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Abstract

Background: The epithelial-to-mesenchymal transition (EMT) status is associated with programmed death-1 ligand 1 (PD-
L1) expression in various cancers. However, the role and molecular mechanism of PD-L1 in the EMT of sorafenib-resistant
hepatocellular carcinoma (HCC) cells remain elusive. In this study, we aimed to investigate the regulation of PD-L1 on the
EMT in sorafenib-resistant HCC cells.

Methods: Initially, the sorafenib-resistant HCC cell lines HepG2 SR and Huh7 SR were established. Western-blot assays were
used to detect the expression of PD-L1, E-cadherin, and N-cadherin. The intervention and overexpression of PD-L1 were

used to explore the role of PD-L1 in the regulation of EMT in HepG2 SR and Huh7 SR cells. Cell migration and invasion were
assessed by transwell assays. PD-L1 or Sterol regulatory element-binding protein 1 (SREBP-1) overexpression and knock-
down were performed in order to study the mechanism of PD-L1 in sorafenib-resistant HCC cells.

Results: PD-L1 expression was upregulated, whereas E-cadherin levels were downregulated and N-cadherin expression was
increased in HepG2 SR and Huh7 SR cells. The cell viabilities of HepG2 and Huh?7 cells were lower than those of HepG2 SR

and Huh7 SR cells. PD-L1 overexpression reduced E-cadherin expression and increased N-cadherin levels, whereas PD-L1
knock-down increased E-cadherin expression and decreased N-cadherin expression. PD-L1 expression promoted EMT and
the migratory and invasive abilities of HepG2 SR and Huh7 SR cells. PD-L1 promoted the EMT of sorafenib-resistant HCC

cells via the PI3K/Akt pathway by activating SREBP-1 expression in HepG2 SR and Huh7 SR cells.

Conclusions: The findings reveal that PD-L1 expression promotes EMT of sorafenib-resistant HCC cells.
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Introduction

Hepatocellular carcinoma (HCC) has become the second leading
cause of cancer-related mortality worldwide, notably in China
[1]. Despite advances in liver resection and transplantation,
long-term survival of HCC patients is still unsatisfactory due to
recurrence of disease following surgical resection and adverse
reactions to conventional chemotherapies including transcath-
eter arterial chemoembolization (TACE) or patient response to
the targeted drug sorafenib [2, 3]. Sorafenib is a multikinase in-
hibitor, which can inhibit the proliferation and growth of
tumors and reduce apoptosis and tumor angiogenesis of hepa-
tocellular carcinoma cells [4]. Sorafenib can significantly im-
prove the median survival time of patients only for 3-5months
due to drug resistance [5]. An in-depth understanding of the un-
derlying molecular mechanisms of tumor resistance to sorafe-
nib and of the ways to overcome this process is urgently
required for the treatment of HCC.

Epithelial-mesenchymal transition (EMT) plays an important
role in cancer progression. During EMT, epithelial cancer cells
lose their epithelial properties, such as cell polarity and intercel-
lular adhesion, and acquire interstitial properties, such as mi-
gration and invasion. Importantly, EMT is linked to drug
resistance in multiple targeted therapies [6, 7]. EMT is a key step
in the metastasis of HCC and is closely associated with patient
survival. Previous studies have shown that sorafenib resistance
may involve the EMT process [8]. The development of sorafenib
resistance in Huh7 cells has been reported and the interaction
of the PI3K/Akt-signaling pathway was studied. The PI3K/Akt-
signaling pathway is activated in response to the sorafenib-
targeted Raf/Ras/MAPK signaling pathway [9]. Recently, several
interesting studies on HCC patient samples have shown that
these cancer cells hijack part of the developmental EMT pro-
gram, conferring resistance to sorafenib treatment [10, 11].
Recent studies have shown that sorafenib promotes EMT and
enhances HCC metastasis by activating compensatory EMT-
signaling pathways [12].

