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Background: The pregnane X receptor (PXR) not only plays an important role in cellular

metabolism processes but also induces the resistance of hepatocellular carcinoma (HCC)

cells to molecularly targeted drugs by mediating their metabolism and clearance by these

cells. Endothelial PAS domain-containing protein 1 (EPAS-1) acts as a coactivator to

regulate the transcription factor activity of PXR. In the present study, a microRNA that

potentially targets EPAS-1, namely miR-3609, was identified using the miRDB tool.

Methods: The expression of miR-3609 and EPAS-1 was examined by qPCR. Lentiviral

particles containing the full-length sequences of miR-3609 (pri-miR-3609) were prepared.

The antitumor effect of antitumor agents was examined by the in vitro and in vivo assays.

Results: The expression of miR-3609 was negatively correlated with that of EPAS-1 in both

HCC clinical specimens and paired non-tumor specimens, and the effect of miR-3609 on the

expression of EPAS-1 was confirmed by Western blot experiments. Overexpression of miR-

3609 decreased the expression of EPAS-1 and, in turn, repressed the activation of the PXR

pathway. miR-3609 decreased the transcription factor activation of PXR, repressed its

recruitment to its target gene promoter regions, and decreased the expression of its target

genes CYP3A4 and P-GP. In addition, miR-3609 decelerated the metabolism and clearance

of sorafenib in HCC cells and enhanced the antitumor effect of sorafenib in HCC cells.

Conclusion: Therefore, the results indicate that miR-3609 decreases the expression of

EPAS-1 and enhances the sensitivity of HCC cells to sorafenib.

Keywords: microRNA-3609, molecular targeting agents, endothelial PAS domain-

containing protein 1, pregnane X receptor, hepatocellular carcinoma

Introduction
The endothelial PAS domain-containing protein 1 (EPAS-1; also known as hypoxia-

inducible transcription factors 2α, or HIF-2α) is a transcription factor that is expressed

in several kinds of human cancers. In addition, EPAS-1 functions as a transcription

regulator, modulating the activation of other transcription factors.1–3 Previously, EPAS-

1 was considered to be a key regulator of hypoxia-related processes, mediating the

transcription of hypoxia-related genes by binding to the hypoxia response elements

(HRS) located in their promoters.4–6 Recently, increasing data have confirmed that

EPAS-1 functions as a positive regulator of hepatocellular carcinoma (HCC) and

promotes proliferation and metastasis by up-regulating the activation of several
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signaling pathways, such as MAPK (mitogen-activated pro-

tein kinase) or TGFα (transformation growth factor α) path-
ways. Furthermore, EPAS-1 additionally acts as an important

regulator of multidrug resistance (MDR) in HCC cells by

enhancing the activation of PXR pathways, which, in turn,

increases the expression of the MDR-related downstream

genes of PXR, such as MDR-1 and CYP3A4.7–10

Therefore, EPAS-1 is a promising target for more effective

antitumor therapies for HCC.

MicroRNAs are a class of non-coding RNAs, synthe-

sized by RNA polymerase II, that have important physio-

logical functions in cells.11–13 In mammalian cells,

miRNAs recognize and bind to miRNA-binding sites at

the 3ʹUTR (3ʹ untranslated region) of the mRNA (messen-

ger RNA) of their target genes, in a sequence-specific

manner. This results in the degradation of mRNA by

Dicer, and plays a role in post-transcriptional gene-

silencing.14–17 Therefore, screening for mRNAs that target

oncogenes and silence their expression via miRNA activ-

ity is an effective antitumor strategy.18–21

Currently, most patients with HCC are diagnosed at the

advanced stage of disease (advanced HCC) and therefore

miss the opportunity to undergo radical treatment such as

surgery.22,23 Moreover, patients with advanced HCC do

not exhibit sufficient sensitivity to cytotoxic-

chemotherapeutic drugs owing to multidrug

resistance.24,25 Therefore, molecular-targeted drugs are

still the main strategy for advanced HCC antitumor

therapy.26,27 In the present study, a microRNA that poten-

tially targets EPAS-1, namely miR-3609, was identified

using an online tool (miRDB), and the expression levels

of miR-3609 and EPAS-1 in clinical samples were exam-

ined. Lentiviral particles were prepared to overexpress

miR-3609 in HCC cells. Overexpression of miR-3609

decreased the activation of transcription factors of the

PXR pathway and reduced the rate of clearance of sorafe-

nib in HCC cells by targeting EPAS-1. Moreover, miR-

3609 enhanced the sensitivity of HCC cells to molecular

targeting agents, including sorafenib.

