours after
the first injection of oxaliplatin, tissue ac-
cumulation and DNA adduct formation
of platinum in tumors receiving the combi-
nation treatment (Combo group) increased
2.6- and 2.8-fold, respectively, compared to
those receiving oxaliplatin alone (Oxa
group) (Fig. 7, C andD). This indicates that
DAC pretreatment promotes the uptake of
oxaliplatin into RCC cells in vivo. With re-
gard to tumor growth, none of the single-
agent treatments showed any discernible
effect. By contrast, sequential combination
of DAC and oxaliplatin not only remark-
ablydelayed tumor growthbut also resulted
in >50% tumor shrinkage with prolonged
treatment in the Caki-1 model (Fig. 7, E
to G). Reversing the drug combination
sequence by administeringDAC1day after
oxaliplatin proved ineffective in inhibiting
tumor growth (Fig. 7, E and G). Collective-
ly, these findings demonstrate that epige-
netic activation of OCT2 by DAC promotes
cellular accumulation of oxaliplatin and con-
sequently sensitizesRCCcells to oxaliplatin
both in vitro and in xenografts.

Despite the enhanced cytotoxicity to
RCC cells, whether OCT2 activation by
DAC can cause potential side effects to
normal cells was a concern. Neuropathy is
the most frequent adverse effect of oxali-
platin (34). Because production of reactive
oxygen species is involved in oxaliplatin-
induced neuropathy, we measured serum
concentrations of advanced oxidized pro-
tein products (AOPPs) as a predictive
marker of oxaliplatin-inducedneuropathy
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Fig. 6. DAC sensitizes RCC cells to oxaliplatin through
OCT2 activation. (A and B) DAC treatment increased oxali-
platin cellular accumulation (A) and DNA adduct formation
(B) in RCC cells (one-tailed unpaired t test). Cells were treated
with 2.5 mM DAC for 72 hours and then exposed to 20 mM
oxaliplatin for 4 hours. (C) Combination index–fraction
affected plots of DAC and oxaliplatin combinations in RCC
cells. Plots were generated using the CompuSyn software.
Cytotoxicity index (CI) < 1, CI = 1, and CI > 1 indicate
synergism, additive effect, and antagonism, respectively.
Smaller CI value indicates stronger synergism. (D) IC50 values
and dose reduction index (DRI) of oxaliplatin in RCC cells re-

ceiving oxaliplatin alone or combination treatment. DRI is the ratio of IC50 (alone) to IC50 (combo), which
represents the fold-dose reduction of oxaliplatin at 50% inhibitory effect in combination. (E) Effects of
OCT2 knockdown on DAC-induced OCT2 activation. (F and G) Effects of OCT2 knockdown on oxaliplatin
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(35). Mice treated with oxaliplatin alone
or combination treatment all displayed
an elevation of serum AOPP. However,
we detected no significant difference be-
tween these groups of animals (fig. S10),
which predicts a low risk of aggravated
neuropathy in combination treatment.
Next, to evaluate the cytotoxicity to
normal renal and hepatic cells, we per-
formed histological analysis on kidney
and liver sections collected fromCaki-1 xe-
nografts. We found that DAC treatment
has no discernable effect onOCT2 expres-
sion in normal kidney (fig. S11A), and
nephrotoxicity was not observed in mice
receiving treatment with oxaliplatin alone
or in combination (fig. S11B). Unlike in
the kidney, DAC treatment did induce
OCT2 expression in liver (fig. S11A).
However, no clear signs of increased toxic-
ity to liver were observed in mice with
combination treatment (fig. S11B).
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DISCUSSION

Cancer cells defend themselves from che-
motherapies with resistance-mediating
transporters. So far, intensive studies have
focused on the overexpression of drug ex-
porters, including adenosine triphosphate
(ATP)–binding cassette (ABC) andmulti-
drug resistance protein (MRP) super-
families, which actively pump drugs out
of cells. Here, we suggest a correlation be-
tween the loss of uptake transporter expres-
sion and tumor cell resistance. Uptake
transporters expressed in kidney proximal
tubules include organic cation transporters
(OCT2,OCT3, OCTN1, andOCTN2), or-
ganic anion transporters (OAT1, OAT2,
OAT3, andOATP4C1), and peptide trans-
porters (PEPT1 and PEPT2) (36).We ana-
lyzed data from the Oncomine cancer
transcriptome database and found that
most of these uptake transporters, except
for OCTN2 and PEPT1, are transcription-
ally repressed in RCC at varying degrees
(11). Although most of the proteins
showing reduced expression have yet to be
characterized, previous studies strongly sug-
gest that reduction of uptake transporters at
least partially contributes to multidrug
resistance in RCC. OCT3 expression in
RCC cell lines has been shown to increase
chemosensitivity to cytostatics transported
byOCT3 (37). Here, we validatedOCT2 re-
pression at both transcription and protein
786-O

