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Abstract
Sorafenib was originally identified as an inhibitor of multiple oncogenic kinases and remains the first-line systemic therapy
for advanced hepatocellular carcinoma (HCC). MicroRNAs (miRNAs) have been reported to play critical roles in the
initiation, progression, and drug resistance of HCC. In this study, we aimed to identify sorafenib-induced miRNAs and
demonstrate their regulatory roles. First, we identified that the expression of the tumor-suppressive miRNA miR-375 was
significantly induced in hepatoma cells treated with sorafenib, and miR-375 could exert its antiangiogenic effect partially via
platelet-derived growth factor C (PDGFC) inhibition. Then, we demonstrated that sorafenib inhibited PDGFC expression by
inducing the expression of miR-375 and a transcription factor, achaete-scute homolog-1 (ASH1), mediated the induction of
miR-375 by sorafeinb administration in hepatoma cells. Finally, we verified that the expression of miR-375 was reduced in
sorafenib-resistant cells and that the restoration of miR-375 could resensitize sorafenib-resistant cells to sorafenib partially
by the degradation of astrocyte elevated gene-1 (AEG-1). In conclusion, our data demonstrate that miR-375 is a critical
determinant of HCC angiogenesis and sorafenib tolerance, revealing a novel miRNA-mediated mechanism underlying
sorafenib treatment.

Introduction

Hepatocellular carcinoma (HCC) is the most common type
of liver cancer and the second leading cause of cancer-
related deaths worldwide [1]. The heavy burden of HCC has
provoked extensive studies to investigate the molecular
mechanisms underlying this disease.

Abnormal angiogenesis is an important hallmark of
HCC. The capacity to undergo angiogenesis addresses the
nutrient and oxygen needs of the tumor [2]. Additionally,
angiogenesis can help tumor cells spread through the
bloodstream to distant organs [3, 4]. Therefore, angiogen-
esis plays a crucial role in tumor development and metas-
tasis, and novel anticancer strategies focusing on molecules
that possess antiangiogenic activity may provide promising
breakthroughs for HCC treatment. Sorafenib is a multi-
kinase inhibitor targeting vascular endothelial growth factor
(VEGF)-mediated angiogenesis and is the first molecular
targeted drug found to prolong survival in patients with
advanced HCC [5, 6]. However, acquired resistance to
sorafenib has been found in HCC patients, resulting in a
poor prognosis. Hence, the identification of new potential
targets, detailed mechanisms or therapeutic strategies to
overcome this acquired resistance is necessary and valuable.

MicroRNAs (miRNAs) constitute a class of endogenous
small noncoding regulatory RNAs that mainly recognize
complementary sequences in the 3′-untranslated regions
(UTRs) of their target genes and lead to mRNA degradation
or translation inhibition [7]. MiRNA deregulation has been
demonstrated to play a role in the pathologic processes of
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tumorigenesis. Furthermore, miRNAs serve as potential
diagnostic markers, prognostic factors, and therapeutic tar-
gets. Recently, it has been reported that miRNAs contribute
to HCC angiogenesis and play critical roles in the ther-
apeutic mechanisms underlying sorafenib resistance. For
example, the downregulation of miRNA-638 and miR-497
promotes angiogenesis and the growth of HCC by targeting
VEGF [8, 9]. Liver-specific miR-122 expression was found
to be significantly reduced in sorafenib-resistant cells, and
the overexpression of miR-122 rendered drug-tolerant cells
sensitive to sorafenib [10]. Similarly, miR-181a induces
sorafenib resistance in HCC cells through the down-
regulation of RASSF1 expression [11]. Collectively, miR-
NAs likely play crucial roles in angiogenesis and sorafenib
resistance. Therefore, therapies targeting these miRNAs are
expected to overcome the loss of the efficacy of sorafenib in
the treatment of HCC.

In this study, we identified miR-375 as a sorafenib-
inducible miRNA and demonstrated that miR-375 sup-
presses pro-angiogenic activity in HCC by targeting
PDGFC. Furthermore, ASH1 was further identified as an
important upstream regulator of miR-375 in sorafenib-
treated hepatoma cells. Finally, we found that miR-375
could reverse the acquired resistance to sorafenib by sup-
pressing AEG-1. Collectively, these results demonstrate that
miR-375 represses tumor angiogenesis and renders
sorafenib-resistant HCC cells sensitive to sorafenib.

Materials and methods

Cell line and human tissue specimens

The human liver cancer cell lines Hep3B, HepG2, Huh1,
and Huh7, the normal human liver cell line LO2, and the
human umbilical vein endothelial cell line HUVEC were
obtain from Chinese Academy of Sciences, Shanghai Insti-
tutes for Biological Sciences (Shanghai, China) and verified
by STR profiling. Cells were cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM, HyClone,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco BRL, USA) and antibiotics (100 units/ml penicillin
and 100 μg/ml streptomycin) in an atmosphere with 5% CO2

at 37 °C. Twenty paired HCC and adjacent nontumorous
liver tissue samples were collected from patients undergoing
resection of HCC at the General Hospital of Western Theater
Command from August 2012 to June 2013. No patient
received local or systemic therapy before surgery, and both
tumorous and matched adjacent nontumorous tissue samples
were histologically confirmed by three independent pathol-
ogists. The study was approved by the Ethics Committee of
the General Hospital of Western Theater Command, and
informed consent was obtained from all patients.

Establishment of sorafenib-resistant hepatoma cells

Sorafenib-resistant hepatoma cell lines were established
according to previous reference [12]. The IC50 of HCC cells
to sorafenib was initially determined by incubating cells
with different concentrations of sorafenib, and the cell
viability was measured 3 days later as described below. The
cells were cultured in 96-well plates at 1 × 104 cells/well
and incubated with sorafenib at a concentration slightly
below their respective IC50 values. The concentration of
sorafenib was slowly increased by 0.25 mmol/l per week.
After 6 months, two sorafenib-resistant cell lines designated
Hep3B-SR and HepG2-SR were obtained and continuously
maintained by culturing in the presence of sorafenib.

miRNA-expressing plasmids, miRNA inhibitors,
siRNAs, and cell transfection

The miR-375 overexpression vectors (miR-375), miR-375
inhibitors (anti-miR-375), AEG-1 overexpression vectors
(AEG-1), PDGFC and ASH1 siRNAs (si-PDGFC and si-
ASH1) and their matched negative controls (miR-NC, anti-
miR-NC, NC, and si-NC) were purchased from Thermo
Scientific. The sequences of si-PDGFC and si-ASH1 are
shown in Supplementary Table 1. Cell transfection was
performed using Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s instructions.

miRNA microarray and quantitative real-time PCR

A differential expression profiling analysis of the miRNAs
expressed in the hepatoma cells treated with sorafenib at a
concentration of 10 μM or a vehicle control (DMSO <
0.1%) was conducted using a Human miRNA Microarray
(Agilent Technologies, USA). The fluorescence intensity
was calculated by Feature Extraction software (Agilent
Technologies). The differentially expressed miRNAs were
identified by arbitrarily setting the threshold at a fold change
of 2.0 or above combined with P < 0.05.