Recent studies further demonstrated that the EMT process
could induce upregulation of programmed death-1 ligand 1 (PD-
L1) expression and that PD-L1 signaling played an important
role in maintaining the EMT status of renal cell carcinoma [13],
glioblastoma [14], and breast cancer [15]. Patients with intersti-
tial phenotype exhibited a considerably higher PD-L1-positive
rate compared with those demonstrating an epithelial pheno-
type, notably in EGFR-mutated cancers [16]. As assessed by high
vimentin and low E-cadherin expression, PD-L1 expression in
head and neck squamous cell carcinoma (n=50) was signifi-
cantly associated with EMT status. In the TCGA cohort, the
prognosis of the PD-L1*/EMT" group was worse than that of the
PD-L1*/EMT™ patients [17]. Mesenchymal cell lines contain a
higher percentage of PD-L1-positive cells and are characterized
by enhanced activation of ZEB1 or Snail causing upregulation of
PD-L1 expression in breast cancer [18]. Previous studies demon-
strated that the molecular mechanism included bidirectional
regulation between the EMT process and the PD-L1-signaling
pathway in different cancers, which may help us to identify in-
trinsic or acquired resistance to inhibition of PD-L1 expression.
In addition, the identification of novel biomarkers that can pre-
dict or monitor the anti-PD-L1 response may aid in the selection
of patients and the adjustment of the therapeutic strategy [19].

Taken together, these studies indicated that the expression
levels of PD-L1 may be abnormal and thereby the regulation of
the EMT and the migratory and invasive activities of sorafenib-
resistant HCC cells is a significant strategy in the treatment of
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this disease. To assess this hypothesis, we initially established
HepG2 and Huh7 cell lines resistant to sorafenib, denoted as
HepG2 SR and Huh7 SR, and examined the expression levels of
PD-L1 in the two cell lines. We further investigated the function
and mechanism of PD-L1 in the regulation of EMT and its effect
on the invasion of sorafenib-resistant HCC cells. Our findings
indicated that upregulation of PD-L1 promoted EMT by activat-
ing the Sterol regulatory element-binding protein 1 (SREBP-1)
via the PI3K/AKT-signaling pathway.

Methods

Cell culture and compounds

The human HCC cell lines HepG2 and Huh-7 were obtained
from the Cell Bank of the Chinese Academy of Sciences and
were grown in DMEM medium with high glucose (Gibco BRL,
Grand Island, NY) in the presence of 100 U/mL penicillin, 100 ug/
mL streptomycin, and 10% heat-inactivated fetal bovine serum
(Invitrogen, Carlsbad, CA, USA). The cells were incubated at
37°Cin a humidified atmosphere containing 5% CO,.

Sorafenib was purchased from Selleck Chemicals (Houston,
TX, USA) and dissolved in 100% dimethylsulfoxide (DMSO)
(Saint Louis, MO, USA).

Sorafenib-resistant cells

Initially, we examined the 50% inhibiting concentration (ICsg) of
HepG2 and Huh-7 cells following sorafenib treatment.
Subsequently, we seeded HepG2 and Huh-7 cells in six-well
plates at a density of 1x 10* cells per well and incubated the
cells with sorafenib concentrations just below their respective
ICso. During the following time periods, the concentration of
sorafenib was slowly increased by 0.25umol/L per week.
Following a 6-month treatment period, the two cell lines resis-
tant to sorafenib were established and were named HepG2 SR
and Huh7 SR. The cells were continuously cultured in the pres-
ence of sorafenib. Finally, we incubated HepG2, Huh7, HepG2-
SR, and Huh7-SR cells with gradually increasing doses of sorafe-
nib in 96-well plates and determined the cell viability by the
MTT assay following 2 days of incubation.

Western-blot analysis

The proteins were extracted from the cells using RIPA buffer
(Cell sSignaling Technology) containing protease inhibitor
(Sigma-Aldrich, St Louis, MO, USA). Protein detection was per-
formed by Western blotting. The protein products were sepa-
rated using 10% sodium dodecyl sulfate-polyacrylamide
electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes (Millipore, Bedford, MA, USA). Subsequently, the
membranes were blocked with 5% BSA in Tris Buffered saline
Tween buffer prior to incubation with the following specific
antibodies: mouse anti-E-cadherin and anti-N-cadherin (BD
Biosciences, San Jose, CA, USA); rabbit anti-PD-L1, anti-AKT,
and anti-p-AKT (Cell Signaling Technology, Houston, TX, USA);
mouse anti-SREBP-1 (Santa Cruz, Dallas, TX, USA); mouse anti-
p-actin; and anti-mouse, rabbit secondary antibodies (Santa
Cruz Biotechnology). The proteins were visualized with ECL
reagents (GEHealthcare Life Sciences, Piscataway, NJ, USA). The
expression levels of the specific proteins were normalized to
those of p-actin. We performed all the experiments in triplicate.
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RNA extraction, cDNA synthesis, and quantitative real-
time polymerase chain reactions

