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Abstract

Background: Human organic cation transporter 2 (OCT?2) is the most abundant and important uptake
transporter involved in the renal excretion of cationic drugs. Abnormal hypermethylation- mediated
silencing of OCT2 results in oxaliplatin resistance in renal cell carcinoma (RCC). The epigenetic
activation of OCT2 by decitabine (DAC) reversed this resistance in normoxic conditions. Given the
hypoxic characteristic of RCC, it is still unclear whether hypoxia promotes DAC resistance and is
involved in the regulation of OCT2.

Methods: The mRNA and protein expression of OCT2 was determined by qRT-PCR and Western
blotting. MSRE-qPCR and BSP were used to examine methylation modifications at the OCT2 promoter.
The ChIP-gPCR analysis was performed to detect the abundance of histone modification and HIF-1a. The
accumulation of DAC and 5-mC were detected using LC-MS, and the amount of 5-hmC was determined
by dot blot analysis. To understand the role of hypoxia in the regulation of equilibrative nucleoside
transporter 1 (ENTT) expression, the HIF-1a KO cell model was constructed. The re-emulsion method
was used for the construction of H-NPs, an oxygen nanocarrier based on hemoglobin, to alleviate the
drug resistance of DAC under hypoxia.

Results: DAC was unable to upregulate OCT2 expression in hypoxic conditions because of the
hypermethylation and low H3K4me3 modification in its promoter region. Hypoxia-mediated repression
of human ENTI, which was markedly suppressed in RCC, resulted in a decrease in the cellular
accumulation of DAC. Besides, hypoxia-induced upregulation of histone deacetylase HDAC9, which
impaired the enrichment of H3K27ac modification in the OCT2 promoter, led to the transcriptional
repression of OCT2. H-NPs could attenuate the hypoxia-induced loss of DAC activity and sensitize RCC
cells to the sequential combination therapy of DAC and oxaliplatin.

Conclusions: Hypoxia-mediated repression of ENTI led to the inability of DAC to upregulate the
expression of OCT?2 under hypoxia. H-NPs could alleviate resistance to oxaliplatin and DAC in RCC cells
under hypoxia and may have potential clinical applications.
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Introduction

Renal cell carcinoma (RCC) is the most lethal
type of urinary tract cancer, with an incidence of

approximately 3.8% and accounts for 2.5% of all
mortalities related to adult malignancies [1]. Among
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all subtypes, clear cell renal cell carcinoma (ccRCC)
accounts for 70%-75% of RCCs [2], which are
insensitive to radiotherapy. Only 10%-15% of
chemotherapy regimens for metastatic renal cell
carcinoma (MRCC) are effective [3]. Patients
undergoing targeted therapies or immunotherapies,
the current clinical practices in the treatment of
mRCC, may still experience serious adverse reactions
or acquired resistance [4-7]. Therefore, there is an
urgent need to explore and develop new targets or
combination drug therapies with reduced toxicity and
better efficacy. Human organic cation transporter 2
(OCT2, encoded by SLC22A2) is the most abundant
and important uptake transporter in the renal
excretion process of cationic drugs. In a previous
study, we reported that abnormal hypermethylation-
mediated silencing of OCT2 resulted in the resistance
of renal cancer cells to oxaliplatin and platinum-based
chemotherapeutic agents [8, 9].

DNA methylation refers to the addition of a
methyl group at the C-5 position of cytosine (5-mC),
predominantly within CpG dinucleotides, by
maintenance or de novo DNA methyltransferases
(mainly DNMT1, DNMT3A, and DNMT3B) [10].
Hypermethylation in distal or proximal gene
regulatory elements, including transcriptional start
sites (TSS) and enhancers, is often associated with the
transcriptional repression of nearby genes [11]. In the
mammalian lifecycle, DNA methylation can be
dynamically regulated by active DNA demethylation
pathways, including the ten-eleven-translocation
(TET) enzyme-mediated stepwise oxidation of 5-mC,
activation-induced deaminase (AID), DNA glycosy-
lase (TDG)-mediated deamination of 5-mC to thymine
coupled with base excision repair, or passive DNA
demethylation pathways (inhibition of DNMTs)[12].
Previous studies have shown that the combination of
decitabine (DAC), an inhibitor of DNMTs, with the
traditional chemotherapy drug oxaliplatin yielded
satisfactory anticancer effects both in vitro and in vivo
experiments by reversal of hypermethylation in the
promoter of SLC22A2, thereby increasing the
expression of OCT?2 in renal cancer cells [8, 9].

A hypoxic microenvironment is found in up to
50%-60% of solid tumors [13] and is typically
associated with abnormal vasculature and increased
oxygen consumption by cancer cells [14]. Hypoxia
induces the stabilization of hypoxia-inducible factors
(HIF), which exerts a pivotal role in tumor
progression through regulating the expression of
downstream target genes involved in proliferation,
apoptosis, angiogenesis, genetic instability, tumor
metabolism, and immune response [15]. Hypoxic
tumors exhibit enhanced resistance to radiation and
chemotherapy because of the inhibition of apoptosis

or senescence and the activation of drug efflux or
cellular metabolism [16]. Hypoxic tumor cells also
display a distinct epigenetic profile [17]. Evidence has
accumulated showing that hypoxia can lead to the
downregulation of DNMTs [18], render the
oxygen-dependent TET enzymes [19] or histone
demethylation inactive [20, 21], influence the levels of
histone methylation and acetylation [17, 22], and
regulate the expression of non-coding RNAs [23].
Oxygen concentration in normal kidney tissues is
95% [21], but RCC, as a solid tumor, exhibits a
hypoxic tumor microenvironment. Although the
sequential combination therapy of DAC and
oxaliplatin exerts a remarkable antitumor effect, it is
still unclear if this therapeutic scheme is effective in a
hypoxic environment and if hypoxia is involved in the
regulation of OCT2.

In this study, we have investigated the demeth-
ylating effect of DAC in a hypoxic environment and
investigated the mechanisms underlying hypoxia-
mediated DAC resistance and OCT2 repression in
RCC. Furthermore, we developed a simple and
efficient oxygen nanocarrier based on hemoglobin,
H-NPs, in combination with DAC to alleviate
hypoxia-mediated drug resistance of oxaliplatin and
DAC in RCC.

Methods

Cell culture and Drug Treatment

RCC cell lines (786-O, 769-P, Caki-1-1, ACHN,
RCC4) and HEK-293T cell lines were obtained from
the Chinese Academy of Science Committee on type
culture collection cell libraries. Cell lines were
maintained following instructions from ATCC. The
hypoxia cell model was cultured in anaerobic
incubator (Electrotek AW400SG, England) at 1%
oxygen concentration. The three-dimensional cell
sphere was cultured in DMEM/F-12 containing 2
mM/L glutamine, 100 U/mL penicillin and
streptomycin, 1xB27, 20 ng/mL EGF, 10 ng/mL FGF
in ultra-low adherent petri dish (Corning).

For decitabine (Sigma-Aldrich), NBTI (Sigma-
Aldrich) and DMOG (D136754, Aladdin) treatment,
cells were seeded into 6-well plates and pre-cultured
to 10%~20% confluency. Indicated doses of drug were
added to cell culture medium, which was refreshed
daily.

Patient samples collection

Human matched renal normal-tumor surgical
samples were collected from 40 renal cell carcinoma
patients in Specimen Bank of Zhejiang Cancer
Hospital (Hangzhou, China), with the approval by the
Institutional Review Board of Zhejiang Cancer Hospi-
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tal (No. 2014-08-76). Relevant pathological informa-
tion were summarize in supplementary Table S3.

Animals

Six-week-old male BALB/c-nu mice were
ordered from Shanghai slack laboratory animal co.,
LTD China. All animal protocols followed
institutional guidelines and were approved by
Zhejiang University Animal Care and Use Committee.

RNA extraction and quantitative real-time
PCR

Total RNA from cell lines was isolated with a
Axygen total RNA mini-prep kit, while total RNA
from tissue samples was isolated by a total RNA mini-
prep kit (Tiangen). Then PrimeScript® RT Master Mix
(DRRO36A, Takara) was used to reverse transcribe 500
ng RNA. Quantitative real time PCR was performed
with SYBR ® Premix EX Taq (Takara) in StepOnePlus
Real-Time PCR System (StepOnePlus) and AACt
method was used for gene expression analysis with
GAPDH as internal control. Primers used in this study
were listed in supplementary Table S1.

