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Abstract: Background: The purpose of this study was to clarify the molecular regulatory mechanism of c-Met up-
regulated expression and elucidate the molecular mechanisms by which c-Met overexpression and activation drive
progression and sorafenib resistance in hepatocellular carcinoma (HCC). Methods: The resistance index was cal-
culated. Bioinformatic techniques were applied to predict the transcription factors that bind and their binding sites
on the c-Met promoter. Chromatin immunoprecipitation assays were implemented to verify the prediction results.
To determine the regulatory mechanisms and effects of c-Met on sorafenib resistance in HCC, c-Met expression
and activation were down-regulated by siRNA and inhibitor in in vivo and vitro experiments, while a parental cell
line (Huh-7) was transfected with the adenovirus that upregulated c-Met expression. Results: c-Met expression was
increased in HCC sorafenib-resistant cells. Functional findings suggested that c-Met overexpression and activation
drive HCC tumor progression and sorafenib resistance by promoting cell proliferation, migration, and stopping apop-
tosis. Molecular mechanism findings demonstrated that the MEK/ERK signaling pathway activated the expression
and activity of ETS-1 mediated by p-ERK, which led to its binding to the c-Met gene promoter and upregulation of
c-Met transcriptional expression. The activation of the HGF/c-Met pathway drives sorafenib resistance in HCC cells
by activating the Ras/Raf/ERK and PI3K/Akt signaling pathways, which regulate biologic processes, including cell
proliferation, migration and anti-apoptosis. Conclusion: c-Met overexpression and activation is an essential mecha-
nism of sorafenib resistance in HCC. Combination therapy of sorafenib plus c-Met inhibitor overcame the resistance
of sorafenib-targeted therapy for HCC.
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Introduction profit from conventional anti-tumor drugs. On

the other hand, systemic therapies have been

Hepatocellular carcinoma (HCC) is the sixth
commonest cancer worldwide and the third
commonest cause of cancer fatality [1]; it
accounts for 90% of primary liver cancers [2].
Risk factors for HCC include chronic hepatitis
infection, aflatoxin exposure, smoking, and
alcohol abuse. In areas with low hepatitis infec-
tion and aflatoxin exposure [3, 4], obesity, dia-
betes, and inappropriate diet and lifestyle hab-
its also are important risk factors. Since HCC is
often diagnosed at an advanced stage, only a
minority of patients are eligible for palliative
measures such as liver transplantation, resec-
tion, percutaneous ablation, transarterial che-
moembolization, and radioembolization. More-
over, most patients with advanced HCC do not

an option to prolong the survival of HCC pa-
tients for many years owing to the vigorous and
widespread resistance to cytotoxic chemother-
apy and the fact that HCC has never benefited
in overall survival [5]. For HCC patients who
have intermediate-to-advanced stage disease
and are not suitable for local treatment,
sorafenib, a multi-kinase inhibitor with anti-
angiogenic and anti-proliferative properties,
has been a first-line targeted HCC treatment
since 2007 [6]. However, the effectiveness of
sorafenib against cancer is unsatisfactory,
since the drug only extends overall survival by
about 3 months [7]. Another problem with
sorafenib is that HCC cells acquire resistance
to it, usually developing within 6 months in
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patients who are initially sensitive to the drug
[8]. Two clinical trials, the SHARP trial (in Europe
and the United States) [9] and the Asia-Pacific
study [10] (in the Asia-Pacific region), have
shown that aberrant activation involved in epi-
genetic regulation, oxidative stress, and AKT-
mTOR and MAPK signaling pathways is strongly
associated with HCC progression and sorafenib
resistance [11]. Increased c-Met and/or hepa-
tocyte growth factor (HGF) expression in human
tumor cells is usually associated with tumor
progression and poor prognosis [12]; aberrant
c-Met expression is associated with desensiti-
zation of HCC to anti-angiogenic agents, includ-
ing sorafenib, regifenib, and cabozantinib [13].
Dysregulation of transcription factors in human
cancer directly affects the expression level of
this regulatory target gene [14]. Moreover,
c-Met expression is mainly regulated at the
transcriptional level. ETS-1 is an important
transcription factor that activates the c-Met
promoter and promotes the transcription and
translation of c-Met [15]. Subsequently, aber-
rant activation of c-Met/HGF is associated with
the development of HCC and resistance to
sorafenib. c-Met, the HGF receptor, is a tyrosine
Kinase receptor with oncogenic properties.
c-Met activation leads to phosphorylation of
the receptor, resulting in recruitment of junc-
tional proteins and activation of various signal
transducers, including phosphatidylinositol
3-kinase (PI3K) and extracellular signal-regu-
lated kinase (ERK)1/2, ultimately leading to
stimulation of growth, survival, motility, and
invasion in certain cell types [16]. c-Met is high-
ly expressed in a variety of tumors, including
esophageal, thyroid, metastatic melanoma,
prostate, lung, and breast cancers [17].