Total RNA was extracted from HepG2, HepG2 SR, Huh7, and
Huh7 SR cells using an HP Total RNA Kit (Omega Biotech,
Stamford, CT, USA) according to the manufacturer’s instruc-
tions. The concentration of the RNA samples was measured on
a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). The
synthesis of cDNA was carried out with the enzyme reverse
transcriptase using an M-MLV First Strand kit (Life
Technologies, Gaithersburg, MD, USA). Polymerase chain reac-
tion (PCR) were performed using the Platinum®SYBR®Green
gPCR supermix-UDG with ROX (Invitrogen) on an ABI PRISM
7500 Sequence Detection System (Applied Biosystems). The cy-
cling conditions were the following: 50°C for 2min, 95°C for
10min, followed by 40 cycles, each consisting of 95°C for 15s
and 60°C for 1 min. The relative amounts of the Ct values of the
gene mRNA- and microRNA-expression levels were normalized
to those of f-actin mRNA and U6, respectively, which served as
internal controls. The fold change was calculated using the 2~
AACt method.

Construction of stable cell lines overexpressing PD-L1
and generation of PD-L1-silenced stable cell lines

HepG2 SR and Huh7 SR cells, which overexpressed PD-L1, were
established according to the following procedure: the PD-L1
gene fragments (NM_014143.2; GenBank) were synthesized by
Sangon Biotech (Shanghai) Co., Ltd (Shanghai, China) and sub-
sequently amplified by PCR. The PCR fragments were subcloned
into the EcoRI and BamHI sites in a pLVX-IRES-Neo vector for ex-
pression via a Lenti-X lentiviral expression system (Clontech,
Mountain View, CA, USA). Subsequently, we co-transfected the
PD-L1 expression construct with packaging plasmids into 293 T-
cells using Lipofectamine 2000 (Invitrogen). The empty vector
was used as a negative control. HEK293T cells were incubated in
DMEM medium with 10% FBS in a humidified incubator with 5%
CO; at 37°C. Following the initial incubation for 48h, the pack-
aged lentiviruses were harvested and used to infect HepG2 SR
and Huh7 SR cells. The infected cells were grown in DMEM me-
dium for 2days and stable transfectants were selected using
400 ug/mL G418 (Amresco, Solon, OH, USA). The selected cells
were subsequently named LV-PD-L1-WT-HepG2 SR (HepG2 SR
cells overexpressing wild-type PD-L1) and LV-PD-L1-WT-Huh7
SR (Huh7 SR cells overexpressing wild-type PD-L1). The LV-
Vector-Ctrl (control vector transfection) cells were used as a
control. The amplification of PD-L1 was conducted using the fol-

lowing primers: forward, 5-TAGAATTCATGAGGATATTT
GCTGTCTT-3'; reverse: 5-TAGGATCCTTACGTCTCCTCCAAA
TGTG-3'.

To establish stable transfection clones of HepG2 SR and
Huh?7 SR cell lines in which PD-L1 was silenced, a small hairpin
RNA (shRNA) fragment against the human PD-L1 gene (shRNA:
5'-GACCTATATGTGGTAGAGTAT-3') was subcloned into the len-
tiviral vector pGLV2-U6-Puro (GenePharma, Shanghai, China).
The PD-L1-silenced construct or negative control mock lentivi-
rus was prepared and co-transfected with packaging plasmids
into 293T cells using Lipofectamine 2000 (Invitrogen). Following
48h of incubation, the packaged lentiviruses were collected and
the HepG2 SR and Huh7 SR cells were infected with the pack-
aged lentiviruses and cultured for 2days. Finally, stable cell
lines were selected using 1 ug/mL puromycin (Sigma-Aldrich, St
Louis, MO, USA). The selected cells, including infected HepG2 SR
and Huh7 SR cells as well as negative control cells, were named

LV-PD-L1-shRNA-HepG2 SR, LV-PD-L1-shRNA-Huh7 SR, and LV-
NC, respectively.

SREBP-1 siRNA transfection

The short interfering RNA (siRNA) sequences against SREBP-1
were directly synthesized by GenePharma (Shanghai, China).
Scrambled siRNA served as a negative control. Huh7 SR cells
were transiently transfected with 150pmol of siRNA (SREBP-
1siRNA or control siRNA) sequences using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Following 48h of incubation,
the cells were harvested and used for further experiments.