Materials and Methods
Clinical Specimens and Patient-Derived

Cells
The cDNA samples from clinical specimens and patient-

derived cells from patients with advanced HCC were

gifts from Dr. Fan Feng at the Research Center for

Clinical and Translational Medicine, the fifth medical

center of the Chinese People’s Liberation Army

General Hospital (formerly the 302nd Hospital of

Chinese PLA, Beijing, 100039, PR China).28–30 The

collection of clinical specimens for the experiments in

this study was performed in compliance with the

Helsinki Declaration, and written informed consent was

obtained from the participating patients. Furthermore,

the study received approval by the ethics committee of

the fifth medical center of the Chinese People’s

Liberation Army General Hospital. For the clinical spe-

cimens, cDNA samples from a total of 52 HCC cases

were used, as described in our previous study.28–30 In

order to obtain patient-derived cells (PDCs), percuta-

neously punctured tissue samples from the liver were

collected from patients who were newly admitted to the

hospital, and single-cell suspensions were generated by

tissue grinding. Patient-derived HCC cell lines (HCC

PDC lines) were thus obtained.30 These HCC PDCs

were preserved in liquid nitrogen.30

Cell Lines and Molecular Targeting Agents
MHCC97-H, a highly aggressive HCC cell line, was pur-

chased from the Type Culture Collection of the Chinese

Academy of Sciences (Shanghai City, People’s Republic

of China), a culture collection center of the Chinese gov-

ernment. Cells were cultured in DMEM (Dulbecco’s

Modified Eagle Medium) with 10% FBS (fetal bovine

serum) at 37°C under 5% CO2. The molecular targeting

agents, namely sorafenib (Cat. No. S7397), lenvatinib

(Cat. No. S1164), regorafenib (Cat. No. S1178), apatinib

(Cat. No. S5248), and anlotinib (Cat. No. S8726), were

purchased from Selleck Corporation, Houston, Texas,

USA. For the cell-based experiments, the powdered

form of the molecular targeting agents was simply dis-

solved in dimethyl sulfoxide (DMSO) and diluted with

DMEM with 0.5% FBS. For animal experiments, 20 mg

of molecular targeting agent powders was carefully dis-

solved in a solution of 100 µL DMSO, 200 µL Tween 80,

and 200 µL polyethylene glycol 400 (PEG 400). Then, the

solutions (powders of agents dissolved in organic sol-

vents) were slowly and carefully diluted with physiologi-

cal saline to a total volume of 10 mL, resulting in

a formulation of agents for oral administration/oral

liquids, accompanied by ultrasonic processing or

churning.31,32 Therefore, the concentration of agents in

the formulation/oral liquids of agents for oral administra-

tion was ~2 mg/mL.
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Quantitative Polymerase Chain Reaction

(qPCR)
For reverse transcription and qPCR experiments, RNA sam-

ples were extracted from HCC cells using a PARISTM Kit

(Thermo Fisher Scientific, Waltham, MA, USA). The RNA

samples were reverse-transcribed with a Multiscribe™

Reverse Transcriptase (Thermo Fisher Scientific) agent.

Next, qPCRwas performed following the methods described

by Ji et al and Liang et al.33,34 in order to examine the

expression of genes in the cDNA samples from HCC clinical

specimens. β-actin mRNAwas used as a loading control, and

the expression level of target genes relative to that of β-actin

was measured. Primers used in the qPCR experiments were

as follows: (1) MDR-1 forward sequence 5′-

GCTGTCAAGGAAGCCAATGCCT-3′ reverse sequence

5′-TGCAATGGCGATCCTCTGCTTC-3′; (2) CYP3A4 for-

ward sequence 5′-CCGAG TGGATTTCCTTCA

GCTG-3′ reverse sequence 5′-TGCTCGTGGTTTCAT

AGCCAGC-3′; (3) β-actin forward sequence 5′-

CACCATTGGCAATGAGCGGTTC-3 ′; reverse sequence

5′-AGGT CTTTGCGGATGTCCACGT-3′. The correlation

between the expression of miR-3609 and that of EPAS-1 was

determined according to the qPCR results for tumor tissues

and the corresponding non-tumor tissues (the paired para-

cancerous tissues), using the two as the horizontal and ver-

tical coordinates to obtain a scatter plot for further correlation

analysis. For paired specimens (the tumor and the paired non-

tumor/paired para-tumor tissues), the expression levels of

EPAS-1 or miR-3609 in cancer-to-cancer specimens were

used as the horizontal and vertical coordinates, respectively,

to obtain scatter plots for further correlation analysis. The

methods has been added in the methods part (qPCR section).

Plasmids and Luciferase Assays
The luciferase reporters (XREM-Luc, PXRE-Luc, DR3-

Luc, and ER6-Luc) used to examine the activation of

PXR transcription factors were gifts from Dr. Fan Feng

at the Research Center for Clinical and Translational

Medicine, the fifth medical center of the Chinese

People’s Liberation Army General Hospital; these repor-

ters have been described in his previous publications.28,29

The HCC cells, which were transfected with plasmids,

were seeded in 24-well cell culture plates (Corning

Incorporated, Corning, NY, USA) using phenol red-free

DMEM (Thermo Fisher Scientific) supplemented with

0.5% charcoal-stripped FBS (Hyclone, Logan, Utah,

USA). Transfection experiments were performed with

Lipofectamine 2000 transfection agent (Thermo Fisher

Scientific Corporation, Waltham, MA, USA). Cells were

treated with the indicated concentration of rifampicin (10

μmol/L, 3 μmol/L, 1 μmol/L, 0.3 μmol/L, 0.1 μmol/L, 0.03

μmol/L, and 0.01 μmol/L) for 24–48 h. Cells were trans-

fected with plasmids (luciferase reporters) for 24h, and

were then harvested to analyze the activation of luciferase

and β-galactosidase following the instructions provided by

the manufacturer (Promega Corporation, Madison, WI,

USA). Results were shown as means ± SD from three

independent experiments with similar results.