In this study, we identified c-Met protein overex-
pression and activation as a key factor in the
acquired resistance to sorafenib in HCC cell
lines. Activation of the MAPK signaling pathway
regulates c-Met transcription and expression
by promoting the binding of the transcription
factor ETS-1 to the c-Met promoter. Treatment
of the sorafenib-resistant cell line Huh-7% cells
by a lentivirus interfering with c-Met expression
and a specific inhibitor of c-Met, PHA-665752,
revealed that downregulation of c-Met expres-
sion and activation inhibited the growth and
migration of HCC Huh-7® cells and restored
their sensitivity to sorafenib.
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Materials and methods

HCC tissue samples, cell lines, and cell cul-
tures

Tissue samples were obtained from 20 HCC
patients who had a good chemotherapeutic
response to sorafenib and no disease progres-
sion and from 20 sorafenib-resistant patients
whose disease progressed after sorafenib
treatment. The study was approved by the eth-
ics committee of the Medical School of Anhui
University of Sciences and Technology. The
study was conducted in accordance with the
relevant guidelines formulated by the ethics
review committee of the Medical School of
Anhui University of Technology. Written infor-
med consent was obtained from all patients
before the samples were collected. All tissue
samples were fixed in formalin and embedded
in paraffin in compliance with the declaration
of Helsinki. The human HCC cell lines Huh-7,
SK-Hepl, HepG2, and human normal hepato-
cytes THLE-2 and HHL-5 were purchased from
the American Type Culture Collection (Rockville,
MD, USA). Huh-7% (acquired sorafenib-resistant
HCC cell line) was established from the Huh-7
cell line. When the cells were in logarithmic
growth phase, the medium was changed, a
lower concentration of sorafenib was added,
and the cells were incubated for 24 h. Cell pas-
sages were performed, the stimulation was
repeated at the same concentration of sora-
fenib, and the incubation was continued until
stability was reached. The resistant cell line
Huh-7% was obtained when its resistance index
was 4-5, and induction was terminated. Huh7
and Huh-7® cells were cultured in RPMI-1640
(Gibco, Thermo Fisher Scientific Inc., Waltham,
MA, USA) supplemented with 15% fetal bo-
vine serum (Sijiging Bioengineering Materials,
Hangzhou, China). THLE-2 and HHL-5 were in-
cubated in DMEM (Gibco, Thermo Fisher
Scientific Inc., Waltham, MA, USA) containing
10% fetal bovine serum. SK-Hepl and HepG2
were incubated in RPMI-1640 containing 10%
fetal bovine serum. Cells were incubated at
37°Cin 5% CO,,.

Reagents and antibodies

Sorafenib and PHA-665752 were purchased
from MedChem Express (Monmouth Junction,
NJ, USA). Recombinant human HGF was pur-
chased from Peprotech (New York, USA). c-Met,
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phospho-met (Tyr1349), phospho-ERK1/2 Kit
(#9911), and ERK1/2, caspase-3, cleaved cas-
pase-3, caspase-9, cleaved caspase-9, Akt,
antibodies to phospho-Akt (Serd73), mTOR,
phospho-mTOR (Ser2481), PI3K 110y, Bim,
B-actin, mTOR, phospho-mTOR (Ser2481), pho-
spho-p70S6 kinase (Thr389), p70S6 kinase,
and secondary horseradish peroxidase-cou-
pled goat anti-rabbit and anti-mouse antibod-
ies were purchased from Cell Signaling
Technology (Danvers, MA, USA).

Wound-healing assay

Cells were cultured in RPMI 1640 containing
15% FBS in six-well plates. Cells in 80% conflu-
ent monolayers were scratched with a 10 pl
pipette tip. Cells were washed twice with PBS to
remove cell debris and cultured in RPMI 1640
culture medium without serum. After 24 h and
48 h, cells were observed for migration with
phase contrast microscopy.