The total RNA was extracted from the tissues and cells
with TRIzol Reagent (Takara, Japan).

For the miRNA detection, the miRNAs were transcribed
into cDNA using a miScript II RT Kit (QIAGEN, Germany)
and amplified with a miScript SYBR Green PCR Kit (QIA-
GEN) according to the manufacturer’s recommendations.

For the mRNA detection, cDNA was synthesized using a
PrimeScript RT Reagent Kit (Takara) and amplified with
FastStart Universal Probe Master (Rox) (Roche, Switzer-
land) and Universal ProbeLibrary Set, Human (Roche)
according to the manufacturer’s recommendations. The
qRT-PCR primers are listed in Supplementary Tables 2–5.

The relative expression of each miRNA and mRNA was
calculated using the 2−ΔΔCT method, and the relative
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miRNA and mRNA levels were normalized to the levels of
U6 or GAPDH.

Conditioned medium preparation

To prepare the conditioned medium, we employed hepa-
toma cells transfected with vectors expressing miR-375 or
miR-NC vectors for 24 h and cultured the cells in serum-
free DMEM. After 48 h of incubation, the supernatants were
collected, centrifuged to remove living cells and cellular
debris, and used for subsequent functional experiments.
Recombinant human PDGFC protein (R&D SYSTEMS,
USA) was added at a final concentration of 400 ng/ml to
conditioned medium collected from miR-375-transfected
hepatoma cells for PDGFC compensation in rescue assays.

HUVEC tube network formation assay

The tube formation assay was conducted using HUVECs in
a tumor cell-conditioned medium. HUVECs (3 × 104) were
seeded onto a 96-well plate coated with Matrigel (BD
Biosciences) in conditioned medium at 37 °C. Tube for-
mation was found to be optimal after 3 h. Tube formation
was observed, photographed and analyzed under a light
microscope (Olympus, Japan).

Rat aortic ring sprouting assay

Matrigel (BD Biosciences) was thawed at 4 °C overnight.
The dorsal aorta of a freshly sacrificed Male Sprague
Dawley (SD) rats (200 to 250 g) (Vital River, China) was
removed in a sterile manner, rinsed with ice-cold PBS and
cut into 1-mm-long pieces using a surgical blade. The wells
of 96-well plates were coated with 60 μl of Matrigel and
incubated at 37 °C for 10 min to gel. Aortic rings were
placed in the wells, sealed in place with a 20-μl Matrigel
overlay, and incubated at 37 °C for 10 min to allow the gel
to set. Conditioned medium (100 μl) was added. The aortic
rings were incubated at 37 °C in 5% CO2 for 10 days to
allow microvessel sprouting. The conditioned medium was
replaced every 48 h. Images were acquired using a stereo-
microscope (Olympus).

Chicken chorioallantoic membrane (CAM) assays

Fertilized white leghorn chicken eggs were incubated for
7 days at 37 °C in a humidified atmosphere. After 7 days, a
small opening was generated in the shell, and a circular
piece of filter paper (5 mm diameter) containing 50 μl of
conditioned medium was applied to the chorioallantoic
membrane. Then, the site was covered with cellophane tape
before the eggs were returned to the incubator. New con-
ditioned medium was added every 8 h. Following 3 days of

incubation, the eggs were opened, and pictures were taken
using a stereomicroscope (Olympus).

Bioinformatic prediction and dual-luciferase
reporter gene assay

The following online miRNA target prediction algorithms
were used to evaluate the potential target genes of miR-375:
PicTar (http://www.pictar.org/) and TargetScan
(http://www.targetscan.org/).

A dual-luciferase reporter gene assay was constructed to
measure the reporter activity using a Dual-Luciferase
Reporter Assay System (Promega, USA) according to the
manufacturer’s protocol. HEK293 cells at 90% confluence
were seeded in 96-well plates. For the PDGFC and AEG-1
3′-untranslated region (3′-UTR) luciferase reporter assay,
100 ng of wild type (PGL3-PDGFC/AEG-1 3′-UTR-WT) or
mutant (PGL3-PDGFC/AEG-1 3′-UTR-Mut) reporter con-
structs were cotransfected into HEK293 cells in 24-well
plates with 1 μg of miR-375 overexpression vectors or 1 μg
of miR-NC vectors and Renilla plasmid using Lipofecta-
mine 2000 (Invitrogen). The reporter gene assay was per-
formed 24 h after transfection.

Western blotting and enzyme-linked
immunosorbent assay

Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes (Millipore, USA). The mem-
branes were blocked with 5% nonfat milk in a Tris-buffered
saline solution with 0.1% TWEEN 20 (TBST) for 1 h at
room temperature and incubated overnight with primary
antibodies at 4 °C, followed by incubation with HRP-
conjugated secondary antibodies. The following primary
antibodies were used: rabbit antihuman PDGFC (catalog no.
ab93899), ASH1 (catalog no. ab74065), BMP-15 (catalog
no. ab108413), GDF-9 (catalog no. ab93892), P53 (catalog
no. ab131442), NF-κB (catalog no. ab32536), ZEB1 (cat-
alog no.ab203829), P-gp (catalog no. ab261736), MRP1
(catalog no. ab260038), AEG-1 (catalog no. ab227981) and
GAPDH (catalog no. ab181602) (Abcam, UK).

PDGFC protein in the culture supernatant was detected
by an enzyme-linked immunosorbent assay (catalog no.
ab234568) (Abcam) according to the manufacturer’s
instructions.