Western blot analysis

Cells were harvested and lysed using RIPA
buffer (Beyotime) supplemented with PMSF
(Beyotime), leupeptin (Beyotime) and pepstatin
(Beyotime). The membrane proteins were extracted by
Mem-PER™ Plus Membrane Protein Extraction kit
(Thermo Fisher, USA). The protein concentrations of
lysate were determined by bicinchoninic acid (BCA)
assay. Protein extracvts were subjected to SDS-PAGE
analysis and transferred to polyvinylidene difluoride
(PVDF) membrane after electrophoresis. The
membranes were blocked with 5% BSA buffer
followed by antibody hybridization and then
visualized in G-BOX gel imaging system (Chemi XR 5,
Syngene). Antibodies and dilution ratio in this study
include anti-OCT2 (HPAO008567, Sigma-Aldrich) at
1:200 dilution, anti-GAPDH (KC-5G4, Kangchen) at
1:5000 dilution, anti-ATP2A2 (AB54032, Sangon
Biotech) at 1:5000 dilution, anti-ENT1 (11337-1-AP,
proteintech) at 1:1000 dilution, anti-HIF-1a (610958,
BD Biosciences), (NB100-105, Novus) at 1:800 dilution,
anti-HIF-2a (NB100-122, Novus) at 1:1000 dilution,
anti-H3K27ac (ab4729, Abcam) at 1:3000 dilution,
anti-H3K18Ac (ab1191, Abcam) at 1:3000 dilution and
anti-H3 (ab1791, Abcam) at 1:3000 dilution.

Dot blot analysis

Genomic DNA was isolated with QlAamp®
DNA Mini Kit (Qiagen) and quantified by NanoDrop
2000 then diluted to the same concentration with
ddH2O. The extracted DNA was then added with 4 M
NaOH and incubated at 95 °C for 10 min, cooled on

ice. 1 pL of the sample was dropped on nitrocellulose
membranes carefully. Each side did UV irradiation
(2000 w) for 15 min. The crosslinked nylon membrane
was placed in a blocking solution (5% BSA) at room
temperature for 1 h, followed by anti-5-hmC (1:1000)
hybridization, and then incubated with secondary
antibody (1:5000) for 2 h. Finally, G-BOX gel imaging
system (Chemi XR 5, Syngene) was used for
densitometry analysis.

Immunohistochemistry (IHC)

Human matched renal normal-tumour surgical
samples were collected and fixed in formaldehyde
immediately. Subsequent histological experiments
were undertaken by Wuhan Servicebio Technology
Co., Ltd. Anti-ENT1 (11337-1-AP, proteintech) was
used for immunofluorescence staining at 1:200
dilution. The results of IHC were viewed and
analyzed in Case Viewer software.

Bisulfite Sequencing Analysis

BSP experiments were carried out as previously
described[8]. Bisulfite specific primers used in this
study were listed in supplementary Table S1. At least
10 clones for each sample were sequenced analyzed.

Methylation-sensitive restriction
enzymes-qPCR (MSRE-qPCR)

MSRE-qPCR experiments were carried out as
previously described[8] with minor modification.
Briefly, Genomic DNA was isolated with QIAamp®
DNA Mini Kit (Qiagen). 200 ng DNA of each group
was used for restriction endonuclease reaction
(Pmil+Xbal+/Pmil-Xbal+) 37 °C water bath for 2 h
and terminated at 80 °C for 10 min. The products were
analyzed by quantitative real-time PCR (primers were
listed in supplementary Table S1). The E-Box
methylation was calculated by the following equation:

Methylated E Box % =2-(CtPmil+Xbal-Ct Xbal) x1(00% ,

Analysis of global 5-mC levels in cultured cells

RCC cells were seeded into 24-well plates. 48 h
later, cells were washed with 200 pL Hanks Balanced
Salt Solutions (HBSS) twice, followed by 100 pL
sodium dodecyl sulfonate (SDS, Sigma) to lyse cells.
After repeated pipetting for more than 20 times, all
the lysates were transferred to a 1.5 mL centrifuge
tube, then centrifuge at 13,000 rpm for 15 min at room
temperature. Transfer 40 pL of the supernatant to a
new centrifuge tube, add 80 pL of acetonitrile
precipitated protein containing 50 ng/mL internal
standard (deuterated isotope of cytosine) , vortex for
15 s, centrifuge at room temperature for 15 min at
13,000 rpm. Remove 100 pL of supernatant for further
determination.
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Quantitative detection of cytosine and methylcy-
tosine was performed on Waters Xevo TQD (Waters,
USA), with detailed parameters below:

Chromatographic conditions: TSKGel Amide-80
(2.0 mm x 150 mm, particle size 5 pm) was used for
5-mC detection. Phase A is pure water and Phase B is
methanol containing 0.1% formic acid. The flow rate
was 0.300 mL/min, the injection volume was 7.0 pL,
and the autosampler temperature was 10 °C. Isocratic
elution with elution conditions of 30% A, 70% B.

Mass spectrometry conditions: ESI*, ion source
temperature 140 °C, desolvation temperature: 350 °C,
capillary voltage: 2.5 kV, cone voltage: 30 V, collision
energy: 20 V, collision gas velocity: 0.15 mL/min,
desolvation gas flow rate was 1000 L/h, the cone gas
flow rate was 150 L/h, MRM monitoring mode.

Quantitative ion pair: cytosine m/z 112—95;
methylcytosine m/z 126—109; cytosine isotope my/z
115—98.

Cellular uptake assays

Entecavir (ETV) provided by Meilun Biologic
Co., Ltd. (Dalian, China) is a substrate of ENT1 and
was applied to determine the transport activity of
ENT1. The quantification of ETV in cell lysates was
detected by an Agilent 1290-6460 liquid chroma-
tography-mass spectrometer with a triple quadrupole
mass spectrometer (Agilent, Santa Clara, CA) with the
method established in our laboratory before.

The accumulation of DAC was detected using
LC-MS by Agilent 1290-6460. RCC cells were
incubated in HBSS containing 500 pM DAC or ENT1
inhibitor, NBTI (Sigma), at 37 °C for 3 min after rinsed
3 times with pre-warmed HBSS. 1 ng/mL loratadine
(Aladdin) was wused as internal standard.
Chromatographic conditions of DAC detection was
same to 5-mC as described in 2.10.

Mass spectrometry conditions: ESI*, ion source
temperature: 140 °C, desolvation temperature: 350 °C,
capillary voltage: 3.5 kV; cone voltage: 500 V,
gasification gas flow: 5 L/min, spray pressure: 45 psi,
sheath gas temperature was 350 °C, the sheath gas
flow rate was 11 L/ min.

Quantitative ion pair: DAC m/z 251—135,
fragmentation voltage and collision energy were 100
V and 4 V, respectively; loratadine (IS) m/z 383—337,
fragmentation voltage and collision energy were 170
V and 20 V, respectively.

Construction of ENT1 stablely expressed cell
model

ENT1 stable expressed 769-P cell lines were
constructed for further research. PCDH-ENT1
plasmid was constructed for lentiviral transfection.
Cells were performed qRT-PCR, western-blot and

uptake assays to ensure the transport function of
ENT1 stable expressed 769-P (termed pCDH-ENT1 ).

Chromatin Immunoprecipitation (ChlP) Assay

ChIP experiments were performed as previously
described[8]. Primers used in ChIP-qPCR are listed in
supplementary Table S1. ChIP grade antibodies, used
in this study, including anti-HIF-1a (610958, BD Bio-
sciences), anti-HIF-1la (NB100-105, Novus), anti-H3
(ab1791, Abcam), Anti-RNA polymerase II (ab5408,
Abcam), anti-H3K27ac (ab4729, Abcam) and normal
rabbit IgG (sc-2027, Santa Cruz Biotechnology).
Enrichment was normalized to total input.

Preparation of H-NPs, F-D-H-NPs, and
ICG-H-NPs

The re-emulsion method was used for the
construction of H-NPs. Briefly, 400 pL of hemoglobin
(Bovine, Sinopharm) solution was placed in a 10 mL
centrifuge tube, added 2 mL oil phase (PLGA
solution, Sigma) was added and mixed using a
whirlpool oscillator ice bath ultrasound for 3 minutes
in the ultrasonic breaker to form colostrum. After
complete emulsification, 1% of PVA and F68 solution
(70:30, v/v) was added and subjected to low-temp
ultrasound for 5 min to re-form the emulsion. A
decompression rotary evaporator was used to remove
the organic solvents, and the mixture was centrifuged
at 10,000 rpm for 10 min. Subsequently, the super-
natant was removed, the pellet was washed with
distilled water 3 times, freeze-dried, and re-dissolved
in deionized water to form PLGA-HB-NPs. The
chitosan was dissolved () stirred by for 20 min. The
obtained PLGA-HB-NPs solution was added drop-
wise into 1 mg/mL chitosan solution in deionized
water and incubated for 12 h at 4 °C with magnetic
stirring. The solution was centrifuged for 30 min at
12,000 rpm, then for 6 min at 15,000 rpm and finally
filtered through 0.45 pm membrane. Oxygen carriers
were charged with oxygen in the medium for 3 s
before use.