Antibodies and Western Blot
Antibodies against P-gp (P-glycoprotein), CYP3A4

(Cytochrome P450 3A4), EPAS-1, PXR, and β-actin, and

polyclonal anti-rabbit/anti-mouse IgG antibodies conju-

gated with horseradish peroxidase (HGF), were purchased

from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

HCC cells transfected with plasmids or treated with agents

were harvested using radio-immunoprecipitation assay

(RIPA) buffer, with the addition of protease inhibitor cock-

tails (Sigma-Aldrich Co., USA). Total protein samples

were extracted from HCC cells and analyzed by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). Then, proteins on the SDS-PAGE gels were trans-

ferred onto polyvinylidene fluoride (PVDF) membranes

(EMD Millipore, Billerica, MA, USA). Next, the mem-

branes (blots) were blocked using 10% bovine serum

albumin (BSA) diluted in a Tris saline buffer with Tween

20 (TBST). After blocking, the membranes were incubated

for 2h at 37°C with rabbit primary antibody against P-gp

(1:2000 dilution), CYP3A4 (1:1000 dilution), EPAS-1

(1:1000 dilution), PXR (1:2000 dilution), and β-actin

(1:5000 dilution) diluted in TBST buffer containing 5%

BSA. After incubating with the primary antibodies, the

membranes were subsequently washed with TBST three

times (5 min each time). After being washed, the mem-

branes were incubated with the secondary antibodies (the

horseradish peroxidase [HRP]-conjugated antibodies

[1:5000 dilution]) diluted in TBST. After incubation with

the secondary antibody, the membranes were again washed

with TBST three times (5 min each time). Finally, the

membranes were developed with enhanced chemilumines-

cence reagents (Thermo Fisher Scientific Corporation,

Waltham, MA, USA) using X-ray films. The Western

blot experiments were performed three times indepen-

dently, with similar results.
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Chromatin Immunoprecipitation
Rifampicin (Cat. No. S1764) was used as a PXR agonist.

Rifampicin powder was dissolved in DMSO and diluted

with phenol red-free DMEM. The solution, comprising 1%

DMSO diluted with phenol red-free DMEM, was used as

the solvent control. To examine the recruitment of PXR

and EPAS-1 to the DNA-binding elements of PXR located

in the promoter and enhancer regions of CYP3a4, a typical

downstream gene of PXR, chromatin immunoprecipitation

(ChIP) assays were performed according to protocols

described in previous publications.28,29 HCC cells, which

were transfected with plasmids or treated with agent com-

pounds (solvent control or PXR’s agonist) for 30 min to

1h, were fixed by adding formaldehyde (4%) to the med-

ium. After cross-linking, glycine was added to a final

concentration of 125 mmol/L, and the HCC cells were

harvested with a lysis buffer. The nuclear sub-fractions

of HCC cells were pelleted by centrifugation and resus-

pended using a nuclear lysis buffer. Then, the nuclear

lysates were sonicated to generate DNA fragments, about

0.5–1 kb in length, and ChIP experiments were performed

using the antibodies against PXR and EPAS-1. The bind-

ing of PXR and EPAS-1 to the DNA fraction was exam-

ined by qPCR. The primers used in ChIP experiments

included forward sequences of the cyp3a4 promoter: 5′-

GGTTTCTCTGGAAGCCCTGTAG-3′; reverse sequence

5′-GTTTGCACCCGGACCGGTCAC-3′; cyp3a4 enhancer

forward sequence 5′-GGTTTCTCTGGAAGCCCTGTAG

-3′; reverse sequence 5′-GTTTGCACCCGGACC

GGTCAC-3′; input genomic DNA forward 5′-

GTGTCTGTCTGCTCGGGCTTCTGTG-3′; reverse 5′-

GCAGGTCCAAGTCACACAGGAAATG-3′.

Cell Survival Assay
The inhibitory action of the molecular targeting agents on

HCC cell survival was examined by MTT (3-[4,5-dimethyl-

2-thiazolyl]-2,5-diphenyl-2-H-tetrazolium bromide, Thiazolyl

Blue TetrazoliumBromide) assay. The HCC cells were seeded

into 96-well plates (8000 cells per well) and treated with the

indicated concentrations of molecular targeting agents (10

μmol/L, 3 μmol/L, 1 μmol/L, 0.3 μmol/L, 0.1 μmol/L, 0.03

μmol/L and 0.01 μmol/L). Then, the drugs were diluted with

DMEM (Thermo Fisher Scientific). Next, the MTTassay was

performed, and the inhibition rates and IC50 values were

calculated following methods described in previous

studies.36–38

Pharmacokinetic Experiments
The metabolism and clearance of sorafenib in HCC cells