Immunohistochemistry

Serial sections (4 μm) were cut for immunohistochemistry.
Rabbit antihuman PDGFC primary antibodies (catalog no.
ab93899) (Abcam) and rabbit antirat CD34 primary anti-
bodies (catalog no. ab185732) (Abcam) were applied to the
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tissue sections for an overnight incubation at 4 °C. The
samples were further processed according to the manu-
facturer’s instructions, and the final sequence of procedures,
consisting of incubation with peroxidase-conjugated sec-
ondary antibodies, staining, mild restaining with hematox-
ylin, dehydration, coverslipping, and microscopic
observation, was performed.

Animal experiments

To elucidate the role of miR-375 in vivo, we constructed a
recombinant lentivirus designated LV-miR-375 to generate
a stable gain of function of miR-375 in cells. The recom-
binant lentivirus, LV-miR-375, and its negative control,
LV-miR-NC, (GeneCopoeia, USA) were used to infect the
cells according to the manufacturer’s instructions. Flow
cytometry sorting was performed to isolate the infected cells
(GFP-positive).

BALB/c athymic nude mice (male, 4–5 weeks old and
16–20 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and bred under
pathogen-free conditions. All animal experiments were
approved by the Animal Care and Use Committee of the
General Hospital of Western Theater Command. The mice
were randomized into five groups (n= 5 per group).
Hepatoma cells (6 × 107 cells per ml) were suspended in
PBS. The cells were subcutaneously injected (100 μl per
mouse) into the flank of each mouse. Fifty microliters of

recombinant human PDGFC protein (400 ng/ml) were
injected into the xenografts every other day for PDGFC
compensation in the rescue assay. On the 20th day after
injection, the mice were sacrificed, and their tumors were
harvested. The tumors were dissected, fixed in formalin,
embedded in paraffin, and sectioned for immunohis-
tochemistry. For the survival experiments, the mice were
randomly divided into 5 groups, each containing 10 mice,
and injected subcutaneously as previously described.

The experimental protocol has been described previously
[13–15]. In the in vivo sorafenib gavage experiments,
sorafenib-resistant cells were inoculated subcutaneously
into the mice, which received an oral administration of
15 mg/kg sorafenib every 3 days. A lower dose of sorafenib
was used to maintain the sorafenib-resistant ability of the
hepatoma cells, which were maintained in culture with
sorafenib. After 20 days, sorafenib was suspended in an oral
vehicle containing Cremophor (Sigma-Aldrich), 95% etha-
nol and water in a ratio of 1:1:6 and administered orally at a
dose of 30 mg/kg by gavage daily. The tumors were har-
vested 18 days after the start of the treatment.

Statistical analyses and workflow chart

All data are expressed as the mean ± SEM of at least three
separate experiments, and each experiment was performed
in triplicate unless otherwise noted. The differences
between the groups were analyzed by two-tailed unpaired

Fig. 1 Sorafenib induces miR-375 expression in hepatoma cells,
and miR-375 is downregulated in HCC tissues and cells. a, b
MiRNA microarray detection identified miRNAs that were differen-
tially expressed between sorafenib-treated hepatoma cells and
untreated hepatoma cells. The scale bar on top indicates the relative
levels with yellow corresponding to a high expression level and blue
corresponding to a low expression level. c One hundred thirteen
miRNAs were upregulated, and 114 miRNAs were downregulated in
both Hep3B and HepG2 cells subjected to 48 h of sorafenib treatment
compared with untreated hepatoma cells. d The expression levels of
miR-375 in hepatoma cells treated with a wide range of concentrations

(0–20 μM) of sorafenib were detected by qRT-PCR, and the results
demonstrated that sorafenib-induced miR-375 expression in a dose-
dependent manner. e qRT-PCR showed that miR-375 was down-
regulated in human HCC tissues (HCC) compared with that in mat-
ched adjacent nontumorous liver tissues (NT). f The expression of
miR-375 was downregulated in four human liver cancer cell lines
(Hep3B, HepG2, Huh1, and Huh7) compared with that in a human
normal hepatic cell line (LO2). HCC: hepatocellular carcinoma tis-
sues, NT: matched adjacent nontumorous liver tissues. *P < 0.05, **P
< 0.01, ***P < 0.001.
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Student’s t tests. The Kaplan–Meier method and log-rank
test were used to compare survival, which was defined as
the time from injection to death. Statistical analysis was
conducted using SPSS version 24.0 software. P < 0.05 was
considered statistically significant. All statistical tests jus-
tified as appropriate and the data meet the assumptions of
the tests. The variance is similar between the groups that are
being statistically compared. No samples or mice were
excluded from the analysis as outliers. Mice were randomly
allocated to groups using the random number table method.
Blinding and sample size estimation tests were not done for
our animal studies. To clarify our experiment procedures,
we provide a workflow chart to simplify these processes in
supplementary Fig. 1.

Results

MiR-375 is a sorafenib-inducible miRNA in
hepatoma cells

To search for sorafenib-inducible miRNAs, we performed
miRNA microarray scanning of hepatoma cell lines sub-
jected to sorafenib or DMSO (<0.1%) for 48 h. Hepatoma
cells were treated with a wide range of concentrations
(0–20 μM) of sorafenib. We chose a sorafenib concentration
of 10 μM for the treatment of hepatoma cells in the sub-
sequent miRNA microarray assays because the hepatoma

cells were in good condition and exhibited proliferation
(Supplementary Fig. 2A). Furthermore, the apoptosis
detection indicated that cell growth was significantly
inhibited by sorafenib without obvious cell death at this
concentration (Supplementary Fig. 2B). We found that the
pattern of miRNA expression in the sorafenib-treated
hepatoma cells markedly differed from that in the
untreated hepatoma cells (Fig. 1a). Of all differentially
expressed miRNAs, 113 were upregulated and 114 were
downregulated in the sorafenib-treated hepatoma cells
(Fig. 1c). A heat map displaying 60 miRNAs with 5-fold or
greater differential expression between the sorafenib-treated
hepatoma cells and untreated hepatoma cells is shown in
Fig. 1b. Among the miRNAs with significant differences
(>5-fold difference) (Table 1), miR-375, miR-483-5p, and
miR-638 have been fully identified as tumor-suppressive
miRNAs in HCC in previous studies [8, 16, 17]. Then, to
validate the microarray data, we performed qRT-PCR to
quantify miR-375, miR-483-5p, and miR-638 in the
sorafenib-treated hepatoma cells and untreated hepatoma
cells. As demonstrated, the miR-483-5p and miR-638
expression levels were not associated with the sorafenib
concentration, whereas the miR-375 expression level gra-
dually increased in a concentration-dependent manner
(Supplementary Fig. 3 and Fig. 1d). Based on these find-
ings, we identified that miR-375 is a sorafenib-inducible
miRNA in hepatoma cells. To explore the role of miR-375
in the development and progression of HCC, we examined

Table 1 miRNAs upregulated
and downregulated in Hep3B
and HepG2 cells as identified by
an miRNA microarray analysis.