The Fluorescein isocyanate (FITC)-stained chito-
san was prepared as described in the previous report
[24]. In brief, 200 mg chitosan solution was dissolved
in 20 mL 0.1 M acetic acid to which 10 mL FITC
solution (including 2 mg/mL methanol) was added,
stirred in the darkroom for 3 h, and pH was adjusted
to 8.0-9.0 by 0.5 M NaOH solution. The mixture was
centrifuged for 15 minutes at 20,000 rpm and the
supernatant was removed, washed with deionized
water, re-dissolved in 20 mL 0.1 M acetic acid
solution, and dialyzed (10-12 kDA) in deionized water
for 3 days in the darkroom. The FITC-chitosan was
then examined by fluorescence microscopy (excitation
wavelength 495 nm). Next, 1,1'-dioctadecyl-3,3,3',3'-
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tetramethylindocarbocyanine perchlorate (Dil) solu-
tion 2 pg/mL in DMSO was crosslinked to chitosan.
The preparation process of the FITC and Dil double-
stained H-NPs (F-D-H-NPs) was the same as H-NPs.
The chitosan was pre-stained by indocyanine green
(ICG). Briefly, ICG, EDC, and DMAP (ICG/EDC/
DMAP - 1:3:3 mol/mol/mol) were reacted for 1 h at
45 °C in aqueous solution. Chitosan was then added
to the solution with stirring for 24 h. The solution was
centrifugated and rinsed with deionized water
repeatedly to remove the wunreacted ICG. The
ICG-chitosan was used to prepare the ICG-H-NPs the
preparation process of which was the same as
F-D-H-NPs.

Characterization of H-NPs

The particle size distribution and Zeta-potential
of H-NPs were measured by the dynamic light
scattering instrument (Malvern, UK). H-NPs were
observed by Transmission Electron Microscopy
(TEM) instrument (HITACHI) and pre-negative
staining by 2% phosphotungstic acid (PTA) was
performed. The uv-vis spectra of oxy/deoxyhemo-
globin- and oxygen- loaded/unloaded H-NPs were
measured by ultraviolet-visible spectrophotometer
(Persee).

The loading efficiency (LE) and encapsulation
efficiency (EE) of nanocarriers

The Loading efficiency (LE) and encapsulation
efficiency (EE) of the nanocarriers were measured by
bicinchoninic acid (BCA) assay (Beyotime). Tested by
automatic microplate reader (molecular devices) at
BCA module. The calculations were based on the
following equations.

Loading efficiency(LE)=

The weight of hemoglobin encapsulated in H—Nps
Total weight of H—Nps

*100% (1)

Encapsulation efficiency (EE)=

The mass of hemoglobin encapsulated in H—Nps

+100% (2)

Total mass of hemoglobin initially in H—Nps

Platinum quantification by ICP-MS

Cells were incubated at 37 °C in the presence of
100 pM oxaliplatin (Sigma) for 48 h. Cells were
washed twice with ice cold PBS and collected by
centrifugation. A small amount of cell pellet was
taken for cell counting. The amount of platinum in
samples was determined by inductively coupled
plasma mass spectrometry (ICP-MS, Hangzhou
Leading Pharmatech Co.,Ltd, China).

In-vivo imaging
The distribution of renal targeting H-NPs in
nude mice was investigated by imaging system (CRi

Maestro, USA) (ex: 704 nm and filter: 735 nm). The
ICG-H-NPs was injected via the tail vein (0.6
mg/mL). Blank group of animals received the same
volume of saline. The mice were euthanasia 9 h after
intravenous injection. The major organs including
heart, liver, spleen and kidneys were collected for
biodistribution analysis.

Statistical Analysis

Statistical ananlysis was performed using
Graphpad Prism 5 (Graphpad Softwear, La Jolla, CA).
Image ] was used for westernblot grayscale analysis.
Student’s t test (two-tailed) was used to compare
experimental groups with controls. Wilcoxon
signed-rank test was used to compare the expression
of ENT1 between matched renal normal-tumor
samples. Oneway-ANOVA analysis was used to test
the difference between the means of several
subgroups. P values < 0.05 were considered
statistically significant. All statistical analyses were
expressed as mean * s.e.m. Each experiment was
performed at least 3 independent replicates.

Results

Hypoxia-mediated inhibition of the
demethylating effect of DAC

Given the hypoxic characteristic of RCC, we
aimed to explore the effects of hypoxia on the
demethylating activity of DAC in RCC cells. The
mRNA and protein expression were detected in RCC
cells after treatment with DAC for 72 h in normoxic
(20% oxygen) and hypoxic (1% oxygen) conditions.
Consistent with previous studies [8], both mRNA and
protein expression of OCT2 was significantly
upregulated by DAC under normoxia, whereas no
significant transcriptional induction was observed in
hypoxia (Figure 1A, B and Figure S1C). As shown in
Figure 1C, a CpG island (CGI) containing 13 CpG sites
was located within the OCT2 proximal promoter
region, and the 4t CpG site was identified inside the
E-BOX motif (CACGTG). DNA methylation in this
region was negatively correlated with the expression
of OCT2. To address whether hypoxia contributed to
DAC resistance in RCC cells through modulation of
the demethylation effect of DAC, methylation-
sensitive restriction enzyme-qPCR (MSRE-qPCR)
analysis was used to detect the methylation frequency
of the E-BOX motif. As shown in Figure 1D, after
treatment with DAC, hypermethylation of the E-BOX
motif was reduced in normoxic conditions.
Conversely, in hypoxic conditions, DAC was unable
to exert a DNA-demethylating function. To further
evaluate the demethylating activity of DAC during
hypoxia, bisulfite sequencing PCR (BSP) was applied
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to examine the methylation modifications of each
CPG site after DAC treatment in normoxic and
hypoxic conditions. The results were consistent with
those of MSRE-qPCR analysis. In comparison with the
dramatic decline in the probability of methylation
under normoxia, hypermethylation was maintained
at each CPG site after DAC treatment in hypoxic
conditions (Figure 1E).

Previous research in  our laboratory
demonstrated that DNA hypermethylation coincided
with a gene-specific loss of trimethylation at Lys4 of
H3 (H3K4me3) at the OCT2 promoter. The chromatin
immunoprecipitation (ChIP)-qPCR analysis was also
performed to detect the abundance of H3K4me3 at
various oxygen concentrations. Highly enriched
H3K4me3 was observed around the TSS of OCT?2 after
DAC treatment under normoxia, whereas no
significant upregulation was detected under hypoxia
(Figure S1D). Together, hypermethylation and low
H3K4me3 modification (a transcriptional repression
signal) in the promoter region of OCT2 provided

evidence that DAC was unable to upregulate the
expression of OCT?2 in hypoxic conditions.