Immunochemical staining

Sections were dewaxed in xylene and hydrated.
Immunostaining was performed with an auto-
mated immunohistochemical stainer according
to the manufacturer’s guidelines (Biogen, Lab
vision autostainer 360). Antigen repair was
assessed by treatment with proteinase K at
37°C for 20 min. Endogenous peroxidase activ-
ity was blocked by incubation with 3% H,0, for
20 min at room temperature. Primary antibody
against c-Met was applied and incubated at a
dilution of 1:300. Sections were stained with 3,
3-diaminobenzidine tetrahydrochloride, chro-
mogenic dye (brown), and restained with hema-
toxylin. Cells at a density of 3x10° cells/ml were
incubated overnight on coverslips in 24-well
plates. Crawls were removed and fixed in meth-
anol, and endogenous peroxidase activity was
blocked by incubation with a peroxide blocker
for 30 min at room temperature. Goat serum
was used to block nonspecific reactivity, and
the cells were incubated overnight with anti-c-
Met primary antibody. Crawls were stained
with 3, 3-diaminobenzidine tetrahydrochloride
and restained with hematoxylin. Images were
acquired with a BX50 microscope (Olympus,
Tokyo, Japan). Immunohistochemical positivity
was quantified by scoring. 1,500 cells were
examined and the number of cells with a signifi-
cant signal was calculated. The positive score
for each case was expressed as a percentage
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of positive cells relative to all cells. In each
group, the mean and SD were calculated.

Western blotting

Total cellular proteins were extracted with SDS-
PAGE and transferred to nitrocellulose PVDF
membrane (IPVHO0010, Millipore, USA). The
following primary antibodies were used for
immunoblotting: c-Met, Phospho-Met (Tyr13-
49), Phospho-ERK1/2, ERK1/2, Caspase-3,
Cleaved Caspase-3, Caspase-9, Cleaved Cas-
pase-9, Akt, and phospho-Akt. Secondary anti-
bodies were incubated for 1 h and exposed in
electrochemiluminescence mode with a fully
automated digital gel imaging system (Peiqing
Science and Technology, Shanghai, China) with
Image J software (Version 1.48) software (NIH,
Bethesda, MD) to analyze the protein bands in
grayscale value.

Immunofluorescence staining

Cells were inoculated overnight on circular
slides in 24-well plates, washed with PBS, and
fixed in 4% paraformaldehyde. After fixation,
cells were washed with PBS, blocked with goat
serum for 1 h, and incubated with anti-c-Met
antibody at 4°C overnight. After being washed
3 times with PBS, cells were incubated with
secondary antibody Alexa Fluor 488-coupled
anti-rabbit 1gG  (A11070; Thermo Fisher
Scientific Inc., Waltham, MA, USA) for 1 h and
washed 3 times with PBS. Cell nuclei were
restained with Hoechst33342 (COO078L-6,
Beyotime, Jiangsu, China). Images were cap-
tured at magnification 200 with an inverted
fluorescence microscope (Leica DMi8-M,
Heidelberg, Germany).

Hematoxylin-eosin staining

Paraffin sections were dewaxed in ethanol to
water in xylene, stained with hematoxylin for 5
min, fractionated with alcohol in hydrochloric
acid for a few seconds, and rinsed with running
water. Sections were stained in eosin solution
for 1-3 min and dehydrated and sealed with
neutral gum.

CCK-8 assay

Cell viability was measured with CCK-8 reagent.
HCC cells (5,000 cells/well) were inoculated in
96-well plates and incubated with CCK-8
(Biomiky, Hefei, China) for 2 h. The cells were

Am J Transl Res 2023;15(2):896-913



ETS-1/c-Met overexpressed in HCC

incubated with CCK-8 (Biomiky, Hefei, China).
The absorbance values at 450 nm were mea-
sured with an ELx800 (Bio-Tek, Winooski, VT,
USA). All experiments were performed in
triplicate.

Transwell assay

Transwell chambers (JET BIOFIL, Guangzhou,
China) were used for cell migration assays.
3x105% HCC cells, resuspended in 100 ul RPMI
1640, were inoculated into the upper chamber.
After 48 h incubation, the upper chamber mem-
brane was fixed in methanol. Cells on the other
side of the membrane were stained with crystal
violet and photographed and counted under a
microscope.