Upregulated Downregulated

Hsa-miR-5006-5p Hsa-miR-4270 Hsa-miR-625-5p Hsa-miR-18a-5p

Hsa-miR-134-5p Hsa-miR-23a-5p Hsa-miR-200c-3p Hsa-miR-590-5p

Hsa-miR-6510-5p Hsa-miR-642b-3p Hsa-miR-29c-5p Hsa-miR-19a-3p

Hsa-miR- 4800-5p Hsa-miR-6086 Hsa-miR-33a-5p Hsa-miR-421

Hsa-miR-4461 Hsa-miR-654-5p Hsa-miR-769-5p Hsa-miR-21-5p

Hsa-miR-4299 Hsa-miR-6087 Hsa-miR-32-5p Hsa-miR-30a-5p

Hsa-miR-375 Hsa-miR-575 Hsa-miR-141-3p Hsa-miR-15a-3p

Hsa-miR-2861 Hsa-miR-483-5p Hsa-miR-30b-3p Hsa-miR-374c-5p

Hsa-miR-4281 Hsa-miR-4778-5p Hsa-miR-183-3p Hsa-miR-3200-3p

Hsa-miR-638 Hsa-miR-185-5p Hsa-miR-107

Hsa-miR-572 Hsa-miR-193a-3p Hsa-miR-103a-3p

Hsa-miR-4516 Hsa-miR-501-3p Hsa-miR-24-3p

Hsa-miR-671-5p Hsa-miR-340-5p Hsa-miR-98-5p

Hsa-miR-4430 Hsa-miR-17-3p Hsa-miR-324-5p

Hsa-miR-1290 Hsa-miR-20a-5p Hsa-miR-196b-5p

Hsa-miR-6891-5p Hsa-miR-30d-3p

Hsa-miR-762 Hsa-miR-19b-3p

Hsa-miR-4532 Hsa-miR-125a-5p

Table 1 summarizes the 60 miRNAs with 5-fold or greater differential expression levels between the
sorafenib-treated hepatoma cells and untreated hepatoma cells as measured by a miRNA microarray. MiR-
375 was among the most upregulated miRNAs in the sorafenib-treated hepatoma cells.
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miR-375 expression in clinical HCC specimens and hepa-
toma cell lines. The expression of miR-375 was sig-
nificantly repressed in the HCC clinical samples compared

with that in the adjacent nontumorous liver tissues (n= 20,
Fig. 1e). As shown in Fig. 1f, the miR-375 levels in all four
hepatoma cell lines (Hep3B, HepG2, Huh1, and Huh7)
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were significantly lower than those in the normal liver cell
line LO2, indicating that the downregulation of miR-375
likely plays crucial roles in HCC initiation and progression.

MiR-375 inhibits HCC angiogenesis by directly
targeting PDGFC

As is well known, sorafenib is an antiangiogenic multi-
kinase inhibitor. However, as a sorafenib-inducible miRNA,
the effect of miR-375 on HCC angiogenesis has not been
sufficiently demonstrated. We performed capillary tube
formation assays with two hepatoma cell lines, i.e., Hep3B

and HepG2, to investigate the regulatory roles of miR-375
in angiogenesis in HCC. Hepatoma cell lines were trans-
fected with miR-375 overexpression vectors and the sig-
nificant increase in miR-375 expression in these cells could
be verified by qRT-PCR (Supplementary Fig. 4). Using
these assays, we observed that the morphological differ-
entiation of HUVECs was affected by the miR-375-
transfected hepatoma cells (Fig. 2a). The HUVECs
formed incomplete and fluffy tubular structures in the pre-
sence of conditioned medium obtained from miR-375-
transfected hepatoma cells. In contrast, the treatment with
the conditioned medium obtained from the negative control
(miR-NC) led to the formation of elongated and robust
tubular structures. We further evaluated the antiangiogenic
effects of miR-375 using rat aortic ring sprouting assays and
CAM assays. Our data show that the conditioned medium
from the miR-375-transfected hepatoma cells markedly
inhibited angiogenesis in the rat aortic rings and chicken
CAMs (Fig. 2b, c). These results indicate that the over-
expression of miR-375 in hepatoma cells could inhibit the
pro-angiogenic activity of hepatoma cells.

To unravel the mechanism underlying miR-375-
disrupted angiogenesis, we searched for positive reg-
ulators of angiogenesis using miRNA target prediction
software (TargetScan and PicTar). PDGFC was found to be
among the predicted high-confidence targets (Fig. 2d) and
chosen for further validation due to its well-known role in
tumor angiogenesis.

To further investigate the relationship between PDGFC
and miR-375, we examined the expression of PDGFC and
miR-375 in 20 paired HCC specimens. The qRT-PCR and
Western blot analyses indicated that the expression of
PDGFC in the HCC tissues was significantly higher than
that in the matched adjacent nontumorous tissues (Fig. 2e, f).
Moreover, the correlation analysis revealed that a negative
correlation exists between the expression of PDGFC mRNA
and miR-375 (Fig. 2e Left). Similarly, the analysis of the
immunohistochemical staining showed that the PDGFC
protein was found in the cytoplasm or the nucleus and that
its expression in most tumor tissues was upregulated com-
pared with that in the adjacent nontumorous tissues (Fig.
2g). Similarly, the mRNA and protein levels of PDGFC in
four human liver cancer cell lines (Hep3B, HepG2, Huh1,
and Huh7) were upregulated compared with those in the
human normal hepatic cell line LO2, which consists of
hepatoma cells and normal hepatocytes (Fig. 2h).