Hypoxia-mediated regulation of key factors in
dynamic methylation of DNA

As DAC is a broad-spectrum demethylating
agent, to investigate whether the failure of
demethylating activity was gene-specific, a liquid
chromatography-mass spectrometry (LC-MS) method
was employed to quantitatively detect cytosine (Cyt)
and 5-methylcytosine (5-mC) content in RCC cell lines
after treatment with DAC for 72 h in normoxic and
hypoxic conditions. As displayed in Figure 2A, the
amount of 5-mC as a proportion of total Cyt was
remarkably decreased after DAC treatment under
normoxia, whereas only a slight decrease was
observed under hypoxia in 786-O RCC cells. Similar
to OCT2, quantitative RT-PCR analysis of OCTI,
OCT3, OAT4, and PHT2, which could be induced by
DAC in normoxic conditions, revealed that the upreg-
ulation of these genes by DAC was decreased, or even
disappeared, in hypoxic conditions (Figure S2A).
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Figure 1. The demethylation effect of DAC was blocked under hypoxia. (A) Quantitative RT-PCR analysis of SLC22A2 mRNA transcripts in 3 RCC cell
lines (786-0, 769-P, Caki-1) after being treated with 2.5 pmol/L DAC for 72 h in normoxia and hypoxia. (B) Immunoblotting of OCT2 in 786-O and 769-P at 72 h after
DAC treatment, membrane protein was extracted to determine the protein expression of OCT2. ATP2A2 was used as a loading control of membrane extracts. (C)
Schematic diagram of CpG island, bisulfite sequencing region and E-BOX motif in the upstream of SLC22A2 TSS. TSS, transcription start site. (D) MSRE-qPCR analysis
of E-BOX methylation frequency in 786-O and 769-P cell lines, treated with DAC for 72 h in normoxia and hypoxia separately. (E) BSP analysis of each CpG site’s
methylation probability at the promoter of SLC22A2 gene in 786-O and 769-P cell lines under normoxia or hypoxia, in the presence or absence of DAC for 72 h. The
results of each group derives from at least 10 sequenced clones. Solid black dots indicate that the CpG site is methylated, while hollow dots indicate non-methylation.
N, normoxia; H, hypoxia.
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Figure 2. Hypoxia mediated regulation of key factors in the process of DNA dynamic methylation. (A) Proportion of 5-methylcytosine (5-mC) in total
cytosine (Cyt) in 786-O and 769-P was detected after being treated with DAC for 72 h, in normoxia or hypoxia. The mRNA expression level of DNMTI, DNMTS3,
DNMT3b (B)and TETs (C)was significantly decreased during hypoxia in 786-O and 769-P compared with normoxia. Comparison of TET | protein expression (D) and
5-hmC abundance (E) in 786-O, 769-P, Caki-1 and ACHN cell lines under hypoxia or normoxia by westernblot and dotblot separately. (F) The expression level of
TET1 and OCT2 in 786-O and 769-P was detected by RT-PCR after TET1 knock-down and 72 h DAC treatment. (H) The expression level of OCT2 were assayed
in 786-O and 769-P cell lines transfected with TET| catalytic domain expression vector or empty vector. The mRNA expression level of TETI (H) and the density of
5-hmC (G) were detected to ensure successful overexpression of TET1. TET1-CD, TET1 catalytic domain; N, normoxia; H, hypoxia.

We further investigated the specific mechanisms
of hypoxia-mediated DAC resistance in RCC cells by
analyzing the expression of key factors in the process
of dynamic DNA methylation, including DNMTs,
TETs, AID, and TDG. Similar to the results of a
previous study [18], hypoxia led to the down-
regulation of DNMTs, including DNMT1, DNMT3a,
and DNMT3b, in RCC cells (Figure 2B). Given that
hypoxia is linked to the decreased expression of
DNMTs, no significant alteration was observed in
matched human renal normal-tumor samples (Figure
S2B); it is unlikely to be the predominant epigenetic
change that prevents the demethylating activity of
DAC. The activity of TETs (methylcytosine
dioxygenases) was reported to be reduced by tumor
hypoxia [19]. The qPCR and immunoblotting analyses
have demonstrated that the TET expression and the
oxidizing activity of 5-mC to 5-hmC were suppressed

by hypoxia in RCC cell lines (Figure 2C-E). A com-
parison of matched normal-tumor samples indicated
that transcription, as well as the activity of TETs, were
significantly decreased in RCC (Figure S2C, D).

Next, we attempted to investigate whether the
hypoxia-mediated decrease in TET expression and
activity overcame the demethylating function of DAC,
leading to the accumulation of 5-mC and maintenance
of the hypermethylated state. The silencing of TET1
was performed under normoxia to simulate the
hypoxia-mediated TET1 repression, followed by DAC
treatment for 72 h. We found that DAC still
contributed to the transcriptional activation of OCT2
(Figure 2F). Overexpression of the TET1 catalytic
domain did not alter the expression of OCT2 (Figure
2G, H), confirming that DAC resistance was
independent of the hypoxia-associated changes in
TET expression. Given the selectivity of the TET
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binding sites [25], we hypothesized that OCT2 was
not the target gene of TET1. Besides, there was no
significant change in the expression of TDG and AID
in hypoxic conditions in RCC cells (Figure S2E),
confirming that hypoxia did not interfere with the
demethylation of OCT2 by DAC through regulating
the dynamic methylation process.

Hypoxia-mediated regulation of key factors in
the DAC metabolic pathway

We attempted to identify the mechanisms that
underpin OCT2 transcriptional repression by
examining the transport and metabolism of DAC in
hypoxic conditions. Consistent with a previous report
[26], the mRNA expression profile of kidney tissues
(n=3) indicated that concentrative nucleoside
transporters (CNTs) were present at significantly
lower levels than ENTs (Figure S3A). Further qPCR
analysis (n=20) revealed that ENT1 was more
abundant than ENT2 and CNT1 (Figure S3B). Also,
the transcript of ENT1 was the most abundant among
the five nucleoside transporters examined in RCC

cells (Figure S3C), suggesting that DAC was mainly
taken up by ENT1. Subsequently, we examined the
influence of hypoxia on the expression of ENT1 in
RCC cells. In addition to 786-O cells, the mRNA
expression of ENT1 was significantly reduced in three
other RCC cell lines (769-P, Caki-1-land ACHN ) that
were subjected to hypoxia for 48 h (Figure 3A). To
extend these mRNA findings, we examined ENT1
protein expression in these four RCC cell lines.
Notably, all four cell lines showed decreased ENT1
expression (Figure 3B), indicating the post-
transcriptional regulation of ENT1 by hypoxia in RCC
cells. The decreased accumulation of entecavir (ETV),
a substrate of ENT1 [27], further confirmed the
hypoxia-associated repression of ENT1 expression in
RCC cells (Figure 3C). Also, the effect of hypoxia was
concentration- and time-dependent; ENT1 expression
and activity of entecavir uptake showed repression at
or below 4% oxygen for 48 h, or >48 h exposure in 1%
oxygen (Figure 3D-G, S3D).
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Figure 3. Repression of ENT1 expression and uptake of substrate entecavir under hypoxia. Four RCC cell lines (786-O, 769-P, Caki-1, ACHN) were
exposed to normoxia or hypoxia for 48 h. Total RNA was isolated to determine ENT] mRNA levels by real-time PCR (A) and membrane protein was extracted to
determine the protein expression of ENT1 (B). ATP2A2 was used as a loading control of membrane extracts. (C) Accumulation of entecavir, a substrates of ENTI,
in 786-O and 769-P was detected by LC-MS after exposure under hypoxia for 48 h. The protein expression of ENTI (D, F) and uptake of entecavir (E, G) were
detected in 786-O and 769-P cell lines, exposed to indicated periods (24, 48 or 72 h) of hypoxia or indicated oxygen concentration (8%, 4% or 1%) for 48 h.
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Figure 4. Hypoxia-mediated reduction of DAC accumulation in RCC cells. The mRNA expression level of SLC22A2 was detected in 786-O and 769-P,
treated with 2.5 ymol/L DAC for 72 h under normoxia , in the presence of 1, 10, 100 uM NBTI (A) or after being transfected with 3 sequence specific ENT1 siRNAs
separately or synchronously (B). (C) DAC accumulation was analyzed by LC-MS in 3 RCC cell lines (786-O, 769-P, Caki-1), incubated with 500 yM DAC at 37 °C for
3 min, in the presence of ENT1 inhibitor or pre-transfected with ENT1 specific siRNAs. The mRNA(D) and protein (E) expression level of ENT1 were deteced in
786-O and 769-P cell lines to verify siRNA knockdown inefficiency. (F) ENT1 uptake capacity of DAC was analyzed in 786-O, 769-P and Caki-1, exposed under
hypoxia (1% oxygen concentration) for 48 h. (G) Schematic diagram of reduced DAC accumulation mediated by repressed ENTI expression under hypoxia.

To assess whether the inhibition of ENT1
expression was one of the key determinants of DAC
under hypoxia, a concentration gradient of
S-(4-nitrobenzyl)-6-thioinosine (NBTI; NBMPR), an
inhibitor of ENTs, which can inhibit ENT1 activity at
low concentrations (0.1 pM) but inhibits ENT2 only at
higher concentrations (100 pM), was used in
conjunction with DAC administration. Analysis of
OCT2 transcript demonstrated that inhibition of
ENT1 activity affected the induction of OCT2

transcriptional activation by DAC (Figure 4A),
which was further confirmed by the knockdown of
ENT1 by short interfering RNA (siRNA) (Figure 4B,
D, and E). Further, the accumulation of DAC was
detected by using LC-MS to characterize the uptake of
DAC by RCC cell lines. The time course of 500 pM
DAC uptake and its concentration-dependence at 37
°C for 3 min in 786-O cells are shown in Figure S4A
and B. The uptake of DAC was markedly decreased in
cells treated with 1 pM NBTI or ENT1 siRNA,
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indicating that ENT1 was responsible for the uptake
of DAC in RCC cells (Figure 4C). Conversely, virus
packaging and stable cell selection were performed on
769-P cells to construct pCDH-ENT], a cell line stably
expressing ENT1, which exhibited increased uptake
activity for both ETV and DAC, and stronger
induction of OCT2 by DAC compared with empty
vector-transduced cells (Figure S4D-F). The loss of
DAC accumulation was observed in hypoxia-
triggered ENT1-suppressed RCC cells (Figure 4F).