Clone formation assay

Six-well plates containing 1000 cells per well in
2 ml of cell culture solution were plated and
treated with drugs, fixed in 4% paraformalde-
hyde after 10 days, stained with crystal violet,
and counted.

Mitochondrial membrane potential (Awm) JC-1
staining

JC-1 (Keygene Biotech, Nanjing, China) was dis-
solved with 1 ml of DMSO (Biofoxx, Germany) to
a master mix concentration of 10 mg/ml. Cells
were inoculated into 24-well plates at a final
density of 1x10° cells per well. Cells were treat-
ed with the drug for 24 h, and 10 yg/ml of JC-1
in working concentration was added to each
well and placed in the incubator at 37°C and
5% CO2 for half an hour. Finally, the wells were
stained with Hoechst 33342 for 10 min.
Inverted fluorescence microscopy was used to
detect changes in mitochondrial membrane
potential.

Acridine orange/ethidium bromide (AO/EB)
double staining

Dual fluorescence staining solution containing
100 pg/ml acridine orange (AO) (Solarbio,
Beijing, China) and ethidium bromide (EB)
(Keygene Biotech, Nanjing, China) were mixed
and added to 100 ul PBS, mixed, and trans-
ferred onto cell crawl sheets. The morphology
of apoptotic cells was observed and counted
with an inverted fluorescence microscope. The
percentage of apoptotic cells = (total number of
apoptotic cells/total number of cells counted)
x100%.
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5-ethynyl-2’-deoxyuridine staining

3x10° HCC cells were inoculated into 24-well
plates. After each group was treated with
medication, proliferating cells were quantified
based on 5-ethynyl-2’-deoxyuridine (EdU) incor-
poration of DNA with the BeyoClick™ EdU-594
in vitro imaging kit (Beyotime Biotechnology,
Shanghai, China). Cells were counted under an
inverted microscope.

Lentivirus transfection

Huh-7® cells were inoculated in 6-well plates
and cultured for 24 h. Cells were treated with
polybreen (5 wpg/mL) and infected with
pLVE3164 carrying c-Met siRNA and control
lentivirus (Sangon Biotech, Shanghai, China),
respectively. Total cellular proteins were ex-
tracted after transfection at 72 h. The expres-
sion of c-Met in the transfected Huh-7% cells
was determined by immunoprotein blotting.

Adenovirus infection

Adenoviral overexpression vector construction
and packaging of the human c-Met gene was
performed by Sangon Biotech, Shanghai, China.
Huh-7 cells were incubated with the corre-
sponding volume of adenovirus in 1/2 volume
of culture medium for 4 h. After infection, the
medium was replaced with fresh, complete
medium and incubated for 72 h, then stimulat-
ed with drugs or directly harvested.

Chromosomal immunoprecipitation assay

The binding of ETS-1 to the c-Met promoter was
corroborated by chromosomal immunoprecipi-
tation (ChlIP) assay with a kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) in accor-
dance with the manufacturer’s guidelines. One
percent formaldehyde was added into cultured
Huh-7R cells to produce cross-linked protein
and DNA. Chromatin fragments were made
through sonication with a Bioruptor (Diagenode
SA). An antibody against ETS-1 was used for
immunoprecipitation with normal IgG as control
(Santa Cruz, USA). The recuperated DNA frag-
ments were evaluated via reverse transcrip-
tion-quantitative polymerase chain reaction
(RT-gPCR).

Reverse transcription-PCR (RT-PCR)

Total RNA was extracted with TRIzol Reagent
(Sangon Biotech, Shanghai, China). PCR was
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performed with the RT-PCR Kit (Takara, Japan)
with 5 pg total RNA to synthesize cDNA. The
primers of c-Met were 5-TGAACGCTACTTATG-
TGAAC-3’ (forward primer) and 5-TGTCCACCT-
CATCATCAG-3’ (reverse primer). The primers of
ETS-1 were 5-TACACAGGCAGTGGACCAATC-3’
(forward primer) and 5-CCCCGCTGTCTTGTGG-
ATG-3’ (reverse primer). -actin was used as an
internal control. The primers of B-actin were
5-CATGTACGTTGCTATCCAGGC-3’ (forward pri-
mer) and 5-CTCCTTAATGTCACGCACGAT-3’ (re-
verse primer). PCR was performed in 30 pL of
reaction mixture. Thermal cycles were conduct-
ed with preamplification denaturation at 95°C
for 3 min, followed by 30 cycles of denatura-
tion at 95°C for 20 s, annealing at 56°C for 20
s, and extension at 72°C for 30 s, with a final
extension at 72°C for 3 min. For the semi-quan-
tification, an image of the gel was captured,
and the intensity of the bands was quantified
by a gel analysis system (Bio-Rad, USA).