To confirm the regulatory effect of miR-375 on PDGFC
expression in hepatoma cells, we performed gain- and loss-of-
function assays in vitro. As shown in Fig. 2i, j, the transfec-
tion of cells with miR-375, which significantly increased the
level of miR-375, resulted in the suppression of PDGFC at
both the mRNA and protein levels. In contrast, the transfec-
tion of cells with anti-miR-375 (antisense oligonucleotide of

Fig. 2 MiR-375 suppressed angiogenesis in HCC by targeting
PDGFC. a Restoration of miR-375 suppressed the hepatoma cell-
promoted formation of tubes by HUVECs (Olympus, magnification
×100). b A rat aortic ring assay indicated that microvessel sprouting
was reduced in aortic rings cultured with conditioned medium col-
lected from the supernatant of miR-375-transfected hepatoma cells
(Olympus, magnification ×100). c Representative images of chicken
chorioallantoic membrane (CAM) blood vessels showing that CAM
stimulated with conditioned medium from miR-375-transfected hepa-
toma cells developed fewer blood vessels than the negative control
group (Olympus, magnification ×1.6). d Bioinformatics software
predicted that PDGFC was a potential target gene of miR-375. e
PDGFC mRNA levels were measured and compared between HCC
tissues (HCC) and matched adjacent nontumorous liver tissues (NT),
and a correlation between the levels of miR-375 and PDGFC mRNA
was observed in HCC tissues (HCC). f, g In human HCC tissues
(HCC) and matched adjacent nontumorous liver tissues (NT), the
expression and distribution of PDGFC protein were detected by a
Western blot analysis and immunohistochemical staining, respectively
(Olympus, magnification ×100). h The mRNA and protein levels of
PDGFC in four human liver cancer cell lines (Hep3B, HepG2, Huh1,
and Huh7) and a human normal hepatic cell line (LO2) were examined
by qRT-PCR and Western blot analyses. i–k The mRNA and protein
levels of PDGFC were downregulated in hepatoma cells transfected
with miR-375 overexpression vectors (miR-375) and upregulated in
hepatoma cells transfected with miR-375 inhibitors (anti-miR-375)
compared with their matched negative controls (miR-NC: empty
plasmid vector or anti-miR-NC: synthetic RNA with scrambled
sequence). The amounts of secreted PDGFC in the supernatants were
analyzed by ELISA. l. The putative binding sequence between the 3′-
UTR of PDGFC and miR-375. Mutations were generated in the
complementary site that binds the seed region of miR-375 (top and
middle of Fig. 2l). The luciferase reporter assay is shown at the bottom
of Fig. 2l. The PGL3-PDGFC 3′-UTR-WT vector or the PGL3-
PDGFC 3′-UTR-Mut vector was cotransfected with a miR-375 over-
expression plasmid. The relative luciferase activity levels were mea-
sured 24 h after transfection and normalized by calculating the ratio of
firefly luciferase to Renilla luciferase activity. Luciferase activity in the
PGL3-PDGFC 3′-UTR-WT group displayed a significant decrease
following the ectopic expression of miR-375, indicating that miR-375
inhibits PDGFC by targeting its 3′-UTR. m–o The human umbilical
vein endothelial cell (HUVEC) tube formation, aortic ring sprouting
and chicken chorioallantoic membrane (CAM) assays showed that the
knockdown of PDGFC by siRNA significantly suppressed hepatoma
cell-induced angiogenesis and that the administration of exogenous
PDGFC (400 ng/ml) in conditioned medium collected from miR-375-
transfected hepatoma cells attenuated the antiangiogenic effect of miR-
375. WT: wild type, Mut: Mutant. **P < 0.01, ***P < 0.001, ****P
< 0.0001.
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miR-375), which decreased the level of endogenous miR-375
(Supplementary Fig. 5), led to a significant increase in the
expression of PDGFC at both the mRNA and protein levels
(Fig. 2i, j). This regulatory effect of miR-375 on PDGFC was
also observed in PDGFC secreted from hepatoma cells to
supernatants as detected by an ELISA assay (Fig. 2k). A
luciferase assay was further employed to determine whether
miR-375 directly suppresses PDGFC expression, and the
results revealed that the cotransfection with miR-375 sig-
nificantly inhibited the activity of the luciferase reporter with
the wild-type 3′-UTR of PDGFC, whereas this effect was
abrogated when the predicted 3’-UTR binding site was
mutated (Fig. 2l). Taken together, the above data suggest that
miR-375 directly suppresses PDGFC expression at the post-
transcriptional level in HCC.

To confirm whether the antiangiogenic effects of miR-
375 in HCC were mediated by PDGFC, we used PDGFC
siRNAs to silence PDGFC (Supplementary Fig. 6). As
shown in Fig. 2m–o, the suppression of PDGFC in

hepatoma cells resulted in a significantly reduced capacity
to promote HUVEC capillary tube formation, the sprouting
of rat aortic rings and angiogenesis in chicken CAMs,
which phenocopied the effects of miR-375 overexpression.
Furthermore, for the PDGFC compensation in the rescue
assays, recombinant human PDGFC protein was added to
conditioned medium. As a result, the PDGFC administra-
tion to the miR-375 transfectants obviously abrogated the
inhibitory effects of miR-375 on HUVEC capillary tube
formation, the sprouting of rat aortic rings and angiogenesis
in chicken CAMs. These results suggest that miR-375
represses tumor angiogenesis partially by inhibiting PDGFC
in hepatoma cells.

MiR-375 inhibits tumor angiogenesis in hepatoma
xenografts by targeting PDGFC in nude mice

To use HCC xenograft models to further confirm the above
findings in vivo, we successfully constructed a recombinant

Fig. 3 MiR-375 impaired the growth of hepatoma xenografts and
suppressed angiogenesis in HCC in vivo. a Cells were injected
subcutaneously into nude mice. Fifty microliters of recombinant
human PDGFC protein (400 ng/ml) were injected into the xenografts
every other day. Twenty days after the cell injection, the mice were
sacrificed and photographed. b Neovascularization was labeled by
CD34 immunohistochemical staining in serial sections of sub-
cutaneous xenograft tumors (Olympus, magnification ×100). c The
survival of the nude mice was estimated by the Kaplan–Meier method,
and statistical significance was calculated using the log-rank test. n=

10 mice per group. Mock: Mice were subcutaneously injected with
hepatoma cells without any treatment. PDGFC: Recombinant human
PDGFC protein was injected into the xenografts in the mice in the
mock group. LV-miR-NC: Mice were subcutaneously injected with
hepatoma cells infected with a negative control lentivirus (LV-miR-
NC: empty lentivirus vectors). LV-miR-375: Mice were sub-
cutaneously injected with hepatoma cells stably expressing miR-375.
LV-miR-375+PDGFC: Recombinant human PDGFC protein was
injected into the xenografts of the mice in the LV-miR-375 group.
***P < 0.001.
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lentiviral vector called LV-miR-375 (and LV-miR-NC as a
control) to transduce hepatoma cells and increase the
expression of miR-375 (Supplementary Fig. 7). We found
that PDGFC accelerated the growth of tumors derived from
hepatoma cells in nude mice, but the treatment with miR-
375 could markedly block such tumor growth. Consistent
with the results of the in vitro experiments, the PDGFC
administration significantly reversed the inhibitory effects
of miR-375 on tumor growth in vivo (Fig. 3a).