Other than ENT1 expression, the activity of DAC
was also affected by dCK and CDA [28]. Therefore,
we investigated whether they underpinned the DAC
resistance in hypoxic conditions. No alteration in dCK
expression was detected, and there was low
expression of CDA in RCC cells (data not shown),
which prevented abnormal DAC metabolism from
causing hypoxia-associated DAC resistance.

Repression of ENT1 in RCC

We then probed whether RCC was resistant to
DAC due to abnormal ENT1 expression. The
expression of ENT1 (n=40) and ENT2 (n=20) was
evaluated by using RT-PCR in human renal carci-
noma samples and matched adjacent non-tumorous
samples. As shown in Figure 5A and C, the expression
of SLC29A1 and SLC29A2 was downregulated in RCC
tissues, which was further confirmed by Western
blotting (Figure 5B). Compared with ENT1, ENT2
showed a lower affinity for all nucleosides (except
inosine) [29]; downregulation of ENT2 expression in
RCC led to further prevention of DAC uptake.
Immunohistochemistry analysis of tumor and
adjacent normal tissues at different stages of TNM
revealed ENTl-negative staining in RCC tissues,
indicating the widespread inhibition of ENT1 in the
progression of RCC (Figure 4D).
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Figure 5. The expresssion of ENT1 and ENT2 are downregulated in RCC. (A, C) Comparison of SLC29A1 (n=40) and SLC29A2 (n=20) mRNA expression
separately in human matched renal normal-tumor samples. The expression level was normalized to GAPDH. Results are expressed as mean * SEM, Wilcoxon
signed-rank test was used. **P<0.01. (B) Comparison of ENTI protein expression in human matched renal normal-tumor samples (n=5). The blot of B-actin was
probed as a control for protein loading. (D) Representative images of immunohistochemistry staining for ENT1 in adjacent non-tumor tissue and paired ccRCC tumor
tissue at different TNM stages. Scale bar, 20 pm. The antibody 11337-1-AP (proteintech) against ENT| was used in the immunohistochemistry assays.
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HIF-1a-mediated repression of ENT1
expression in Caki-1 cells under hypoxia

HIF-1a was reported to repress the expression of
ENT1 [30] and ENT2 [31] in human epithelial cells.
Exposure of different human tumor cells under
hypoxia revealed a general downregulation of ENT1
expression (Figure S5A, B). The mechanism through
which hypoxia regulated the expression of ENT1 was
further explored due to its importance in the transport
of nucleosides and their analogs. To determine
whether HIF-la participated in the regulation of
ENT1, RCC cells were treated with a concentration
gradient of DMOG (a prolyl hydroxylase inhibitor) in
normoxia, which could stabilize nuclear HIF-1a
protein expression and simulate the hypoxic
microenvironment. Like the phenotype in hypoxic
conditions, RCC cells exhibited a DAC-resistant
phenotype after DMOG treatment, comprising
decreased ENT1 expression, reduced DAC and ETV

uptake, and suppressed induction of OCT2 by DAC
(Figure S6A-D). Stable expression of HIF-la and
HIF-2a was detected in most RCC tissues in 11 pairs
of matched renal normal-tumor samples, but was only
observed in Caki-1 cells (Figure 6A, B); therefore,
these cells were used for further mechanistic studies.
The ChIP assay performed on Caki-1 cells
revealed a higher abundance of HIF-la occupancy
around the hypoxia-responsive element (HRE) in the
ENT1 promoter under hypoxia (Figure 6C, D). The
HIF-1a loss or gain of function illustrated the central
role of HIF-la in the transcriptional repression of
ENT2 in Caki-1 cells (Figure S6E, F). We also showed
that the inactivation of HIF-1a by using CRISPR/Cas9
under hypoxia successfully reversed hypoxia-
associated ENT1 inhibition (Figure 6E, F). It has been
reported that stabilized HIF-a translocates into the
nucleus and dimerizes with HIF-13/ARNT [15].
Similarly, the downregulation of ARNT by two highly
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Figure 6. HIF-1a-mediated repression of ENT1 expression in Caki-1 cells under hypoxia. Comparison of HIF-1a and HIF-2a protein expression in
human matched renal normal-tumor samples (n=11) (A) and 3 RCC cell lines (786-O, 769-P, Caki-1) under normoxia or hypoxia for 6 h (B). (C) Schematic diagram
of two hypoxia response elements (HRE) in the promoter of ENTI. (D) CHIP-qPCR analysis of HIF-1a at the promoter of ENTI1 in Caki-1 cells, exposed under
normoxia or hypoxia for 48 h. Two different HIF-1a antibodies (610958, BD Biosciences; NB100-105, Novus) were used to pull down HIF-1a. The protein
expression level of HIF-1a (E) and mRNA expression level of SLC29A1 (F) in Caki-1 under normoxia or hypoxia and HIF-1a knockout-Caki-1 cells. (G) The

expression level of ARNT1 (HIF-1B) was detected in Caki-1, transfected with

ARNTI specific siRNAs or NC. Student’s t test (two-tailed) was used. (H, I) The

expression level of ENT1 in Caki-1, transfected with ARNT1 specific siRNAs or NC, under normoxia or hypoxia. Oneway-ANOVA analysis was used. The results

are expressed as mean + SEM (n=3). *P<0.001.
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effective siRNAs resulted in the re-expression of
ENT1 in hypoxia (Figure 6G-I). These results strongly
suggested that the transcriptional repression of ENT1
in Caki-1 cells was caused by the stabilized expression
of HIF-1a under hypoxia.

Effects of re-oxygenation on hypoxia-induced
DAC resistance

Finally, we assessed whether re-oxygenation
could reverse DAC resistance under hypoxia. RCC
cells pre-cultured under hypoxia for 1 or 2 days were
transferred to normoxic conditions and then
incubated with DAC for an additional 3 days. RT-PCR
analysis revealed that, despite the prolonged period
of hypoxia, DAC was still able to activate OCT2
expression in RCC cells after transfer to normoxia.
Re-expression of the repressed ENT1 further
suggested that re-oxygenation was a viable method to
overcome DAC resistance under hypoxia (Figure 7A).

The hemoglobin-based oxygen nanocarriers
H-NPs were constructed, with poly (lactic-co-glycolic
acid) (PLGA) to load hemoglobin by hydrophobic
interaction, and coated with a low molecular weight
hydroxyethyl chitosan to target the kidney (Figure
7B). H-NPs were shown to have a homogenous
dimension with small particle size, moderate stability
in the aqueous phase, and efficient oxygen-carrying
ability (Figure S7). To monitor the cellular uptake of
H-NPs, we developed a dual-fluorescence-stained
H-NPs, F-D-H-NPs, which contained FITC-stained
chitosan and Dil-stained PLGA. The cellular
accumulation of H-NPs was measured with a confocal
fluorescence imaging system (Figure S8A). The
restoration of ENT1 expression in hypoxia after
treatment with H-NPs indicated that the oxygen
nanocarrier was able to alleviate the hypoxia-
mediated repression phenotype of ENT1 (Figure 7C).
We then tested the role of H-NPs in DAC
demethylation and detected a remarkable decrease in
methylation frequency at the E-BOX motif (Figure
7D), upregulated OCT2 expression (Figure 7E, F), and
increased oxaliplatin accumulation (Figure 7G). These
observations demonstrated that H-NPs could
attenuate the hypoxia-induced loss of DAC activity
and sensitize RCC cells to the sequential combination
therapy of DAC and oxaliplatin.

To further investigate the potential clinical
application of H-NPs, renal targeting and their ability
to penetrate solid tumor spheroid core were detected.
ICG was used as a fluorescent label to prepare
ICG-H-NPs for investigating their in vivo targeting
ability. The size distribution and fluorescence spec-
trum of ICG-H-NPs indicated that the accumulation
of H-NPs could be tracked in vivo (Figure S8B, C).
Compared with the group treated with free ICG,

which targeted the liver, fluorescence was observed
clearly in the renal region of nude mice at 5 h after
ICG-H-NPs injection, which indicated effective renal
targeting (Figure 7H). A three-dimensional RCC cell
culture model was used to investigate the core
penetration ability of H-NPs under hypoxia.
Z-stacking images from 1 to 55 pm depth of 769-P
spheroid cell cultures showed significantly high
fluorescence in the core of spheroids (Figure 7I),
indicating that H-NPs permeated deeply into the
tumor matrix and resulted in a high uptake in the
hypoxic RCC cell spheroid model.