Transwell assay

Transwell migration and invasion assays were performed using
transwell plates (BD Biosciences, Franklin Lakes, NJ, USA). The
incubations were performed in the 24-well transwell chambers
containing polycarbonate filters with 8-mm pores coated with
(invasion) or without (migration) matrigel. According to the
manufacturer’s instructions, 5 x 10* cells were seeded in DMEM
medium supplemented with 1% FBS and were added to the top
chamber. DMEM medium with 10% FBS was put into the bottom
chamber and used as a chemoattractant. Following 48 h of incu-
bation at 37°C, the DMEM medium was discarded and the cells
adhering to the upper surface of the membrane were gently re-
moved with a cotton swab. The cells that had migrated to the
lower surface of the membrane were subsequently stained with
1% crystal violet for 30 min at room temperature. The images of
the migrated cells were captured by a light microscope (magnifi-
cation, x100; Olympus Corporation, Tokyo, Japan). The cells
were stained and counted in at least three microscopic fields
(magnification, x100). The experiments were independently re-
peated three times.

Statistical analysis

Significant differences were analysed using the unpaired t-test
(two-tailed). All data are presented as mean * standard error of
the mean and statistical differences were considered significant
at P<0.05. All statistical analyses were performed using
GraphPad Prism 5.02 (GraphPad, San Diego, CA, USA).

Results

Establishment of HepG2 SR and Huh7 SR cell lines with
acquired EMT characteristics is accompanied by
elevated PD-L1 expression in HepG2 SR and Huh7 SR
cells

To explore the mechanism of acquired sorafenib resistance in
HCC cells, the sorafenib-resistant cell lines HepG2 and Huh7
were established. Resistance was generated by increasing sora-
fenib concentrations step by step in DMEM medium. Following
6 months of culture, two resistant HCC cell lines, namely HepG2
SR and Huh7 SR, were developed. After 48 h of incubation with
10 umol/L sorafenib, the viability of HepG2 and Huh7 cells
(18.6% and 31.6%, respectively, P < 0.01) was significantly lower
than that of HepG2 SR and Huh7 SR cells (79.1% and 77.8%, re-
spectively, P < 0.01) (Figure 1A). Moreover, when the viability of
HepG2 and Huh7 cells was ~0, the viability of HepG2SR and
Huh7SR cells was estimated to be 37.2% and 30.7%, respectively
(Figure 1A).

Furthermore, the levels of the epithelial marker E-cadherin
were decreased, whereas the expression levels of the
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Figure 1. Programmed death-1 ligand 1 (PD-L1) expression is elevated in HepG2-SR and Huh7-SR cells, which acquire epithelial-mesenchymal transition (EMT) charac-
teristics. (A) HepG2, Huh7 cells, and the sorafenib-resistant hepatocellular carcinoma (HCC) cells denoted as HepG2-SR and Huh7-SR are incubated with increasing
doses of sorafenib for 2 days. Cell viability (%) was compared to that of the corresponding untreated cells. (B) and (C) Western-blot analysis of E-cadherin, N-cadherin,
and PD-L1 protein expression in HepG2-SR, Huh7-SR cells, and their corresponding parental lines. Densitometry values for each protein are normalized to those of -

actin and shown below as the corresponding bands.

mesenchymal marker N-cadherin were increased in HepG2 SR
and Huh7 SR cells (Figure 1B). In addition, PD-L1 expression lev-
els were higher in HepG2 SR and Huh7 SR cells than those noted
in the corresponding parental cells (Figure 1C). The aforemen-
tioned results indicated that PD-L1 may play a role in the acqui-
sition of EMT in sorafenib-resistant HCC cells.

PD-L1 expression promotes EMT and invasion of HepG2
SR and Huh7 SR cells

To further explore the role of PD-L1 in the regulation of the bio-
logical features of sorafenib-resistant HCC cells, the LV-PD-L1-
WT-HepG2 SR and LV-PD-L1-WT-Huh7 SR cells were estab-
lished with stable overexpression of PD-L1, whereas the LV-PD-
L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-Huh7 SR cells were
generated with stable knock-down of PD-L1. PD-L1 levels were
confirmed by quantitative real-time PCR (qQRT-PCR) and
Western-blot assay. As shown in Figure 2A and C, expression
levels of PD-L1 mRNA were significantly higher in LV-PD-L1-
WT-HepG2 SR and LV-PD-L1-WT-Huh7 SR cells than in LV-
Vector-Ctrl cells, while expression levels of PD-L1 mRNA were
significantly lower in LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-
shRNA-Huh7 SR cells than in LV-NC cells. For PD-L1 protein lev-
els, the similar results were obtained in the above cells
(Figure 2B and D).