Xeno-transplantation assay

BALB/c thymus-free female nude mice (4-6
weeks old) were purchased from Nanjing Junke
Bioengineering Co., Ltd. (Nanjing, China). Each
experimental group consisted of 10 mice. The
mice were raised in a pathogen-free environ-
ment at the Laboratory Animal Center in the
Medical School of Anhui University of Science
and Technology. All animal experiments were
approved by the ethics committee of the
Medical School of Anhui University of Science
and Technology. All experimental procedures
involving animals were carried out in accor-
dance with guidelines formulated by the ethics
review committee of the medical school of
Anhui University of Technology. The study was
also conducted in accordance with the ARRIVE
guidelines. At the end of the experiment, all
mice were euthanized with excessive ether.
Huh-7% cells were transfected with pLVE3164,
and cells were collected after 72 h. Huh-7% cells
were also collected and resuspended in PBS
phosphate buffer, and 1x10° cells were inject-
ed into the right axilla of each mouse. Four
xenograft tumor models were established:
blank control group (PBS), sorafenib group (30
mg/kg), sorafenib combined with inhibitor
PHAG65752 group (30 mg/kg + 25 mg/kg) and
pLVE3164 + sorafenib group (30 mg/kg). Every
three days, the tumor volumes were measured,
and the tumors were weighed. The volume was
calculated according to the formula (long diam-
eter x wide diameter?)/2. Mice were euthanized
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after 30 days of monitoring, and tumor tissues
from each group were harvested and homoge-
nized in protein lysis buffer to prepare whole-
cell protein lysates for protein blotting assays
for further analysis.

Statistical data

Data were obtained in triplicate. Measured val-
ues were expressed as mean values * stan-
dard deviation. Data were analyzed with SPSS
18.0 software (SPSS Inc., Chicago, IL, USA) and
Prism 5 (GraphPad, La Jolla, CA, USA) software.
Analysis of variance (ANOVA) tests were used to
compare means between three or more groups,
and t-tests were used to compare two sets of
data with normal distribution. Statistical signifi-
cance was set at P<.05.

Results

c-Met was overexpressed in tissues and cells
of sorafenib-resistant HCC

We investigated the expression of c-Met in
samples from patients with HCC resistant to
sorafenib or HCC patients well treated with
sorafenib. The expression levels of c-Met were
analyzed with immunohistochemistry. Sorafe-
nib-resistant HCC samples had overexpressed
of c-Met, which was higher than in samples
from HCC patients who were well treated with
sorafenib (P<.001) (Figure 1A, 1B). This result
is consistent with c-Met being present in the
cell membrane and cytoplasm. To obtain a
sorafenib-resistant HCC cell line, the Huh-7 cell
line was treated with sorafenib at progressively
increasing concentrations. The CCK-8 assay
was applied to determine whether HCC sora-
fenib-resistant cells were established. IC, val-
ues of sorafenib against Huh-7 and Huh-7%
were determined. The resistance index Rl =IC_,
of resistant cells/IC,, of parental cells was
determined. Rl was 4.89 (Figure 1C), indicating
that a resistant strain had been established.
The cell line Huh-7 was characterized as well-
differentiated, as the western blotting assay
showed that c-Met was expressed at low levels
in Huh-7 cells, whereas expression was signifi-
cantly higher in Huh-7® cells (P<.05) (Figure 1D,
1E). The results of immunocytochemistry and
indirect immunofluorescence assays also
showed that the expression levels of c-Met mol-
ecules were significantly higher in Huh-7% cells
than in Huh-7 cells (Figure 1F, 1l). Also, when
Huh-7 and Huh-7R cells were treated with the
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Figure 1. c-Met is overexpressed in tissues and cells of sorafenib-resistant HCC. A, B. Immunohistochemical analy-
sis of c-Met expression was performed on tissue sections of HCC patients well treated with sorafenib and resistant
to sorafenib was conducted on the tissue sections. Representative images were selected to present. C. Huh-7 and
Huh-77 cells were treated with various concentrations of sorafenib for 24 h, and the IC, values of the two cell lines
to sorafenib were determined with CCK-8 assay. D, E. Western blotting was carried out to detect c-Met expression in
HCC cell lines. The c-Met expression levels of HCC cell lines relative to B-actin were quantified with Image J software
analysis. F. Indirect immunofluorescence staining results of c-Met in Huh-7 and Huh-7% were taken at 200x with in-
verted fluorescence microscopy. G, H. The apoptosis rates of Huh-7 and Huh-7® after 24 h treatment with the same
concentration of sorafenib were detected with acridine orange/ethidium bromide (AO/EB) assay. Images were taken
with an inverted fluorescence microscope at 200x%. Scale bar: 50 pm. I. c-Met immunocytochemical staining in Huh-
7 and Huh-7® were photographed at 400x maghnification with an ortho-fluorescence microscope. Representative
images from three experiments are displayed. (Mean + SD; n=3; *P<0.05, **P<0.01 and ***P<0.001).