Hypoxia-mediated modification of histone
acetylation for the regulation of OCT2
expression

Previously, we found that histone acetylation
was involved in the regulation of OCT2 in RCC [32].
The protein expression of OCT2 was decreased in
hypoxic conditions (Figure 8A), suggesting that
hypoxia contributed to OCT2 repression in RCC. We
then explored whether hypoxia triggered the
alteration of histone modifications in the OCT2
promoter. As shown in Figure 8B, the expression of
histone deacetylase 9 (HDACY9) was upregulated, and
SAHA, a histone deacetylase inhibitor, activated the
expression of OCT2 under hypoxia (Figure 8B, C). No
changes in HDAC7 expression were detected (data
not shown). Given the widespread decrease in
H3K27ac (acetylation) in RCC cells in hypoxic
conditions (Figure S9A, B), the ChIP assay was
performed to detect the abundance of H3K27ac in the
OCT2 promoter (Figure 8D and Figure S9D). The
results indicated that wupregulation of histone
deacetylase activity of HDAC9 driven by hypoxia
underpinned the dramatic decrease in H3K27ac
modification at the OCT2 promoter that led to the
transcriptional inhibition of OCT2.

Discussion

Emerging evidence has indicated that the
expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), considered to be a
housekeeping gene and often used as an internal
control, is deregulated in various cancers and can be
modulated by several cancer-related factors [33].
Hypoxia is reported to stimulate GAPDH gene
expression in numerous cells [34-36]. We compared
the changes in GAPDH and [-actin expression both at
mRNA and protein levels in hypoxic conditions and
found that the protein expression of both genes was
essentially unchanged. However, at the mRNA level,
the changes in GAPDH were smaller than those in
B-actin (Figure S1A, B), suggesting that GAPDH
might be a more suitable internal control in RCC cells.
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Figure 7. Effects of re-oxygenation on hypoxia-induced DAC resistance. (A) Quantitative RT-PCR analysis of SLC22A2 mRNA in 786-O and 769-P, treated
with 2.5umol/L DAC for 72h in normoxia, after exposed under hypoxia for 24 or 48 h and The protein expression level of ENT1 in 786-O, 769-P and Caki-1, exposed
under normoxia for indicated time, after exposed under hypoxia for 24 h. (B) Schematic of Hemoglobin-based nanocarrier preparation and structure. (C) Western
blotting of ENTI treated by H-NPs in 769-P under hypoxia. (D) MSRE-qPCR analysis of E-BOX methylation frequency in 769-P cell lines, treated with DAC, in the
presence or absence of H-NPs, for 72 h in hypoxia separately. The mRNA (E) and protein (F) level expression of OCT2 and oxaliplatin uptake (G) in 769-P cell lines,
treated with DAC, in the presence or absence of H-NPs, for 72 h in hypoxia separately. (H) Representative in-vivo and ex-vivo fluorescence images of nude mice
treated with saline, Free ICG and ICG-H-NPs 5 h post injection. (I) The z-stacking images of the 769-P spheroid at different sections from | to 55 pm, sections from
20-40 pum had high fluorescence intensity and confocal microscope images of spheroid core and 3D graphics constructed by Imaris 9.3.1. The high fluorescence
intensity at the core of 769-P spheroid which arrowed in 3D-plot indicated the H-NPs could alleviate hypoxic core of the solid tumor in vivo.

TET1 is involved in tumor inhibition by  [37] and the loss of 5-hmC, a hallmark of ccRCC, was
promoting cell apoptosis and inhibiting cell prolifera-  linked to hypermethylation in tumors and associated
tion and invasion [37]. Recent reports indicated that  with shorter overall survival and poor prognosis [38].
there was a markedly low expression of TET1 in RCC ~ Our results showed that tumor hypoxia directly
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reduced the expression and activity of TET, causing a
global decrease in 5-hmC in RCC cells. Although
TET1 did not exert a demethylation effect on OCT?2,
5-hmC loss in kidney cancer has been reported to be
associated with the downregulation of IDH1[38] and
VHL[39]. As hypoxia is pervasive in tumors, a
hypoxic microenvironment was speculated to be one
of the mechanisms that triggered the reduced
expression of TETs and drove hypermethylation in
solid tumors. Further investigations are needed to
elucidate the mechanisms of the hypoxia-mediated
downregulation of TETs and explore methods of
5-hmC restoration in RCC.

ENT1, which is almost ubiquitously distributed
in human tissues, is critical for the regulation of
endogenous nucleosides (e.g., adenosine), and the
uptake of chemotherapeutic nucleoside analogs,
including gemcitabine, didanosine, cytarabine, and
ribavirin [40]. Studies have shown that ENT1
transport can be regulated by protein kinase C (PKC)
[41], inflammatory cytokines [42], and the JNK-cJun
pathway [43]. Also, the tumor suppressor F-box and
WD repeat domain-containing 7 (FBW?7) proteins can
regulate ENT1 expression at a post-transcriptional
level, whereas lysosomal inhibition can increase the
protein expression of ENT1 [44]. In the present study,
we also investigated the regulation of ENTI1
expression by miRNAs at the post-transcriptional
level. Several miRNAs, such as miR-185-5p, miR-124-
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3p, miR-210-3p, miR-122-5p, miR-214-5p, miR-223-3p,
miR-34b-5p, and miR-506-3p, which were predicted to
target ENT1 and reported to be upregulated in RCC,
did not downregulate the transport activity of ENT1
(data not shown). However, the lysosome inhibitor
chloroquine (CQ) induced ENT1 expression in hy-
poxic conditions (Figure S10A), which was consistent
with a previous report [44]. As FBW7 expression was
found to be reduced under hypoxia (Figure S10B), our
findings also suggested potential new avenues of
investigation into FBW7-related mechanisms of the
hypoxia-mediated regulation of ENT1.

In this study, DMOG-treated RCC cells under
normoxia displayed a DAC-resistant phenotype.
However, consistent with a previous report, the
protein expression of HIF-la was not detectable in
786-O and 769-P cells in hypoxic conditions [45].
DMOG can competitively inhibit a-KG-dependent
dioxygenases, including histone demethylases and
TET 5-metyhlcytosine hydroxylases. The inhibition of
histone 3 lysine 27 demethylase KDM6A (UTX) could
downregulate ENT1 expression through a reduction
in H3K27 acetylation at the ENT1 locus [46]. We,
therefore, speculated that DMOG decreased the
expression of ENT1 through the regulation of histone
demethylase activity. The mechanisms by which
DMOG participates in the regulation of ENT1 and the
association between ENT1 expression and histone
modification require further investigation.
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Figure 8. Hypoxia-mediated modification of histone acetylation for the regulation of OCT2 expression. (A) Four RCC cell lines (786-O, 769-P, Caki-1
and ACHN) were exposed to normoxia or hypoxia for 48 h. Membrane protein was extracted to determine the protein expression of OCT2. ATP2A2 was used as
a loading control of membrane extracts. N, normoxia; H, hypoxia. (B) Quantitative RT-PCR analysis of HDAC9 mRNA expression level in 3 RCC cell lines (786-O,
769-P, Caki-1), exposed under normoxia or hypoxia for 48 h. (C) Quantitative RT-PCR analysis of SLC22A2 mRNA transcript in 3 RCC cell lines (786-O, 769-P,
Caki-1) after being treated with 2 umol/L SAHA for 48 h in hypoxia. (D) The enrichment of H3K27ac modification level at the OCT2 promoter region in 786-O and
769-P was detected by CHIP-qPCR analysis after exposed to normoxia or hypoxia for 48 h.
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The resistance of tumor cells to anticancer drugs
is generally caused by impaired drug delivery or
genetic and epigenetic alterations that affect drug
sensitivity [47]. We demonstrated that hypoxia
blocked DAC delivery by repressing ENT1
expression, which led to DAC resistance in RCC cells.
It is generally believed that hypoxia can induce
therapeutic resistance by activating the expression of
drug efflux transporters (such as MDR1, MRP1, and
BCRP), metabolic reprogramming, inhibiting apop-
tosis and senescence, and reducing DNA damage [15].
The upregulation of P-gP in RCC tumor tissues has
also been reported [48]. Also, MATE2K, an efflux
transporter, which is expressed on the apical mem-
brane of proximal tubules and mediates the excretion
of oxaliplatin from the kidney, has been shown to be
dramatically repressed in RCC [49, 50]. Whether
hypoxia participates in the regulation of MATE2K
expression remains to be further studied. Further
research into the mechanisms of hypoxia-mediated
drug resistance is imperative to circumvent drug
resistance and improve chemotherapy.