0 5 10 15 20
0

2

4

6

8
Control
DAC
Oxa
Combo

R
el

at
iv

e 
tu

m
o

r v
o

lu
m

e

0 10 20 30 40
0

5

10

15
Caki-1

Control
DAC
Oxa
Combo
Re-Combo

Days 

DAC
1st 
Oxa

2nd
Oxa

1st
DAC

1st 
Oxa

2nd
Oxa

0 9 13 19 34

786-O

Caki-1
3rd
Oxa

2nd
DAC

4th
Oxa

Control DAC Oxa Re-Combo Combo

Control

Oxa 

Combo

DAC

A

C D

F

Days 

E

DAC Control

OCT2

ATP2A2

70 kD

100 kD

DAC Control

786-O Caki-1B

22

0

100

200

300

400

Tissue accumulation

Pl
at

in
um

 a
cc

u
m

u
la

ti
o

n
 (n

g 
Pt

 p
er

 m
g 

tis
su

e)

0

200

400

600

DNA adduct formation

D
N

A
 a

dd
uc

t f
or

m
at

io
n 

(n
g 

Pt
/ m

g 
D

N
A

)

Oxa Combo Oxa Combo

G

Sacrifice

Sacrifice

Fig. 7. DAC sensitizes RCC cells to oxaliplatin in xenograftmodels. (A) Experiment timeline and dosing
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crudemembrane extractswere prepared from tumors to determineOCT2 expression. ATP2A2was used as a
loading control of membrane extracts. (C and D) Total platinum tissue accumulation and DNA adduct for-
mation in 786-O xenografted tumors. At 24 hours after the first oxaliplatin administration, platinum concen-
tration was determined by inductively coupled plasmamass spectrometry. Data are the means ± SEM from
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levels in RCC. Most of the samples were collected from patients with
RCC at less-advanced tumor-node-metastasis stages, indicating that
OCT2 repression already occurs during early stages of RCC onco-
genesis. Future studies in renal cancer stem cells should help further
decipher the role of OCT2 repression in RCC progression.

Figure S12 is a cartoon model illustrating the mechanisms
underlying OCT2 repression in RCC. Our data show that the active
OCT2 promoter in the normal kidney is characterized by a hypo-
methylated CGI and H3K4 trimethylation. We also identified MLL1
as the H3K4 methyltransferase responsible for H3K4 trimethylation
at the OCT2 promoter. In particular, MLL1 binding at the OCT2
promoter depends on the interaction withMYC.MYC binds to the un-
methylated E-Box and recruits MLL1 to catalyze H3K4 trimethylation
at the hypomethylated OCT2 promoter. Binding of transcription factors
and recruitment of H3K4 methyltransferases protect the CGI from
methylation (38). In contrast, the repressive OCT2 promoter in RCC
is characterized by a hypermethylated CGI and the absence of H3K4
methylation. DNA hypermethylation tested at the E-Box prevents
MYC binding, disrupts the interaction with MLL1, and further inter-
feres with MLL1 catalyzing H3K4me3 at the OCT2 promoter. In the
absence of the active chromatinmarker H3K4me3,OCT2 transcription
is inhibited. When the methylated CpGs are removed by DNA de-
methylating agents such as DAC, the MYC- and MLL1-mediated ma-
chinery is reestablished, thus reactivatingOCT2 transcription. The next
question that remains is regarding the causality between DNA hyper-
methylation and H3K4 demethylation at the OCT2 promoter during
RCC tumorigenesis.DNAmethylation is establishedbydenovoDNMTs
(DNMT3A and DNMT3B) and is perpetuated through cell division by
maintenance DNMT (DNMT1) (39). The ADD domain in de novo
DNMTs specifically recognizes unmethylated H3K4 (39–42). Thus, the
removal ofH3K4methylation by histone lysine–specific demethylases
is a prerequisite for establishing DNA methylation at OCT2.