To clarify the cellular mechanisms underlying the miR-
375-mediated tumor suppression, we conducted IHC staining
to detect CD34 in resected tissues from these subcutaneous
xenograft tumors to analyze angiogenesis in HCC. The IHC
analysis of the excised tumors showed that the miR-375-
transduced mice developed a marked decrease in neovascu-
larization compared with the miR-NC-transduced mice.
However, the PDGFC administration significantly increased
neovascularization in the miR-375-transduced hepatoma

Fig. 4 Sorafenib inhibited PDGFC expression via miR-375
induction in hepatoma cells. a–c qRT-PCR and Western blot ana-
lyses were used to analyze the miR-375 and PDGFC expression levels
in HCC cells treated with a wide range of concentrations (0–25 μM) of
sorafenib. d, e qRT-PCR and Western blot analyses showed that the
downregulation of miR-375 by miR-375 inhibitors (anti-miR-375) in
the sorafenib-treated hepatoma cells reversed the inhibitory effects of
sorafenib on PDGFC expression at both the mRNA and protein levels.
f ASH1 was obviously upregulated in the sorafenib-treated hepatoma
cells. g The expression of miR-375 after the knockdown of ASH1 in
sorafenib-treated hepatoma cells. Mock: Hepatoma cells without any
treatment. Sorafenib: Hepatoma cells treated with sorafenib at a

concentration of 10 μM. Sorafenib+anti-miR-NC: Hepatoma cells
transfected with negative control miRNA inhibitors (anti-miR-NC:
synthetic RNA with scrambled sequence) and treated with sorafenib at
a concentration of 10 μM. Sorafenib+anti-miR-375: Hepatoma cells
transfected with miR-375 inhibitors (anti-miR-375) and treated with
sorafenib at the concentration of 10 μM. Sorafenib+si-NC: Hepatoma
cells transfected with negative control siRNA (si-NC: synthetic RNA
with a scrambled sequence) and treated with sorafenib at a con-
centration of 10 μM. Sorafenib+si-ASH1: Hepatoma cells transfected
with ASH1 siRNAs (si-ASH1) and treated with sorafenib at the con-
centration of 10 μM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001.
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xenografts, indicating that PDGFC reversed the angiogenesis
inhibition induced by miR-375 in vivo (Fig. 3b). Taken
together, these results indicate that miR-375 suppressed
angiogenesis in HCC, at least partially, by targeting PDGFC
in vivo. Furthermore, we confirmed the regulation of PDGFC
expression by miR-375 in vivo. As shown in Supplementary
Fig. 8, miR-375 was successfully overexpressed in the

excised tumors from the miR-375-transduced mice. As a
result, the IHC analysis showed that PDGFC was significantly
downregulated in the tumor xenografts in the nude mice
seeded with miR-375-transduced hepatoma cells, indicating
that miR-375 can also repress the expression of PDGFC
in vivo. Moreover, the cumulative survival analysis revealed
that the mice receiving the LV-miR-375-transfected hepatoma

Fig. 5 MiR-375 attenuated acquired resistance to sorafenib by
suppressing astrocyte elevated gene-1 (AEG-1). a Transfection of
miR-375 overexpression vectors resulted in high expression levels of
miR-375 in sorafenib-resistant cells. b Enhanced response to sorafenib
due to miR-375 overexpression was observed in sorafenib-resistant
cells. The IC50 of each treatment is presented. c, d qRT-PCR and
western blot analyses revealed decreased levels of P-gp and MRP1 in
miR-375-transfected sorafenib-resistant hepatoma cells. e Conserved
miR-375 cognate site in the 3′-UTR of AEG-1. f qRT-PCR analysis of
miR-375 and Western blot analysis of AEG-1 in sorafenib-resistant
cells and their parental counterparts. g, h. The expression of AEG-1
was downregulated in sorafenib-resistant cells transfected with miR-
375 overexpression vectors (miR-375) and upregulated in sorafenib-

resistant cells transfected with miR-375 inhibitors (anti-miR-375)
compared with their matched negative controls (miR-NC: empty
plasmid vector or anti-miR-NC: synthetic RNA with a scrambled
sequence). i Mutations were generated in the complementary site that
binds the seed region of miR-375. The luciferase reporter assay is
shown at the bottom of Fig. 5i. The PGL3-AEG-1 3′-UTR-WT vector
or the PGL3-AEG-1 3′-UTR-Mut vector was cotransfected with a
miR-375 overexpression plasmid. The relative luciferase activity
levels were measured 24 hours after transfection and normalized by
calculating the ratio of firefly luciferase to Renilla luciferase activity.
j The miR-375-induced sensitizing effect was reversed by AEG-1 in
the sorafenib-resistant cells. WT: wild type, Mut: Mutant. *P < 0.01,
**P < 0.01, ***P < 0.001, ***P < 0.0001.
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cells achieved significantly longer life spans than the mice
receiving the negative control hepatoma cells. However, the
PDGFC administration significantly decreased the survival
benefits conferred on the mice by the miR-375 overexpression
(Fig. 3c).