same concentration of sorafenib, the apoptosis the expression of c-Met and ETS-1. The correla-
ratio of Huh-7" cells was significantly lower than tion between ETS-1 protein expression levels
that of the parental cell line Huh-7 cells (Figure and c-Met mRNA levels was examined using
1G, 1H). Therefore, c-Met high level (Huh-7F) two human normal hepatocyte cell lines and
cells and c-Met low level (Huh-7) cells were three HCC cell lines. Although these cell lines
selected for further study. differed in mMRNA and protein expression levels

of c-Met, mRNA and protein levels were corre-
The MAPK signaling pathway promotes the lated (R?=0.966; Figure 2A, 2B). In addition,
binding of ETS-1 to the c-Met gene promoter c-Met mRNA levels and ETS-1 protein levels
and upregulates the transcriptional expression were correlated (R?=0.892; Figure 2A, 2C). The
of c-Met two correlations were statistically different. Two

ETS-1 binding sites (S1 and S2) on the c-Met
ETS-1 is an essential transcription factor that promoter region were predicted by consulting
activates the c-Met promoter. Therefore, RT- the JASPAR database (http://jaspar.genereg.
PCR and western blotting were used to detect net/) (Figure 2D). To further determine the
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Figure 2. MAPK signaling pathway promotes the binding of ETS-1 to the c-Met gene promoter and upregulates the
transcriptional expression of c-Met. (A) The levels of c-Met protein, c-Met mRNA and ETS-1 protein were determined
by western blotting or RT-PCR, as described in Material and Methods. (B, C) The image of each result is shown in (A).
After quantification, the correlation between c-Met mRNA and ETS-1 protein levels and that between c-Met protein
and c-Met mRNA levels were statistically examined. (D) ETS-1 sequence and binding sites to c-Met promoter region
were predicted by using JASPAR database (http://jaspar.genereg.net/). (E) ChIP assays were performed to confirm
the direct binding of ETS-1 to c-Met promoter in Huh-7® cells. ChIP analysis was performed using a negative control
immunoglobulin G (IgG) or anti-ETS-1 antibody in Huh-7® cells. (F, G) Western blotting was performed to analyze the
effect of MAPK and PI3K inhibitor (LY3214996 and LY-294002) on the expression levels of key molecules. (H, I) RT-
PCR was conducted to analyze the effects of MAPK and PI3K inhibitors (LY3214996 and LY-294002) treatment on
c-Met and ETS-1 mRNA levels. Data are presented as mean + SD from three independent experiments. *P<0.05,