Subsequently, the role of PD-L1 on the EMT of HepG2 SR and
Huh7 SR cells was investigated by examining E-cadherin and N-
cadherin protein levels. LV-PD-L1-WT-HepG2 SR and LV-PD-L1-
WT-Huh7 SR cells overexpressing PD-L1 showed reduced ex-
pression of E-cadherin and increased expression of N-cadherin
as compared with LV-Vector-Ctrl cells transfected with empty

vector (Figure 2C). LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-
shRNA-Huh7 SR cells with stable knock-down of PD-L1 showed
increased expression of E-cadherin and decreased expression of
N-cadherin as compared with LV-NC cells transfected with
scrambled shRNA (Figure 2D). Moreover, we performed trans-
well assays to analyse the effects of PD-L1 in regulating the mi-
gratory and invasive abilities of HepG2 SR and Huh7 SR cells. As
illustrated in Figure 2E, transwell assays indicated that PD-L1-
overexpressing (LV-PD-L1-WT-HepG2 SR and LV-PD-L1-WT-
Huh?7 SR) cells exhibited higher migratory and invasive abilities
compared to those of the LV-Vector-Ctrl groups. However, PD-
L1 ablation (LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-
Huh7 SR cells) significantly decreased the number of migrated
and invasive cells compared with that of the cells transfected
with scrambled shRNA (LV-NC cells) (Figure 2F). Taken together,
the above results demonstrated that overexpression of PD-L1
could enhance EMT as well as migration and invasion of HepG2
SR and Huh7 SR cells.

PD-L1 facilitates EMT via the PI3K/AKT-signaling
pathway

The aforementioned results obtained in Figure 2A-D confirmed
that, compared with the control cells, PD-L1-expression levels
were higher in LV-PD-L1-WT-HepG2 SR and LV-PD-L1-WT-Huh7
SR cells and lower in LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-
shRNA-Huh7 SR cells. To test whether PD-L1 played a biological
role by modulating SREBP-1 in sorafenib-resistant HCC cells, we
initially detected SREBP-1 expression in LV-PD-L1-WT-HepG2
SR cells. Western-blot analysis indicated that overexpression of
PD-L1 resulted in upregulation of SREBP-1 levels. The
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Figure 2. PD-L1 expression promoted EMT, migration, and invasion of HepG2 SR and Huh7 SR cells. (A) and (B) Quantitative real-time PCR (qQRT-PCR) analysis and
Western-blot assay of PD-L1-expression levels in HepG2 SR and Huh7 SR cells following stable overexpression of PD-L1 (LV-PD-L1-WT-HepG2 SR and LV-PD-L1-WT-
Huh?7 SR cells). LV-Vector-Ctrl represents control vector transfection. (C) and (D) gqRT-PCR analysis and Western-blot assay of PD-L1 expression levels in HepG2 SR and
Huh7 SR cells following stable knock-down of PD-L1 with shRNAs (LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-Huh7 SR cells). LV-NC represents mock lentiviral
infection. (E) and (F) Western-blot assay of the epithelial marker proteins E-cadherin and N-cadherin demonstrating their expression in HepG2 SR and Huh7 SR cells
following stable overexpression or stable knock-down of PD-L1. -actin was used as an endogenous control. (G) Cell migratory and invasive abilities of PD-L1-overex-
pressing cells and those of the corresponding control cells were examined by the transwell assay. Scale bar, 200 ym. (H) Cell migratory and invasive activities of PD-L1
ablation cells and of the corresponding control cells were examined by transwell assays. Scale bar, 200 um. Cell transwell assays were performed in 24-well transwell
chambers containing polycarbonate filters with (invasion) or without (migration) 8-mm pores coated with matrigel. Migrated and invaded cells were stained and
counted in at least three microscopic fields. *P < 0.05.
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Figure 3. PD-L1 promotes EMT by activating PI3K/AKT signaling. (A) Western-blot assay of Sterol regulatory element-binding protein 1 (SREBP-1) in LV-PD-L1-WT-
HepG2 SR and LV-PD-L1-WT-Huh7 SR cells following overexpression of PD-L1. (B) Western-blot assay of SREBP-1 in LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-
Huh7 SR cells following knock-down of PD-L1. (C) p-AKT and E-cadherin levels in LV-PD-L1-WT-HepG2 SR cells overexpressing PD-L1 and Huh7 SR cells following

knock-down of SREBP-1. -actin was used as an endogenous control.