were examined. For the cell-based experiments, cells were

treated with 1 μmol/L sorafenib for 12 h. Then, the cells

were harvested at the indicated time points, and the sor-

afenib was extracted from the cells with acetonitrile

(ACN). The amount of sorafenib in the HCC cells was

measured using liquid chromatography–mass spectrome-

try/mass spectrometry (LC-MS/MS) methods.39,40 For the

animal experiments, a subcutaneous tumor model of HCC

cells was established in nude mice. The animal experi-

ments and methods were approved by the Institutional

Animal Care and Use Committee, and all experiments

were performed in accordance with the UK Animals

(Scientific Procedures) Act, 1986, and associated guide-

lines. Nude mice (T-cell deficient mice), aged 4–6 weeks,

were purchased from the Si-Bei-Fu Biotechnology

Corporation (Beijing, People’s Republic of China). HCC

cells were cultured and injected subcutaneously into the

nude mice (1×106 cells for each animal). After 3 to 4

weeks of growth, the sorafenib solution (2 mg/kg concen-

tration) was injected into the subcutaneous tumors (50

μmol/L). Then, tumor tissues were harvested at indicated

time points (0-time, 4h, 8h, 12h, 18h, 24h, 26h, 48h and

72h time-points for cell-based experiments; 0-time. 12h,

24h, 36h, 48h, 60h, 72h and 84h time-points for animal

experiments). The amount of sorafenib in the tumors was

measured using LC-MS/MS.40,41

The Luciferase Experiments
The two sequences (1–300nt or the 661–960nt) of the

3ʹUTR of EPAS-1, containing the miR-3609 targeting

sites or the mutated targeting sites, were cloned into the

pGL-4.26 vectors. The two vectors were dubbed Luc-1

(Luc-1Mut) and Luc-2 (Luc-2Mut). HCC cells were trans-

fected with control, miR-3609, and luciferase reporters,

and used for luciferase reporter assays.35,40

The Antitumor Effect of Sorafenib in vivo
The antitumor effects of sorafenib on HCC cells were exam-

ined in vivo using a subcutaneous tumor model. HCC cells

were cultured and injected into nude mice (1×106 cells for

each animal). Three to 4 days after injection, the mice

received the indicated concentration of molecular targeting

agent (including sorafenib) treatment via oral administration,

every 2 days. After 10 treatments (over 21 days), the nude

mice and their subcutaneous tumor tissues were harvested.
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The volumes and weights of tumor tissues were examined

following previously described methods.42,43 The rates of

suppression of tumor volumes and tumor weights by the

agents were calculated as (control group’s tumor volume

or tumor weight - experimental group’s tumor volume or

tumor weight)/(control group’s tumor volume or tumor

weight) × 100%.

Statistical Analysis
Analyses of statistical significance were performed using

SPSS 9.0 (Statistical Product and Service Solutions

Software, IBM Corporation, Armonk, NY, USA) statistical

software by two-way ANOVA with Bonferroni correction;

paired samples were tested using the paired-sample t-test.

The IC50 values of agents for HCC cells and the half-life

time (t1/2) values of sorafenib retention in HCC cells were

calculated using Origin software (Origin 6.1; OriginLab

Corporation, Northampton, MA, USA).

Results
miR-3609 Potentially Targets EPAS-1 by

Binding Its 3′UTR
First, the relationship between EPAS-1 and the prognosis of

patients who received sorafenib was examined. As shown in

Figure 1A and B, the expression of EPAS-1 was examined

in the HCC clinical specimens, and patients were divided

into two groups: EPAS-1-low and EPAS-1-high. The results

showed that the EPAS-1-high group patients had poorer

prognoses than those in the EPAS-1-low group (Figure 1A,

B and Table 1). Next, using an online tool, miRDB, miR-

Figure 1 The association between the expression of the miR-3609/EPAS-1 axis with the prognosis of advanced HCC patients after receiving sorafenib treatment. The

expression of EPAS-1 and miR-3609 in clinical specimens was examined, and the patients were divided into two groups according to the median expression level (high or

low). The OS (overall survival) and TTP (time to progress) of patients were analyzed. (A and B) The prognosis of patients with high endogenous EPAS-1 expression (EPAS-

1-high) or low endogenous EPAS-1 expression (EPAS-1-low). (C) The potential binding sites of miR-3609 in the 3′UTR of the epas-1 mRNA. (D and E) Prognosis of patients
with high endogenous miR-3609 expression (miR-3609-high) or low endogenous miR-3609 expression (miR-3609-low); *P < 0.05.
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3609 was shown to potentially target EPAS-1 by binding its

3′UTR, and the potential binding of miR-3609 to EPAS-1 is

shown in Figure 1C. To examine whether miR-3609 is

associated with the prognosis of patients who received sor-

afenib treatment, the expression levels of miR-3609 and

EPAS-1 were examined in the HCC clinical specimens. As

shown in Figure 1C and D and Table 1, patients were

divided into the following groups according to the median

value of the expression level of miR-3609: an miR-3609-

low group and miR-3609-high group. The miR-3609-low

group patients had a poorer prognosis than the miR-3609-

high group (Figure 1 and Table 2).

In addition, the relationship between EPAS-1 and miR-

3609 in clinical specimens was examined. As shown in Figure

2 A and B, the expression of EPAS-1 (Figure 2A) and miR-

3609 (Figure 2B) in HCC clinical specimens was negatively

correlated with their expression in paired non-tumor tissues.

The expression of miR-3609 was also was negatively asso-

ciated with that of EPAS-1 in both HCC clinical specimens

(Figure 2C) and the paired non-tumor tissues (Figure 2D).