Here, we elucidated part of the interactome that regulates OCT2 re-
pression in RCC. However, some issues remain unclear: the specific
DNMTs, histone lysine demethylases, and other chromatin regulators
that function at the OCT2 promoter; the mechanism by which these
chromatin modifiers are recruited to theOCT2 promoter; and the pos-
sibility of other transcription factors being involved inOCT2 regulation.
To better understand the complete network of OCT2 regulation in
RCC, reverse ChIP, also known as proteomics of isolated chromatin
segments (PICh), may be required in the future to characterize the pro-
tein complexes associated with theOCT2 locus in vivo (43, 44).We also
noted that, in comparison to the complete loss of expression at the pro-
tein level, OCT2 transcriptional repression occurred at varying degrees,
suggesting the coexistence of other pathways such as posttranscriptional
and/or posttranslational regulation of OCT2 repression in RCC.

Oxaliplatin, a platinum-based anticancer drug, covalently binds to
DNA and forms DNA adducts, triggering various signal transduction
pathways that contribute to cell death. Insufficient DNA binding would
cause platinum resistance in cancer cells, and thus, cellular accumula-
tion of the drug is a crucial determinant of oxaliplatin cytotoxicity (5).
Transportation of oxaliplatin ismediated by organic cation transporters
(mainly by OCT2 and weakly by OCT3) as well as a member of the
multidrug and toxin extrusion family, MATE-2K (45). Expression of
these transporters controls oxaliplatin accumulation and cytotoxicity
in cells. Organic cation transporters expressed on the basolateral side
of renal tubules, especially OCT2, which is 20 times more abundant
than OCT3 (36), mediate the uptake of oxaliplatin from the circulation
www.Sc
into tubule epithelial cells. Subsequently MATE-2K expressed on the
apical side actively pumps oxaliplatin out of the cells and into the urine.
This pump-in and pump-out system prevents accumulation of oxali-
platin in normal renal cells, which partially explains why oxaliplatin
therapy is usually devoid of nephrotoxicity (45). In contrast to normal
renal cells, both OCT2 and MATE-2K are repressed in RCC. In-
adequate accumulationof oxaliplatin inRCCcells results in therapy fail-
ure. After DAC treatment, only the expression of OCT2, but not
MATE-2K, is restored in RCC cells, resulting in high uptake but low
efflux of oxaliplatin and consequently high accumulation and increased
cytotoxicity of oxaliplatin in RCC cells. The different transportation
patterns between normal renal cells and RCC cells (as illustrated in
fig. S13) make DAC-oxaliplatin combination a potential therapy target-
ingRCCcells anddevoid of toxicity to noncancerous adjacent renal cells.

OCT2expression in thenervous systemplays a vital role inoxaliplatin-
induced neuropathy (46).Whether DAC treatment affects OCT2 ex-
pression in nervous system is as yet unknown. Although the serum
concentration of AOPPs predicts a low risk of aggravated neuropathy
in combination therapy, further histological analysis in the peripheral
nervous system will be needed to evaluate the effect of combination
treatment on oxaliplatin-induced neurotoxicity.

In summary, our data suggest that sequential combination of DAC
and oxaliplatin is a promising treatment option that sensitizes RCC cells
to oxaliplatin by activating OCT2-mediated transportation of oxali-
platin into cancer cells. To facilitate clinical application, developing a
sensitivemethod to analyzeOCT2 promotermethylation in body fluids
will help fine-tune the combination strategy (including dosage, inter-
vals, or combining with a third agent) and optimize the safety and ef-
ficacy ofDAC-oxaliplatin combination therapy in the treatment of RCC.

To date, high-resolution and high-throughput technologies have
provided unprecedented data regarding multidimensional cancer omics,
including genome, epigenome, transcriptome, proteome, andmetabolome
systems (47). Our study highlights the potential of translating biological in-
sights from the ever-increasing omics data into therapeutic advances.
MATERIALS AND METHODS

Study design
Driven by preliminary data from a public omics database, this study
aimed to explore the epigenetic mechanisms underlying the repression
of the organic cation transporter OCT2 in RCC and its translational
relevance for targeted therapies. Tissue samples from 46 patients with
RCC were collected from the Specimen Bank of Zhejiang Cancer Hos-
pital at Hangzhou, China, with the approval by the Institutional Review
Board of Zhejiang Cancer Hospital. Patient information was provided
in table S1. In vivo efficacy studies in xenograft models were performed
according to institutional guidelines, with the approval of ZhejiangUni-
versity Animal Care and Use Committee. All animals were randomly
assigned to treatment groups. Mice were euthanized if tumor size
reached 1500 mm3, and otherwise, they were euthanized at the end of
the study. Experimental replications were defined in each figure legend.
All statistical analyseswere verified byK.Chen (School of PublicHealth,
Zhejiang University).