expression levels of SREBP-1 protein were increased in LV-PD-
L1-WT-Huh7 SR cells compared with those in LV-Vector-Ctrl
cells (Figure 3A). Subsequently, the levels of SREBP-1 were
assessed in LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-
Huh7 SR cells. The results demonstrated that knock-down of
PD-L1 reduced SREBP-1 expression (Figure 3B).

The PI3K/Akt pathway has been shown to play an important
role in promoting EMT and drug resistance in various types of
cancer [7]. Therefore, we examined whether PD-L1 promoted
the EMT process of sorafenib-resistant HCC cells via the PI3K/
Akt pathway. As expected, p-AKT expression was elevated in
LV-PD-L1-WT-HepG2 SR cells overexpressing PD-L1. It is inter-
esting to note that knock-down of SREBP-1 by siRNA decreased
p-AKT levels in Huh7 SR cells (Figure 3C). Moreover, E-cadherin

levels were reduced in LV-PD-L1-WT-HepG2 SR cells, while they
were increased following downregulation of SREBP-1 in Huh7
SR cells (Figure 3C). These findings suggested that the PD-L1/
SREBP-1 axis promoted the EMT process by activating the PI3K/
AKT-signaling pathway in sorafenib-resistant HCC cells.

Discussion

To date, the exact mechanism by which PD-L1 contributes to
EMT and invasion of sorafenib-resistant HCC cells remains
unclear. In the present study, we demonstrated that PD-L1 lev-
els were elevated in HepG2 SR and Huh7 SR cells, and that they
could promote EMT, migration, and invasion of these cells. PD-
L1 activated SREBP-1 to promote EMT of HepG2 SR and Huh7 SR
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cells via the PI3K/AKT-signaling pathway. The results also
revealed that the viability of HepG2 and Huh7 cells was appar-
ently lower than that of HepG2 SR and Huh7 SR cells following
incubation of the cells with increasing concentration of sorafe-
nib. These findings indicated that targeting PD-L1 could have
considerable therapeutic effects for HCC patients with resis-
tance to sorafenib treatment.

Sorafenib is one of several targeted drugs used by oncolo-
gists and has been approved by the FDA for the treatment of
various human cancers including lung, prostate, and kidney
cancers, as well as melanoma and HCC. However, the response
rate is not satisfactory due to drug resistance [20, 21].
Accumulating evidence from recent studies has stressed the
idea that EMT is an important mechanism for sorafenib resis-
tance in advanced HCC [12, 22]. In the present study, we found
that the enhanced migratory ability of sorafenib-resistant HCC
cells was significantly associated with changes in the EMT phe-
notype, such as reduced expression of the epithelial marker E-
cadherin and increased levels of the mesenchymal marker N-
cadherin. Furthermore, we found that the viability of HepG2
and Huh7 cells was significantly lower than that of HepG2 SR
and Huh7 SR cells following incubation with increasing concen-
tration of sorafenib. PD-L1 expression is elevated in a wide
range of human cancers and is often associated with poor pa-
tient prognosis and prediction of Abs response to PD-1/PD-L1.
The emergence of promising clinical results by the clinical ap-
plication of the programmed death-1 (PD-1) and PD-L1 inhibi-
tors has suggested that the understanding of the biological
regulatory mechanism of PD-L1 can aid in the identification of
biomarkers and the development of combinatorial strategies for
clinical use [23, 24]. Recently, PD-L1 overexpression has also
been reported in drug-resistant cells. PD1- and PD-L1-
expression levels were higher in SCLC cells resistant to cisplatin
(H69R, H82R) compared with those noted in the corresponding
parental counterparts [25]. A study by Zhang et al. [26] revealed
that cisplatin treatment upregulated PD-L1 expression in NSCLC
cell lines. In the present study, the levels of PD-L1 were detected
in the two sorafenib-resistant HCC cell lines, HepG2 SR and
Huh7 SR. The findings indicated that PD-L1 expression was ele-
vated in HepG2 SR and Huh7 SR cells compared with that noted
in the corresponding parental cells.