A sorafenib-ASH1-miR-375-PDGFC signaling axis
exists in HCC

To further determine the relationship between miR-375 and
PDGFC under sorafenib treatment, we first explored the
effects of sorafenib on PDGFC. The qRT-PCR and Western
blot analyses showed that the depletion of PDGFC was
associated with a concomitant increase in the expression of
miR-375 due to the sorafenib treatment in a dose-dependent
manner (Fig. 4a–c). Given that PDGFC was confirmed as a
target of miR-375 in our previous results, we hypothesized
that miR-375 might play a role in regulating the reduction in
PDGFC by sorafenib. To test this hypothesis, we trans-
fected sorafenib-treated hepatoma cells with miR-375
inhibitors. We found that the inhibition of miR-375 hin-
dered the suppressive effects of sorafenib on PDGFC
expression (Fig. 4d, e), indicating that sorafenib inhibited
PDGFC expression by inducing the expression of miR-375.

To further explore the mechanisms underlying the
sorafenib-mediated induction of miR-375 in hepatoma cells,
we detected the expression of potential upstream regulators,
including ASH1, bone morphogenetic protein 15 (BMP-
15), growth differentiation factor 9 (GDF-9), P53, nuclear
factor-kB (NF-kB) and zinc finger E-box binding homeo-
box 1 (ZEB1), which are known to be upstream regulatory
mechanisms of miR-375. As shown in Fig. 4f, there were no
expression differences in BMP-15, GDF-9, P53, NF-kB,
and ZEB1 between the sorafenib-treated and untreated
hepatoma cells. However, ASH1, which is a basic helix-
loop-helix transcription factor, was significantly upregu-
lated in the sorafenib-treated hepatoma cells. To verify that
ASH1 regulates miR-375, we further analyzed the expres-
sion changes in miR-375 when ASH1 expression was
knocked down; as expected, the trend of miR-375 expres-
sion was consistent with the expression of ASH1 under the
sorafenib treatment (Fig. 4g).

In conclusion, these results indicate that a sorafenib-
ASH1-miR-375-PDGFC signaling axis exists under sor-
afenib treatment. We show a schematic diagram of this
regulatory mechanism in Fig. 7a.

MiR-375 reversed the acquired resistance to
sorafenib by suppressing astrocyte elevated gene-1
(AEG-1)

In addition to the inducible effect on miR-375 expression in
hepatoma cells by short-term sorafenib exposure, we also

investigated the expression of miR-375 in sorafenib-
resistant hepatoma cells subjected to long-term exposure
to sorafenib. For this purpose, we established sorafenib-
resistant hepatoma cell models by six-month chronic
exposure to sorafenib. To confirm the development of drug
resistance to sorafenib in hepatoma cells, we mainly
examined and calculated the variation in the IC50 values in
hepatoma cells subjected to chronic exposure to sorafenib
by CCK-8 proliferation assays. The data showed that the
sorafenib-resistant cells required higher doses of the drug to
exhibit partial growth inhibition than their parental cells
(Supplementary Fig. 9A). Furthermore, we expected to
further strengthen the evidence regarding drug resistance
development by detecting the expression of MDR-related
genes, such as P-glycoprotein (P-gp) and multidrug
resistance-associated protein-1 (MRP1). The analysis of the
MDR-related gene expression revealed that the expression
levels of both P-gp and MRP1 were increased in the
sorafenib-resistant cells compared with those in their par-
ental counterparts at both the mRNA and protein levels
(Supplementary Fig. 9B-C). These data indicate that we
successfully established sorafenib-resistant cell models.

Next, to determine whether miR-375 dysregulation was
responsible for sorafenib resistance, we analyzed the miR-
375 expression in the sorafenib-resistant cells and their
parental counterparts and verified that the expression of
miR-375 was reduced in the sorafenib-resistant cells (Fig.
5a). To investigate whether the restoration of miR-375
could resensitize sorafenib-resistant cells to sorafenib, we
overexpressed miR-375 in sorafenib-resistant cells. Strik-
ingly, miR-375 enhanced the sensitivity to sorafenib in the
sorafenib-resistant cells in CCK-8 proliferation assays and
resulted in the suppression of MDR-related genes at both
the mRNA and protein levels (Fig. 5b–d). These results
indicate that the overexpression of miR-375 could reverse
acquired resistance to sorafenib.

To explore the mechanisms underlying sorafenib resis-
tance, miRNA target prediction algorithms were again used
to predict the miR-375 target genes related to drug resis-
tance. Astrocyte elevated gene-1 (AEG-1), which was
recently identified as an oncogene that plays a role in drug
resistance, was a putative target of miR-375 (Fig. 5e). To
confirm that AEG-1 is involved in acquired resistance to
sorafenib in HCC, we explored AEG-1 expression in
sorafenib-resistant cells and their parental counterparts and
verified that the expression of AEG-1 was induced in the
sorafenib-resistant cells (Fig. 5f). We also performed gain-
and loss-of-function assays to determine whether miR-375
could regulate AEG-1 expression, and the results showed
that the overexpression of miR-375 in sorafenib-resistant
cells greatly reduced the expression of AEG-1, whereas the
inhibition of miR-375 enhanced AEG-1 expression (Sup-
plementary Fig. 10 and Fig. 5g, h). Furthermore, the
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luciferase assay showed that miR-375 could directly target
its predicted binding site on AEG-1 and lead to the sup-
pression of luciferase expression on the wild-type 3′-UTR
of AEG-1, whereas miR-375 had no obvious effects on its
control (Fig. 5i). Taken together, these data indicate that
miR-375 negatively regulates AEG-1 expression by inter-
acting with its 3′-UTR.

To determine whether the reduction in drug resistance by
miR-375 overexpression was mediated by AEG-1 inhibi-

tion, we performed an AEG-1 rescue assay in miR-375
overexpressed sorafenib-resistant hepatoma cells. For this
purpose, AEG-1 overexpression vectors were cotransfected
with miR-375 overexpression vectors for AEG-1 compen-
sation in the rescue assay (Supplementary Fig. 11). The
results showed that the miR-375-induced sensitizing effect
was reversed by AEG-1 in the sorafenib-resistant cells
(Fig. 5j). These results suggest that miRNA-375 could
reverse sorafenib resistance partially by targeting AEG-1.

Fig. 6 MiR-375 renders
sorafenib-resistant cells
sensitive to sorafenib in vivo.
Transplantation assay of
parental cells, sorafenib-resistant
cells and miR-375-transfected
sorafenib-resistant cells
subcutaneously injected into
mice. Subcutaneous tumors
were established in mice that
received treatment for 18 days as
described in the Materials and
Methods. ***P < 0.001.