The current strategies for overcoming the
hypoxic microenvironment of tumors include target/
leverage hypoxia by obligate anaerobe or hypoxia-
activated prodrugs, specific targeting of HIFs or UPR
and mTOR pathways important in hypoxic cells, and
re-oxygenation or vascular normalization by oxygen
nanocarriers [51, 52]. In this study, we found that
re-oxygenation was a viable method to overcome
DAC resistance under hypoxia. However, YC-1 and
PT-2385, specific inhibitors of HIF-la and HIF-2q,
could neither upregulate the expression of ENT1 nor
reverse DAC resistance under hypoxia (data not
shown). Therefore, the development of an exogenous
oxygen carrier with renal targeting function and
biosafety features is expected to alleviate hypoxia in
RCC and might be important for the application of
epigenetic drugs against the resistance of RCC to
chemotherapeutics. Hemoglobin was used in our
model as a biosafe oxygen carrier. As an iron-contain-
ing oxygen-transport metalloprotein, each hemoglo-
bin was able to carry four oxygen molecules, with an
oxygen-binding capacity of 1.34 mL O, per gram [53].

Oxygen concentration in normal kidney tissue
has been reported to be 9.5% [21]. As shown in Figure
511, under 9.5% oxygen concentration, the ability of
DAC to induce SLC22A2 expression was consistent
with 20% oxygen. Furthermore, we found that DAC
could not induce OCT2 under 4% oxygen concentra-
tion. Considering that H-NPs could relieve hypoxia
but not as well as normoxia, we speculated that
H-NPs could increase the oxygen content of RCC to
4%~9.5%. In our study, the outer surface of H-NPs
was chitosan, which has been proved to have renal

targetability [53]. Also, the particle size of H-NPs was
about 130 nm, indicating that it could preferentially
target the tumor by enhanced permeability and
retention (EPR) effect [54]. The in-vitro antitumor
efficiency study indicated that this treatment strategy
could slightly reverse oxaliplatin resistance of RCC
cells under hypoxia (Figure S8D). In the future, the
antitumor efficiency of this treatment strategy will be
studied in vivo, and folate-fusion H-NPs will be
constructed to optimize the nanocarrier and improve
its targeting to tumor sites.

Conclusions

Collectively, our results showed that the
hypoxia-mediated repression of ENTI1, which was
also exceptionally suppressed in RCC, led to the
inability of DAC to upregulate the expression of
OCT2 in hypoxic conditions. The hypoxia-induced
upregulation of HDACY9 decreased H3K27ac
modification at the OCT2 promoter, leading to the
transcriptional inhibition of OCT2. A simple and
efficient oxygen nanocarrier based on hemoglobin
was developed to alleviate resistance to oxaliplatin
and DAC in RCC cells under hypoxia, which may
have potential clinical applications.

Abbreviations

RCC: renal cell carcinoma; mRCC: metastatic
renal cell carcinoma; ccRCC: clear cell renal cell
carcinoma; DAC: decitabine; hENT1: human equili-
brative nucleoside transporter 1; TSS: transcriptional
start sites; DNMTs: DNA methyltransferases; 5-mC:
C-5 position of cytosine; 5-hmC: 5-hydroxymethyl-
cytosine; TET1: ten-eleven-translocation 1; AID:
activation-induced  deaminase; HIF:  hypoxia-
inducible factors; MSRE-qPCR: methylation-sensitive
restriction enzymes-qPCR; BSP: bisulfite sequencing
PCR; CGI: CpG island; H3K4me3: trimethylation at
Lys4 of H3; HDACOY: histone deacetylase 9; H3K27ac:
acetylation on lysine 27 of histone 3; LC-MS: liquid
chromatography-mass spectrometry; ChIP: Chroma-
tin Immunoprecipitation; OCT2: Organic cation trans-
porter 2; E-BOX: Enhancer box; H-NPs: hemoglobin-
based oxygen nanocarrier; ETV: entecavir; NBTI:
S-(4-nitrobenzyl)-6-thioinosine.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p3562s1.pdf

Acknowledgements

This work was supported by grants from
National Natural Science Foundation of China (8177
3805) and the National Key Research and Develop-
ment Program of China (2017YFC0908600).

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 8

3577

Authors' contributions

Lushan Yu conceived, designed, and supervised

the project. Lu Chen and Zeyang Wang wrote the
manuscript. Lu Chen conducted majority of the in
vitro experiments and data analysis. Zeyang Wang
constructed the nanocarrier and conducted the
experiments about characterization and functional

verification of H-NPs.

All authors discussed the

results and commented on the manuscript.

Competing Interests

The authors have declared that no competing

interest exists.

References

1.

2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Choueiri TK, Motzer R]. Systemic Therapy for Metastatic Renal-Cell
Carcinoma. N Engl ] Med. 2017; 376: 354-66.

Nickerson ML, Jaeger E, Shi Y, Durocher JA, Mahurkar S, Zaridze D, et al.
Improved identification of von Hippel-Lindau gene alterations in clear cell
renal tumors. Clin Cancer Res. 2008; 14: 4726-34.

Singer EA, Gupta GN, Srinivasan R. Update on targeted therapies for clear cell
renal cell carcinoma. Curr Opin Oncol. 2011; 23: 283-9.

Heng DYC, Xie WL, Regan MM, Harshman LC, Bjarnason GA, Vaishampayan
UN, et al. External validation and comparison with other models of the
International Metastatic Renal-Cell Carcinoma Database Consortium
prognostic model: a population-based study. Lancet Oncol. 2013; 14: 141-8.
Ruiz JN, Belum VR, Creel P, Cohn A, Ewer M, Lacouture ME. Current
Practices in the Management of Adverse Events Associated With Targeted
Therapies for Advanced Renal Cell Carcinoma: A National Survey of
Oncologists. Clin Genitourin Canc. 2014; 12: 341-7.

Hammers HJ, Plimack ER, Infante JR, Rini BI, McDermott DF, Lewis LD, et al.
Safety and Efficacy of Nivolumab in Combination With Ipilimumab in
Metastatic Renal Cell Carcinoma: The CheckMate 016 Study. J Clin Oncol.
2017; 35: 3851-63.

Zhao T, Bao Y, Gan X, Wang J, Chen Q, Dai Z, et al. DNA
methylation-regulated QPCT promotes sunitinib resistance by increasing
HRAS stability in renal cell carcinoma. Theranostics. 2019; 9: 6175-90.

Liu YQ, Zheng XL, Yu QQ, Wang H, Tan FQ, Zhu QY, et al. Epigenetic
activation of the drug transporter OCT2 sensitizes renal cell carcinoma to
oxaliplatin. Sci Transl Med. 2016; 8.

Zheng X, Liu Y, Yu Q, Wang H, Tan F, Zhu Q, et al. Response to Comment on
"Epigenetic activation of the drug transporter OCT2 sensitizes renal cell
carcinoma to oxaliplatin". Sci Transl Med. 2017; 9.

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002;
16: 6-21.

Schubeler D. Function and information content of DNA methylation. Nature.
2015; 517: 321-6.

Schuermann D, Weber AR, Schar P. Active DNA demethylation by DNA
repair: Facts and uncertainties. DNA Repair. 2016; 44: 92-102.

Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on clinical
outcome. Cancer Metastasis Rev. 2007; 26: 225-39.

van den Borne SWM, Diez ], Blankesteijn WM, Verjans J, Hofstra L, Narula J.
Myocardial remodeling after infarction: the role of myofibroblasts. Nat Rev
Cardiol. 2010; 7: 30-7.

Wigerup C, Pahlman S, Bexell D. Therapeutic targeting of hypoxia and
hypoxia-inducible factors in cancer. Pharmacol Ther. 2016; 164: 152-69.

Warfel NA, El-Deiry WS. HIF-1 signaling in drug resistance to chemotherapy.
Curr Med Chem. 2014; 21: 3021-8.

Ramachandran S, Ient J, Gottgens EL, Krieg AJ, Hammond EM. Epigenetic
Therapy for Solid Tumors: Highlighting the Impact of Tumor Hypoxia. Genes.
2015; 6: 935-56.

Skowronski K, Dubey S, Rodenhiser D, Coomber B. Ischemia dysregulates
DNA methyltransferases and p16INK4a methylation in human colorectal
cancer cells. Epigenetics. 2010; 5: 547-56.

Thienpont B, Steinbacher ], Zhao H, D'Anna F, Kuchnio A, Ploumakis A, et al.
Tumour hypoxia causes DNA hypermethylation by reducing TET activity.
Nature. 2016; 537: 63-8.