Lentiviral particles containing the full length of miR-3609

were then prepared in order to overexpress miR-3609 in

MHCC97-H, a highly aggressive HCC cell line that expresses

the highest level of EPAS-1 compared with other hepatic cell

lines (Figure 2E). As shown in Figure 2F, overexpression of

miR-3609 repressed the expression of EPAS-1. Transfection

with an inhibitor of miR-6077 and EPAS-1 with mutated miR-

3609-targeting sites (dubbed EPAS-1Mut) almost fully abro-

gated the repressing effect of miR-3609 on EPAS-1 expression

(Figure 2F and F). Similar results were obtained from the

luciferase assay, in that miR-3609 was found to repress the

activation of the luciferase reporter containing the 3′UTR

region of EPAS-1 with the miR-3609 targeting site but not

the mutated miR-3609 targeting site (Supplemental Figure 1).

Therefore, these findings show that miR-3609 targets the 3′

UTR of EPAS-1.

miR-3609 Inhibits the Activation of PXR

Pathway by Targeting EPAS-1
Based on previous evidence that EPAS-1 functions as

a coactivator of PXR, the effect of miR-3609-mediated

downregulation of EPAS-1 expression on the transcription

factor activation of PXRwas examined. As shown in Table 3,

rifampicin, a typical agonist of PXR, induced transcription

factor activation in a dose-dependent manner. The overex-

pression of miR-3609 repressed the agonistic effect of rifam-

picin on the activation of PXR, and the EC50 (half-effective

concentration/concentration of the 50% effective activation)

values were increased (Table 3). Transfection with an inhi-

bitor of miR-3609 or EPAS-1 with mutated miR-3609-

targeting sites (dubbed EPAS-1Mut) almost fully blocked

the repression of PXR activation by miR-3609 (Table 3).

Next, the effect of miR-3609 on the expression of the

MDR-related target genes of PXR was examined. As shown

in Figure 3, rifampicin induced the expression of P-GP and

CYP3A4. Overexpression of miR-3069 decreased the

expression of f P-GP and CYP3A4 induced by rifampicin

(Figure 3). Transfection with an inhibitor of miR-3609 or

EPAS-1 with mutated miR-3609-targeting sites (dubbed

EPAS-1Mut) almost fully blocked the repressing effect of

miR-3609 (Figure 3). The EC50 values for the effect of

rifampicin on the mRNA level in MHCC97-H cells and the

five HCC PDC lines are shown in Supplemental Table 1.

Because PXR is a transcription factor/nuclear receptor

whose activity relies on its nuclear accumulation and

recruitment to the promoters of its target genes, cellular

sub-fraction and ChIP experiments were performed. As

shown in Figure 4, rifampicin (5 µmol/L concentration)

induced the nuclear accumulation of PXR and its recruit-

ment to the promoter/enhancer regions of cyp3a4.

Overexpression of miR-3069 decreased the nuclear accu-

mulation of PXR in the nuclear fraction and attenuated the

Table 1 EPAS-1 Expression and Clinical Outcome of Patients

Received Sorafenib Treatment

EPAS-1 mRNA Expression P

High (n = 26) Low (n = 26)

TTP 8.0 13.0 0.004

7.0–9.5 (M) 9.7–13.0 (M)

OS 11.0 16.0 0.017

10.5–13.2 (M) 11.3–20.7 (M)

Abbreviations: TTP, time to progress; OS, overall survival; M, months.

Table 2 miR-3609 Expression and Clinical Outcome of Patients

Received Sorafenib Treatment

miR-3609 mRNA Expression P

High (n = 26) Low (n = 26)

TTP 12.0 8.0 0.016

9.6–12.1 (M) 7.2–10.3 (M)

OS 15.0 12.0 0.010

12.8–16.3 (M) 10.1–13.4 (M)

Abbreviations: TTP, time to progress; OS, overall survival; M, months.
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rifampicin-induced recruitment of PXR to cyp3a4’s pro-

moter/enhancer regions (Figures 4 and 5). Transfection

with an inhibitor of miR-3609 and EPAS-1 with mutated

miR-3609-targeting sites (dubbed EPAS-1Mut) almost fully

blocked the repressing effect of miR-3609 (Figures 4

and 5).

miR-3609 Reduces the Rate of Metabolism

and Clearance of Sorafenib in HCC Cells
The MDR-related target genes of PXR generally encode

drug-metabolizing enzymes; therefore, the metabolism and

clearance of sorafenib in HCC cells warrant attention. The

clearance of sorafenib in HCC cells was examined using

Figure 2 Relationship between the expression of miR-3609 and EPAS-1 in HCC clinical specimens. The expression of miR-3609 and EPAS-1 was examined in the paired tumor/non-

tumor clinical specimens. The relationship between the expression of EPAS-1 and miR-3609 in HCC clinical specimens (A) and the paired non-tumor tissues (B) is shown as scatter
images. The abscissa represents the expression level of EPAS-1 in the same tissue; the ordinate is the expression level of miR-3609 in the same tissue. The relationship between EPAS-1

(C) and miR-3609 (D) in paired HCC clinical specimens and the paired non-tumor tissues is shown as scatter images. The abscissa represents the expression level of EPAS-1 or miR-

3609 in paired specimens (HCC clinical specimens); the ordinate is the expression of EPAS-1 or miR-3609 in paired specimens (the non-tumor specimens). (E) The endogenous

expression of EPAS-1 in hepatic cell lines was examined through a Western blot experiment. (F) MHCC97-H cells, which were transfected with the control, miR-3609, miR-3609 +

EPAS-1Mut, or miR-3609 + inhibitor, were harvested for Western blot. β-Actin was used as the loading control.