Fig. 7 Molecular mechanisms by which miR-375 represses tumor
angiogenesis and reverses resistance to sorafenib in HCC. a
Schematic diagram of the sorafenib-ASH1-miR-375-PDGFC signaling

axis under sorafenib treatment. b Proposed molecular mechanisms by
which miR-375 attenuates drug resistance to sorafenib in sorafenib-
resistant cells partially by AEG-1 inhibition.
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MiR-375 enhances the efficacy of sorafenib in
treating sorafenib-resistant HCC tumors in vivo

In the in vivo sorafenib gavage experiments, the sorafenib-
resistant cells formed xenograft tumors more efficiently in
BALB/c athymic nude mice than their parental counterparts
(Fig. 6). To identify the antitumorigenic roles of miR-375 in
sorafenib-resistant HCC in vivo, sorafenib-resistant cells
overexpressing miR-375 or miR-NC were injected into
nude mice, and then, the tumor growth was evaluated. The
tumors were harvested 18 days after the start of the sor-
afenib treatment; there was a significantly greater decrease
in the tumor size with the expression of miR-375 (Supple-
mentary Fig. 12 and Fig. 6). These results suggest that miR-
375 likely contributes to sensitizing sorafenib-resistant cells
to sorafenib in vivo.

Taken together, we demonstrated that miR-375 attenu-
ates drug resistance to sorafenib in sorafenib-resistant cells
partially by AEG-1 inhibition. We also provide a schematic
diagram of this regulatory mechanism in Fig. 7b.

Discussion

The clinical approval of sorafenib marked a new era of
molecular targeted therapy for advanced HCC. As a mul-
tikinase inhibitor, sorafenib can inhibit angiogenesis by
targeting the hepatocyte factor receptor (c-Kit), Fms-like
tyrosine kinase (FLT-3), vascular endothelial growth factor
receptor (VEGFR)−2, VEGFR-3, platelet-derived growth
factor receptor (PDGFR-β) and other tyrosine kinases
[18, 19]. Many miRNAs have been found to be involved in
the pathological processes of angiogenesis. However, the
effects of sorafenib on miRNAs in HCC are still unclear.

In this study, we examined the shift in the expression
profile of miRNAs in hepatoma cells after sorafenib treat-
ment using microarrays. Among the miRNAs with sig-
nificant differences, miR-375, miR-483-5p and miR-638
were the most markedly upregulated in the sorafenib-treated
hepatoma cells, and their roles in HCC have been fully
documented as tumor suppressive in previous studies
[8, 16, 17]. In our study, miR-375 was identified to be
significantly induced by sorafenib treatment. In contrast, in
the sorafenib-resistant hepatoma cells, miR-375 was found
to be downregulated. The restoration of miR-375 in these
cells could reverse the acquired resistance to sorafenib. As a
tumor-suppressive miRNA, miR-375 has been reported to
be significantly downregulated in multiple types of cancer
and shown to suppress core hallmarks of cancer by targeting
several important oncogenes, such as AEG-1, YAP1,
IGF1R, and PDK1 [17, 20–22]. The reduced expression of
miR-375 in tissues or circulation may indicate the presence
of neoplasia and a poor prognosis in many malignant

cancers [23, 24]. Moreover, miR-375 represents a promis-
ing direction for developing targeted therapies due to its
capacity to inhibit tumor cell growth in vitro and in vivo
[25]. Our study demonstrates that miR-375 likely exhibits
different expression patterns and tumor suppressive func-
tions in different phases of sorafenib treatment. Here, we
mainly focus on the expression and function of miR-375 in
hepatoma cells during the initial treatment stage of sor-
afenib (48 hours after sorafenib administration) and
sorafenib-resistant hepatoma cells after chronic drug expo-
sure (6 months after sorafenib exposure). However, as is
well known, treatment with sorafenib is a continuous pro-
cess. When and how the changes in miR-375 expression
occur are still largely unknown and need to be further
investigated by detecting the expression of miR-375 at more
time points from 48 hours to 6 months in our next study.

Previous studies have shown that miR-375 plays
important roles in acquired resistance. The delivery of miR-
375 and doxorubicin hydrochloride by lipid-coated hollow
mesoporous silica nanoparticles could overcome multiple
drug resistance in HCC. Lipid-coated cisplatin nanoparticles
coloaded with miR-375 decreased cell proliferation and
enhanced the antitumor effect of cisplatin in chemotherapy-
resistant HCC cells [26]. Among the potential targets of
miR-375, AEG-1 is a well characterized multidrug
resistance-related gene. In cancer cells, AEG-1 promotes the
expression of MDR1, resulting in increased efflux and
decreased accumulation of chemotherapeutics, leading to
drug resistance [27, 28]. Our study demonstrates that miR-
375 negatively regulates AEG-1 expression by interacting
with its 3′-UTR and reverses acquired resistance to sor-
afenib partially by suppressing AEG-1. To investigate the
inhibitory effect of miR-375 on drug resistance in sorafenib-
resistant hepatoma cells, we primarily examined and cal-
culated the changes in the IC50 values by a CCK-8 pro-
liferation assay. Furthermore, we aimed to further
strengthen the evidence concerning the development of
drug resistance by detecting the expression of MDR-related
genes, such as P-gp and MRP1, according to the literature.
We found that miR-375 overexpression resulted in the
reduced expression of P-gp and MRP1. However, as is well
known, drug resistance to sorafenib is determined not only
by the expression of drug-resistant genes but also, more
importantly, by its function. To determine whether miR-375
could attenuate drug resistance to sorafenib by down-
regulating MDR1 expression, it is essential to investigate
the functional changes in MDR1 as an efflux transporter of
sorafenib after miR-375 overexpression. However, to date,
we still have no data to prove this hypothesis, and we expect
to learn more about the transporter function of MDR1
affected by miR-375 in our future study.

In conclusion, our study found that miR-375 inhibits
tumor angiogenesis by targeting PDGFC and that miR-375
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could serve as a therapeutic target to overcome sorafenib
resistance by targeting AEG-1 in the treatment of HCC. Our
findings demonstrate the suppressive effects of miR-375 on
tumor-induced angiogenesis in HCC and the underlying
molecular mechanisms of these effects, and we further
identified a miR-375-mediated pathway involved in the
effects of sorafenib treatment, providing a potential ther-
apeutic strategy for overcoming acquired resistance to sor-
afenib in HCC.
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