Sanchez-Fernandez EM, Tarhonskaya H, Al-Qahtani K, Hopkinson RJ,
McCullagh JS, Schofield CJ, et al. Investigations on the oxygen dependence of
a 2-oxoglutarate histone demethylase. Biochem J. 2013; 449: 491-6.

Hancock RL, Dunne K, Walport L], Flashman E, Kawamura A. Epigenetic
regulation by histone demethylases in hypoxia. Epigenomics. 2015; 7: 791-811.
Kim MS, Kwon HJ, Lee YM, Baek JH, Jang JE, Lee SW, et al. Histone
deacetylases induce angiogenesis by negative regulation of tumor suppressor
genes. Nat Med. 2001; 7: 437-43.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Valera VA, Walter BA, Linehan WM, Merino MJ. Regulatory Effects of
microRNA-92 (miR-92) on VHL Gene Expression and the Hypoxic Activation
of miR-210 in Clear Cell Renal Cell Carcinoma. ] Cancer. 2011; 2: 515-26.
Giuntoli S, Rovida E, Gozzini A, Barbetti V, Cipolleschi MG, Olivotto M, et al.
Severe hypoxia defines heterogeneity and selects highly immature progenitors
within clonal erythroleukemia cells. Stem Cells. 2007; 25: 1119-25.

Williams K, Christensen J, Pedersen MT, Johansen JV, Cloos PA, Rappsilber J,
et al. TET1 and hydroxymethylcytosine in transcription and DNA methylation
fidelity. Nature. 2011; 473: 343-8.

Pennycooke M, Chaudary N, Shuralyova I, Zhang Y, Coe IR. Differential
expression of human nucleoside transporters in normal and tumor tissue.
Biochemical and biophysical research communications. 2001; 280: 951-9.

Ma Z, Yang X, Jiang T, Bai M, Zheng C, Zeng S, et al. Multiple SLC and ABC
Transporters Contribute to the Placental Transfer of Entecavir. Drug Metab
Dispos. 2017; 45: 269-78.

Qin T, Jelinek J, Si J, Shu J, Issa JP. Mechanisms of resistance to
5-aza-2'-deoxycytidine in human cancer cell lines. Blood. 2009; 113: 659-67.
Ward JL, Sherali A, Mo ZP, Tse CM. Kinetic and pharmacological properties of
cloned human equilibrative nucleoside transporters, ENT1 and ENT2, stably
expressed in nucleoside transporter-deficient PK15 cells. Ent2 exhibits a low
affinity for guanosine and cytidine but a high affinity for inosine. ] Biol Chem.
2000; 275: 8375-81.

Eltzschig HK, Abdulla P, Hoffman E, Hamilton KE, Daniels D, Schonfeld C, et
al. HIF-1-dependent repression of equilibrative nucleoside transporter (ENT)
in hypoxia. ] Exp Med. 2005; 202: 1493-505.

Morote-Garcia JC, Rosenberger P, Nivillac NM, Coe IR, Eltzschig HK.
Hypoxia-inducible factor-dependent repression of equilibrative nucleoside
transporter 2 attenuates mucosal inflammation during intestinal hypoxia.
Gastroenterology. 2009; 136: 607-18.

Zhu Q, Yu L, Qin Z, Chen L, Hu H, Zheng X, et al. Regulation of OCT2
transcriptional repression by histone acetylation in renal cell carcinoma.
Epigenetics. 2019; 14: 791-803.

Zhang JY, Zhang F, Hong CQ, Giuliano AE, Cui X]J, Zhou GJ, et al. Critical
protein GAPDH and its regulatory mechanisms in cancer cells. Cancer Biol
Med. 2015; 12: 10-22.

Graven KK, Troxler RF, Kornfeld H, Panchenko MV, Farber HW. Regulation
of endothelial cell glyceraldehyde-3-phosphate dehydrogenase expression by
hypoxia. ] Biol Chem. 1994; 269: 24446-53.

Graven KK, Yu Q, Pan D, Roncarati JS, Farber HW. Identification of an oxygen
responsive  enhancer element in the glyceraldehyde-3-phosphate
dehydrogenase gene. Biochim Biophys Acta. 1999; 1447: 208-18.

Lee SM, Lee CT, Kim YW, Han SK, Shim YS, Yoo CG. Hypoxia confers
protection against apoptosis via PI3K/Akt and ERK pathways in lung cancer
cells. Cancer lett. 2006; 242: 231-8.

Fan M, He X, Xu X. Restored expression levels of TET1 decrease the
proliferation and migration of renal carcinoma cells. Mol Med Rep. 2015; 12:
4837-42.

Chen K, Zhang J, Guo ZQ, Ma Q, Xu ZZ, Zhou YY, et al. Loss of
5-hydroxymethylcytosine is linked to gene body hypermethylation in kidney
cancer. Cell Res. 2016; 26: 103-18.

Ma EG, Bai YF, Cao W, Cao Y, Huang YG, Cheng HC, et al. Cytosine
5-hydroxymethylation regulates VHL gene expression in renal clear cell
carcinoma. Oncotarget. 2017; 8: 63780-7.

Mangravite LM, Badagnani I, Giacomini KM. Nucleoside transporters in the
disposition and targeting of nucleoside analogs in the kidney. Eur ] Pharmaco.
2003; 479: 269-81.

Hughes SJ, Cravetchi X, Vilas G, Hammond JR. Adenosine Al receptor
activation modulates human equilibrative nucleoside transporter 1 (hENT1)
activity via PKC-mediated phosphorylation of serine-281. Cell Signal. 2015; 27:
1008-18.

Petrovic V, Teng S, Piquette-Miller M. Regulation of drug transporters during
infection and inflammation. Mol Interv. 2007; 7: 99-111.

Leisewitz AV, Zimmerman EI, Huang M, Jones SZ, Yang ], Graves LM.
Regulation of ENT1 expression and ENT1-dependent nucleoside transport by
c-Jun N-terminal kinase. Biochem Biophys Res Commun. 2011; 404: 370-5.

Hu QS, Qin Y, Zhang B, Liang C, Ji SR, Shi S, et al. FBW7 increases the
chemosensitivity of pancreatic cancer cells to gemcitabine through
upregulation of ENT1. Oncol Rep. 2017; 38: 2069-77.

Shen C, Beroukhim R, Schumacher SE, Zhou J, Chang M, Signoretti S, et al.
Genetic and functional studies implicate HIFlalpha as a 14q kidney cancer
suppressor gene. Cancer Discov. 2011; 1: 222-35.

Stief SM, Hanneforth AL, Weser S, Mattes R, Carlet M, Liu WH, et al. Loss of
KDMBS6A confers drug resistance in acute myeloid leukemia. Leukemia. 2019.
Gottesman MM, Fojo T, Bates SE. Multidrug resistance in cancer: role of
ATP-dependent transporters. Nat Rev Cancer. 2002; 2: 48-58.

Yan L, Ding B, Liu H, Zhang Y, Zeng J, Hu J, et al. Inhibition of SMYD2
suppresses tumor progression by down-regulating microRNA-125b and
attenuates multi-drug resistance in renal cell carcinoma. Theranostics. 2019; 9:
8377-91.

Gao Z, Chen M, Tian X, Chen L, Chen L, Zheng X, et al. A novel human
IncRNA SANT1 cis-regulates the expression of SLC47A2 by altering
SFPQ/E2F1/HDACI binding to the promoter region in renal cell carcinoma.
RNA biol. 2019; 16: 940-9.

Yu Q, Liu Y, Zheng X, Zhu Q, Shen Z, Wang H, et al. Histone H3 Lysine 4
Trimethylation, Lysine 27 Trimethylation, and Lysine 27 Acetylation

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 8

3578

51.

52.

53.

54,

Contribute to the Transcriptional Repression of Solute Carrier Family 47
Member 2 in Renal Cell Carcinoma. Drug Metab Dispos. 2017; 45: 109-17.
Jahanban-Esfahlan R, de la Guardia M, Ahmadi D, Yousefi B. Modulating
tumor hypoxia by nanomedicine for effective cancer therapy. J Cell Physiol.
2018; 233: 2019-31.

Wigerup C, Pahlman S, Bexell D. Therapeutic targeting of hypoxia and
hypoxia-inducible factors in cancer. Pharmacol Ther. 2016; 164: 152-69.

He XK, Yuan ZX, Wu XJ, Xu CQ, Li WY. Low molecular weight hydroxyethyl
chitosan-prednisolone conjugate for renal targeting therapy: synthesis,
characterization and in vivo studies. Theranostics. 2012; 2: 1054-63.

Nichols JW, Bae YH. EPR: Evidence and fallacy. ] Control Release. 2014; 190:
451-64.

http://lwww.thno.org