Table 3 The Effect of miR-3609 on PXR’s Transcription Factor Activation

Groups XREM-Luc PXRE-Luc DR3-Luc ER6-Luc

EC50 values of Rifampicin (μmol/L)

Control 3.88±0.55 3.34±0.84 4.71±0.31 4.52±0.43

miR-3609 >10 >10 >10 >10

miR-3609 + inhibitor 3.63±0.53 4.43±0.99 5.44±0.25 5.96±0.61

miR-3609 + EPAS-1Mut 3.28±0.22 2.67±0.53 3.19±0.24 3.68±0.44
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LC-MS/MS methods. As shown in Figure 6, sorafenib was

gradually metabolized and cleared in HCC cells.

Overexpression of miR-3069 reduced the rate of metabo-

lism and clearance of sorafenib in cultured HCC cells

(Figure 6), and the half-life time (t1/2) of sorafenib in

HCC cells was correspondingly prolonged (Table 4). The

results are shown as a drug-retention curve for sorafenib in

MHCC97-H cells (Figure 6) and the half-life time (t1/2) of

sorafenib in MHCC97-H and five HCC PDC lines (Table

4). Transfection of EPAS-1 with mutated miR-3609-

targeting sites (dubbed EPAS-1Mut) almost fully blocked

the effect of miR-3609. Furthermore, similar subcutaneous

tumor formation data were obtained (Figure 6 and Table

4). Therefore, miR-3609 was found to reduce the rate of

metabolism and clearance of sorafenib in HCC cells.

miR-3609 Enhances the Antitumor Effect

of Sorafenib on HCC Cells
To examine the antitumor effect of sorafenib in HCC cells,

MTT assays were conducted. As shown in Supplemental

Table 2, sorafenib inhibited the survival of MHCC97-H

cells in a dose-dependent manner. Overexpression of miR-

3609 enhanced the antitumor effect of sorafenib on

MHCC97-H cells, and the IC50 values of sorafenib on

MHCC97-H cells were decreased. Transfection with the

miR-3609 inhibitor and EPAS-1 with mutated miR-3609-

targeting sites (dubbed EPAS-1Mut) almost fully blocked

the effect of miR-3609 (Supplemental Table 2).

Overexpression of miR-3609 also enhanced the antitumor

effect of other molecular targeting agents on MHCC97-H

cells. Similar results were obtained in the five HCC PDC

lines (Supplemental Table 2).

To further examine the in vivo effect of miR-3609, the

nude mice HCC subcutaneous models were used. As

shown in Figure 7, sorafenib inhibited the subcutaneous

growth of MHCC97-H cells in a dose-dependent manner,

and overexpression of miR-3609 enhanced the antitumor

effect of sorafenib In MHCC97-H cells. The IC50 values

for this effect of sorafenib on MHCC97-H cells decreased

(Table 5). Transfection with the inhibitor of miR-3609 and

EPAS-1 with mutated miR-3609-targeting sites (dubbed

Figure 3 miR-3609 repressed the expression of drug resistance–related genes

downstream of PXR. MHCC97-H cells, which were transfected with control,

miR-3609, miR-3609 + EPAS-1Mut, or miR-3609 + inhibitor, were treated with

solvent control or rifampicin. Then, cells were harvested for Western blot analysis.

The expression levels of EPAS-1, CYP3A4, P-gp, PXR, and β-Actin were examined

using antibodies against these proteins. β-Actin was used as the loading control.

Figure 4 miR-3609 inhibited the recruitment of PXR to the promoter region (+4 ~ −354, PXRE region) of its target gene cyp3a4ʹ. MHCC97-H cells, which were transfected

with control, miR-3609, miR-3609 + EPAS-1Mut, or miR-3609 + inhibitor, were treated with solvent control or rifampicin. Then, cells were harvested for chromatin

immunoprecipitation (ChIP) analysis. The recruitment of PXR to its downstream gene cyp3a4ʹ promoter region (+4 ~ −354, PXRE region) is shown in DNA electrophoresis

images (A) or assessed by quantitative analysis of the DNA electrophoresis images (B). *P < 0.05 versus the recruitment of EPAS-1 in the miR-3609 group with control, miR-

3609 + EPAS-1Mut, or miR-3609 + inhibitor groups; #P < 0.05 versus the recruitment of PXR in miR-3609 group, with control, miR-3609 + EPAS-1Mut, or miR-3609 +

inhibitor groups.
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EPAS-1Mut) almost fully abrogated this effect of miR-3609

(Table 5). Overexpression of miR-3609 also enhanced the

antitumor effect of other molecular targeting agents on the

subcutaneous growth of MHCC97-H cells. Similar results

were obtained in the five HCC PDC lines (Table 5).