**P<0.01 and ***P<0.001.

binding of ETS-1 to the c-Met promoter, ChIP
analysis was conducted; the ETS-1 antibody
significantly recruited fragments of transcrip-
tion factor binding site (TFBS) S1 and S2 (Figure
2E). These results suggest that, as a transcrip-
tion factor, ETS-1 binds directly to the promoter
of c-Met. To determine which downstream sig-
naling pathway is involved in upregulating ETS-
1 and thus enhancing c-Met transcription and
expression, cells were treated with inhibitors of
MAPK and PI3K LY3214996 and LY-294002,
respectively. Whole lysates from cells were
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analyzed with western blotting, and RT-PCR
was applied to detect the mRNA levels of c-Met
and ETS-1. Figure 2F and 2G illustrate that
LY3214996 blocked the activity of p-ERK and
decreased the mRNA levels of ETS-1 (Figure
2H, 2l) and subsequently downregulated the
expression of ETS-1; however, LY-294002 had
no effect on ETS-1 transcription and expres-
sion, suggesting that activation of ETS-1
requires MAPK signaling rather than PI3K/AKT
signaling. Our data further indicated that ETS-1
is located downstream of the MAPK signaling
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Figure 3. The migration and proliferation of Huh-7F cells overexpressed with c-Met were enhanced. A-D. After 50 ng/
ml HGF treatment of Huh-7 and Huh-7% for 24 h and 10 days, respectively, the effects of short-term and long-term
HGF interaction on the proliferation rate of both cell lines were examined with EJU and cell clone formation assays.
Scale bars: 100 um. Representative images from three experiments are displayed. E, F. Huh-7 and its resistant
strain Huh-7® were treated with 50 ng/ml HGF for 24 h and 48 h, respectively, then scratch healing rate was de-
tected with cell scratch assay. G, H. Equal amounts of cells were added to transwell chambers, and crystalline violet
staining was performed to count migrated cells after 48 h. Images were photographed at 400x magnification. Data
are presented as mean + SD from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001.

pathway and is activated to bind to the c-Met
gene promoter and then upregulates the tran-
scription and expression of c-Met.

The migration and proliferation of Huh-7% cells
overexpressed with c-Met were increased

To determine the proliferative capacity of the
Huh-7 cells and drug-resistant Huh-7% cells we
treated the cells with HGF at the same concen-
trations. In experiments on the proliferative
capacity with EdU-594, the proliferation rate of
Huh-7R cells overexpressing c-Met was signifi-
cantly greater than in those without overex-
pression (Figure 3A, 3B). Consistently, long-
term cell clonogenesis assays also showed that
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the clonogenesis rate of Huh-7R cells was sig-
nificantly more than that of Huh-7 cells (Figure
3C, 3D). Further, we applied the cell scratch
assay to analyze the migration properties of the
cells, as shown in Figure 3E, 3F. The scratch
healing rate of c-Met low- expressing parental
Huh-7 cells treated with HGF for 24 h and 48 h
was not significantly increased compared with
the rate in the untreated group, whereas the
rate was significantly more in Huh-7® cells after
24 h and 48 h (P<.001) (Figure 3E, 3F). We fur-
ther examined the migration rate of Huh-7 and
Huh-7R cells in Transwell assay; the migration of
Huh-7% cells was significantly more than that of
the Huh-7 cell line cells (Figure 3G, 3H).
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Figure 4. Huh-7 cells with c-Met overexpression induce desensitization to sorafenib and activation of PI3K/Akt and
MAPK signaling pathways. A. The c-Met expression levels of the parental strain, Vector group (transfected control
adenovirus group) and c-Met group (transfected high c-Met expressing adenovirus group) were measured with west-
ern blotting. B. Cell viability of each cell line was detected with CCK-8 assay after 24-h treatment with various drugs.
C, D. After transfection with the corresponding adenovirus, equal amounts of cells were added to each well, treated
with various compounds for 7 days, and photographed and counted after crystalline violet staining. E. Immunoblot-
ting to detect the expression levels of mitochondrial apoptotic molecules in the parental strain. Vector group (trans-
fected with control adenovirus group) and c-Met group (transfected with high expression c-Met adenovirus group)
after treatment with different groups of compounds are illustrated. F. JC-1 staining was assayed for changes in
mitochondrial membrane potential in the treatment groups. G. The activation levels of key molecules of two signal-
ing pathways activated by HGF/c-Met were detected after drug treatment. Data are presented as mean + SD from
three independent experiments. SFB: sorafenib. *P<0.05, **P<0.01 and ***P<0.001.