Tissue microarray
HumanRCCTMAwas purchased from Shanghai Outdo Biotech (OD-
CT-UrKid03). The TMAcontained 62 tumorous andmatched adjacent
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nontumorous cores from 31 cases, including 10, 11, and 11 cases for clear
cell RCC, chromophobe RCC, and papillary RCC, respectively (table S2).

Experimental methods
Sequence information of shRNAs and primers is provided in tables S3
and S4, respectively. Detailed descriptions of experimental methods
are provided in Supplementary Materials and Methods.

Statistical analysis
Meta-analysis of OCT2 differential transcription between the normal
kidney and RCC populations was performed on Oncomine with one-
tailed unpaired t test. Other statistical analyses were performed using
GraphPad Prism version 6.0. Two-tailed Fisher’s exact test was used
to evaluate the difference of staining results between RCC tissues and
adjacent nontumor tissues. Two-tailed paired t test was used to analyze
(i)OCT2 transcription difference and (ii) overall methylation frequency
difference between RCC tissues and paired adjacent nontumor tissues.
Two-tailed unpaired t test was used to analyze E-Box methylation dif-
ferences between OCT2 strongly and weakly repressed populations.
One-tailed unpaired t test was used to analyze the differences in
platinum amount between cells with and without DAC treatment.
Two-way ANOVA with Bonferroni’s multiple comparison test (a =
0.05) was used in analyzing (i) the interaction between shRNA expres-
sion and DAC treatment and their effects on gene expression and (ii)
the interaction between shRNA expression and DAC treatment and
their effects on platinum accumulation and DNA adduct formation
in RCC cell lines. One-way ANOVA with Bonferroni’s multiple com-
parison test (a = 0.05) was used in analyzing AOPP serum concentra-
tion differences between treatment groups.
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Materials and Methods
Fig. S1. OCT2 is repressed in RCC.
Fig. S2. BSP and MS-AP-qPCR were validated with control DNA template.
Fig. S3. DAC treatment demethylates the E-Box at the OCT2 promoter in RCC cell lines.
Fig. S4. MLL1 knockdown and DAC treatment do not affect PPIA expression in 786-O cells.
Fig. S5. OCT2 contributes to transport and cytotoxicity of oxaliplatin in RCC cells.
Fig. S6. Combination with DAC does not sensitize RCC cell lines to cisplatin and carboplatin.
Fig. S7. DAC treatment does not restore MATE-2K expression in RCC.
Fig. S8. DAC demethylates the E-Box at the OCT2 promoter in xenografts.
Fig. S9. DAC induces OCT2 expression in xenografted tumors.
Fig. S10. Combination treatment does not increase AOPP serum concentration in Caki-1 xenografts.
Fig. S11. Histological analysis was performed on kidney and liver sections collected from Caki-
1 xenografts.
Fig. S12. Cartoon model illustrates OCT2 transcription machinery in the kidney.
Fig. S13. Cartoon model illustrates oxaliplatin transportation in normal renal cells and RCC cells.
Table S1. Tissue specimen information.
Table S2. TMA information.
Table S3. shRNAs used in this study.
Table S4. Primers used in this study.
Table S5. Methylation analysis results of individual tissues (provided as an Excel file).
Table S6. Tumor xenograft data (provided as an Excel file).
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Editor's Summary

 
 
 
treatment, so oxaliplatin accumulates in treated cancer cells, but not in the surrounding normal tissues.
oxaliplatin out of renal cells into the urine, is repressed in cancer cells regardless of decitabine 
in mouse models. The researchers also found that MATE-2K, another transporter that normally pumps
that reverses epigenetic silencing of OCT2, followed by oxaliplatin, and demonstrated its effectiveness 
and figured out the underlying mechanism, then designed a combination therapy with decitabine, a drug
chemotherapy drug, into cells. The authors found that OCT2 was epigenetically silenced in renal cancer 

 investigated the role of OCT2, a protein that normally transports oxaliplatin, a commonet al.Liu 
Renal cell carcinoma is a common cancer that is often resistant to chemotherapy. To address this,
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