To further examine the effect of miR-3609, other mole-

cular targeting agents were used. As shown in

Supplemental Table 3, miR-3609 enhanced the sensitivity

of MHCC97-H cells to the molecular targeting agents

regorafenib, lenvatinib, apatinib, and anlotinib, and the

IC50 of these agents were decreased. Transfection of an

inhibitor of miR-3609 or EPAS-1Mut decreased the effect

of miR-3609. Therefore, overexpression of miR-3609

decreased the activation of PXR and enhanced the sensi-

tivity of HCC cells to molecular targeting agents.

Discussion
HCC remains one of the most frequent malignancies in

China, which has a high hepatitis rate, including infections

due to hepatitis B virus [HBV] and hepatitis C virus

[HCV].44–46 A large proportion of HCC patients are

already in the advanced stage of the disease (advanced

HCC) when initially diagnosed, and have a poor prognosis

because of multidrug resistance, which makes these

patients insensitive to the traditional cytotoxic-

chemotherapeutic agents.47,48 Currently, molecular

targeting therapies, such as sorafenib and lenvatinib (first-

line agents) and regorafenib (a second-line agent) are the

only antitumor drugs available for advanced HCC.49–53

Although molecular targeting agents are promising thera-

peutic options, they have several limitations: patients show

individual differences in sensitivity to molecular targeting

agents, and are prone to developing drug resistance during

treatment.54 It has been reported that several mechanisms

may contribute to drug resistance in advanced HCC treat-

ment; these include signaling pathways, including Notch

pathways, EMT, and cancer stem cells related signaling

pathway.54 The present results show that EPAS-1 may be

a promising target for enhancing the antitumor effect of

molecular targeting agents on HCC cells (Figure 8).

Overexpression of miR-3609, a microRNA that potentially

targets EPAS-1, enhanced the antitumor effect of molecu-

lar targeting agents on HCC cells by decreasing PXR

activation. These results not only expand our understand-

ing of EPAS-1, but also contribute to the development of

safer and more effective HCC molecular-targeted thera-

peutic strategies.

It has been reported that the metabolism-dependent

elimination of sorafenib (ie, the metabolism and clearance

of sorafenib) mediated by the PXR signaling pathway

plays an important role in sorafenib-resistance in HCC

cells.28,29 As a member of the nuclear receptor protein

Figure 5 miR-3609 repressed the nuclear accumulation of PXR. MHCC97-H cells transfected with control, miR-3609, miR-3609 + EPAS-1Mut or miR-3609 + inhibitor, were

treated with solvent control or rifampicin. Then, cells were harvested for cellular sub-fraction analysis. The accumulation of EPAS-1 or PXR in the nuclear fraction was

shown in Western blot images (A) and by quantitative analysis (B and C). The protein levels of PXR, EPAS-1, Lamin A, and β-Actin were examined using their antibodies.

Lamin A was used as the nuclear indicator, and β-actin was used as the cytoplasm indicator; *P < 0.05.
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family, PXR can function as a transcription factor to

mediate the transcription of its target genes, which encode

metabolizing and detoxifying enzymes such as P-GP and

CYP3A4.55,56 These enzymes not only participate in the

metabolism and detoxification of exogenous toxicants, but

also induce drug resistance via metabolism-dependent

Figure 6 miR-3609 reduced the rate of metabolism and clearance of sorafenib in MHCC97-H cells. MHCC97-H cells were transfected with control, miR-3609, miR-3609 +

EPAS-1Mut, or miR-3609 + inhibitor. For the cultured cell model, cells were cultured with 1 μmol/L sorafenib (A and C). For the subcutaneous model, cells were injected

into nude mice to form subcutaneous tumors, and the tumor tissues formed by HCC cells were injected with sorafenib solution (B and D). Next, the cell samples and

tumor tissues were collected at indicated time points, and the retention of sorafenib in the samples was analyzed by LC-MS/MS. Results are shown as representative images

of LC-MS/MS (A and B) and the retention-curves for sorafenib in HCC cultured cells (C) or the subcutaneous tumors (D). *P < 0.05.
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elimination of the drug during treatment.55,56 The activa-

tion of PXR is regulated by both ligands and co-

regulators.55,56 Zhao et al (2016) reported that EPAS-1

interacts with PXR and functions as a PXR coactivator.10

In the present study, overexpression of miR-3609

decreased the activation of the PXR pathway by repressing

the expression of EPAS-1, and enhanced the antitumor

effect of molecular targeting agents. Furthermore, over-

expression of miR-3609 not only decreased the expression

of MDR-related genes but also reduced the rate of

metabolism-dependent elimination of sorafenib in HCC

cells. This study not only examines MDR-related protein

expression but also directly investigates the metabolism

and clearance of sorafenib in HCC cells. The results

enable a more comprehensive study of sorafenib tolerance.