Several studies have demonstrated a strong correlation be-
tween EMT status and PD-L1 expression in multiple solid can-
cers [27]. It is interesting to note that some reports have also
shown that PD-L1 signaling plays an important role in main-
taining the EMT status of renal-cell carcinoma and breast can-
cer [13, 15]. In the present study, the role of PD-L1 was explored
in the EMT in HepG2 SR and Huh7 SR cells by examining E-cad-
herin and N-cadherin protein levels. Overexpression of PD-L1
cells (LV-PD-L1-WT-HepG2 SR and LV-PD-L1-WT-Huh7 SR)
revealed reduced expression levels of E-cadherin and elevated
expression levels of N-cadherin compared with those noted in
the control cells (LV-Vector-Ctrl) that were transfected with
empty vector. Moreover, the cells with stable knock-down of
PD-L1 expression (LV-PD-L1-shRNA-HepG2 SR and LV-PD-L1-
shRNA-Huh7 SR) presented markedly increased E-cadherin lev-
els and decreased expression of N-cadherin than the LV-NC
cells transfected with scrambled shRNA. It has been proposed
that EMT plays an important role in a large number of cellular
processes, including cell migration and invasion [28, 29]. In the
present study, transwell assays revealed that LV-PD-L1-WT-
HepG2 SR and LV-PD-L1-WT-Huh7 SR cells exhibited higher

migratory and invasive abilities compared with those of LV-
Vector-Ctrl groups. Furthermore, LV-PD-L1-shRNA-HepG2 SR
and LV-PD-L1-shRNA-Huh7 SR cells revealed the opposite
effects. This finding was consistent with the study demonstrat-
ing that PD-L1 promoted the migratory ability of renal-cell-
carcinoma cells [13].

SREBP-1 is a transcription factor that has been found to be
associated with malignant characteristics in several types of
human cancers [30-33]. SREBP-1 exhibited higher expression in
ovarian cancer compared with that noted in benign and border-
line ovarian tumors. Furthermore, the cell growth and migra-
tory and invasive activities of an ovarian-cancer cell line were
suppressed following knock-down of SREBP-1 [30]. Du et al. [31]
revealed that SREBP-1 facilitated tumor growth in bladder can-
cer by controlling the expression levels of key lipogenic
enzymes. A previous study demonstrated that SREBP-1 pro-
moted invasion and metastasis of HCC cells [34]. In the present
study, we found that SREBP-1 levels were upregulated in LV-PD-
L1-WT-HepG2 SR and LV-PD-L1-WT-Huh7 SR cells. Moreover,
the expression levels of SREBP-1 were downregulated in LV-PD-
L1-shRNA-HepG2 SR and LV-PD-L1-shRNA-Huh7 SR cells. It is
well known that PI3K/Akt is involved in various cellular pro-
cesses, including cell growth, survival, and proliferation, and
therefore may contribute to malignant phenotypes. The PI3K/
AKT-signaling pathway has been shown to be closely associated
with chemoresistance [35-37]. Chen and colleagues indicated
that the PI3K/Akt-signaling pathway exhibited an effect on sora-
fenib resistance in hepatocellular carcinoma cells in vitro [9]. In
the present study, it was shown that p-AKT expression was ele-
vated in LV-PD-L1-WT-HepG2 SR cells. In addition, knock-down
of SREBP-1 by siRNA decreased p-AKT levels in Huh7 SR cells,
whereas E-cadherin expression was reduced in LV-PD-L1-WT-
HepG2 SR cells and it was increased by knock-down of SREBP-1
in Huh7 SR cells.

In conclusion, the findings demonstrated that sorafenib led
to an EMT phenotype with reduced expression of E-cadherin
and increased levels of N-cadherin, while PD-L1-expression lev-
els were elevated during that process. It was further shown that
PD-L1 promoted EMT and the migratory and invasive activities
of the sorafenib-resistant HCC cell lines by activating SREBP-1
via the PI3K/AKT-signaling pathway. Therefore, targeting PD-L1
may have considerable therapeutic effects to overcome sorafe-
nib resistance in hepatocellular carcinoma. However, the pre-
sent study has not fully investigated a certain number of
patient samples. Therefore, further studies are required to vali-
date our results in a number of patient tissues.
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