Sorafenib has been widely used in clinical practice, and

more information on its drug characteristics is available; in

comparison, regorafenib and lenvatinib have been in use

for a shorter period, and therefore less corresponding

information exists for these drugs. This study examined

Table 4 The Effect of miR-3609 on Sorafenib’s Metabolism or Clearance in HCC Cells’ Survival

Cell Lines Experiments Control miR-3609 miR-3609 + EPAS-1Mut

Half-Life Time (t1/2, h)

MHCC97-H Cell-based 18.58±2.46 37.09±6.12 17.96±3.18

Tumor-based 30.73±6.46 57.27±5.15 31.99±4.44

PDC No. 1 Cell-based 13.49±3.67 35.51±7.37 14.44±5.65

Tumor-based 26.32±6.91 47.12±3.54 28.68±2.71

PDC No. 2 Cell-based 20.64±9.72 45.08±2.85 20.36±8.10

Tumor-based 36.38±5.51 60.71±5.74 35.58±5.11

PDC No. 3 Cell-based 21.83±4.98 45.31±9.49 23.48±4.37

Tumor-based 28.40±9.86 50.73±4.02 26.69±6.89

PDC No. 4 Cell-based 16.21±5.97 30.64±5.67 18.48±3.95

Tumor-based 23.28±6.68 40.99±7.41 27.83±7.77

PDC No. 5 Cell-based 19.50±4.55 37.30±10.48 21.51±1.43

Tumor-based 26.67±433 44.07±6.24 23.96±8.35

Figure 7 miR-3609 enhanced the in vivo antitumor effects of sorafenib in nude mice. MHCC97-H cells transfected with miR-3609 were injected subcutaneously into nude

mice to form tumor tissues. Mice received sorafenib treatment via oral administration. After treatment, the mice were harvested, and the tumor tissues collected. Images of

tumor tissues are shown (A) and the inhibitory rates calculated by tumor volumes (B) or tumor weights (C) are indicated; *P < 0.05.
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the metabolism and scavenging effects of sorafenib in

HCC cells. LC-MS/MS detection methods for the analysis

of other molecularly targeted drugs will be established in

future for similar studies.

Recently, the alteration of micro-environments of

tumor tissues mediated by increased metabolism, termed

“the Warburg effect”, which is characterized by elevated

glucose uptake, has been considered a potential mechan-

ism underlying drug resistance.57–59 The aberrant metabo-

lism of human cancer cells not only involves markedly

high levels of glycolysis and glucose absorption, even at

normal oxygen concentrations, but also induces the altera-

tion of the micro-environment, metastasis, or drug resis-

tance of cells because of the accumulation of lactate.60–62

Inhibition of the Warburg effect has been considered as

a potential antitumor treatment strategy.63,64 For example,

Yin et al (2019) reported that repressing the activation of

SREBP-1 enhanced the sensitivity of HCC cells to sorafe-

nib by suppressing the Warburg effect in HCC cells.65 Ma

et al (2019) showed that miR-6077 enhanced the sensitiv-

ity of NSCLC cells to lenvatinib by repressing the

expression of GLUT1.66 Furthermore, other strategies to

inhibit the Warburg effect in tumor cells are available;

these include: (1) construction of lentivirus vectors of

miRNAs to inhibit the expression and activation of meta-

bolism-related pathways, including hypoxia-inducible fac-

tor and c-MYC;67–73 and (2) developing antibodies and

small molecular inhibitors of metabolism-related

pathways.74,75

EPAS-1 is also referred to as hypoxia-inducible transcrip-

tion factor 2α and plays an important role in several intracel-

lular processes such as vascular remodeling, fibro-genesis

and hypoxia-inducible process. The function of EPAS-1 is

related, but different from, that of HIF1α (hypoxia-inducible

transcription factors 1α).76,77 The results of the present study

and those of Zhao et al (2016) show that EPAS-1 can up-

regulate PXR activity as a coactivator.10 These results not

only link the hypoxia-responsive signaling pathways to cel-

lular metabolism-related mechanisms but also provide new

experimental data for HCC treatment. Further, this study

provides novel insights into the roles of miRs in HCC and

other cancers.78–80

Table 5 The Effect of miR-3609 on Sorafenib’s Antitumor Effect on HCC Cells’ Subcutaneous Growth

Cell Lines Control miR-3609 miR-3609 + EPAS-1Mut

IC50 values of Soarfenib on Subcutaneous Tumor Weights (mg/kg)

MHCC97-H 2.25±0.44 0.15±0.02 2.51±0.52

PDC No. 1 ~3 0.87±0.39 >3

PDC No. 2 1.77±0.20 0.48±0.10 2.20±0.45

PDC No. 3 1.99±0.54 0.30±0.04 1.81±0.41

PDC No. 4 2.70±0.70 0.95±0.60 2.76±0.62

PDC No. 5 2.88±0.39 0.66±0.21 2.32±0.69

Figure 8 The proposed model of the present study. (A) EPAS-1 functions as a co-activator of PXR and enhances the activation of PXR to mediate the expression of the

downstream drug-related genes of PXR, resulting in accelerated metabolism or clearance of sorafenib in HCC cells. (B) miR-3609 inhibits the expression of EPAS-1, resulting

in the down-regulation of the PXR pathway to reduce the rate of metabolism or clearance of sorafenib in HCC cells. The overexpression of miR-3609 enhances the

sensitivity of HCC cells to sorafenib.
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Conclusion
Overexpression of miR-3609 reduces the rate of clearance of

sorafenib in HCC cells by targeting EPAS-1 and reducing

the activation of PXR pathways. Therefore, EPAS-1 repre-

sents a promising molecular candidate for gene targeting

therapy to overcome drug resistance during HCC treatment.
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