Huh-7 cells with c-Met overexpression induce
desensitization to sorafenib and activation of
PI3K/Akt and MAPK signaling pathways

After transfection of c-Met overexpressing ade-
novirus (c-Met) and control adenovirus (Vector)
in Huh-7 cells, total cell protein was extracted
after 72 h. The results of protein immunoblot-
ting showed that c-Met was significantly overex-
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pressed in Huh-7 cells transfected with c-Met
overexpressing adenovirus (Huh-7°M¢) (Figure
4A). The absorbance values of drug-treated
groups were read with CCK-8 assay, and the
corresponding cell viability of each group was
obtained after 24 h. The difference in cell
viability between Huh-7¢Met and parental cell
lines treated with the same concentration
of sorafenib was significant (P<.001), and Huh-
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7eMet Jost sensitivity to sorafenib after HGF
treatment (Figure 4B).

The results of the clone formation assay also
suggested that Huh-7°Met |ost susceptibility to
sorafenib (Figure 4C, 4D). We applied immuno-
cytoblotting to detect the levels of mitochon-
drial apoptosis-related molecules in each treat-
ment group. Among them, the pro-apoptotic
molecule Bim was significantly down-regulated,
and the cleaved Caspase-3 and -7 were pres-
ent at low levels (Figure 4E). In the clone forma-
tion assay, the mitochondrial membrane poten-
tial (AWm) in normal cells is high, and JC-1
aggregates in the mitochondrial matrix form
polymers that produce red fluorescence; how-
ever, when apoptosis occurs, the mitochondrial
transmembrane potential is depolarized, and
JC-1 fluoresces green as a monomer dispersed
in the cytoplasm. In these experiments, we
found that Huh-7*Met exhibited reduced green
fluorescence after treatment with sorafenib
and HGF compared with cells treated with
sorafenib alone (Figure 4F). Also, Huh-7-¢Met
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treated with HGF activated c-Met, rescued the
inhibition of p-MEK1/2, p-ERK1/2 by sorafenib,
and upregulated the expression of 110y and
the level of p-Akt, indicating activation of the
PI3K/Akt, MAPK signaling pathway (Figure 4G).

Migratory ability of Huh-7 cells with c-Met over-
expression is significantly enhanced

After Huh-7°Met cells were treated with the cor-
responding compounds, as indicated, for 24 h
and 48 h, the results of scratch healing rates
showed that Huh-7°Met had significantly en-
hanced migration ability compared to that of
Huh-7Vecr (Huh-7 cells transfected with control
adenovirus Vector) and parental cells (Figure
5A, 5B). Similar results were found in the
Transwell assay (Figure 5C, 5D). The migra-
tion-associated protein MMP-2 was corre-
spondingly highly expressed in Huh-7-cMet
(Figure 5E, 5F). These results suggest that
c-Met overexpression enhances the migratory
ability of HCC cells.

Am J Transl Res 2023;15(2):896-913
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Figure 6. Knockdown of c-Met or inhibition of c-Met activity reduces the mi-
gration ability of Huh-77 cells. A, B. Huh7® cells were transfected with nega-
tive control lentivirus (LV-Ctrl) or lentivirus expressing siRNA targeting c-Met
(PLVE3164). Cell scratch assay was performed to analyze the scratch heal-
ing ability of the three experimental groups at O h, 24 h, and 48 h. C, D. Tran-
swell assay measured the number of cell perforations in the three treatment
groups, reflecting their migration ability. Images were photographed at 400x
maghnification. Data are represented as the mean + SD from three indepen-
dent experiments. *P<0.05, **P<0.01 and ***P<0.001.

Knockdown of c-Met or inhibition of c-Met ac-

Inhibition of c-Met expression
and activation reversed the
acquired resistance of Huh-7%
cells to sorafenib

Transfected control adenovi-
rus LV-Ctrl, knockdown c-Met
expression adenovirus pLVE-
3164, and Huh-7R pre-treated
with c-Met inhibitor PHA-
665752 for 6 h were simulta-
neously treated with 50 ng/
ml of HGF for 1 h. The c-Met
expression and activation lev-
els were detected by western
blotting. The results revealed
that pLVE3164 adenovirus
significantly decreased c-Met
expression, and the level of
phosphorylated c-Met, a mar-
ker of c-Met activity, was sig-
nificantly decreased in the
Huh-7RPLVESE4 and PHA-665-
752 groups compared with
the level in the Huh-7Rtv-cw
group (Figure 7A, 7B). When
the expression and activation
levels of c-Met of Huh-7% were
downregulated, the clonal pro-
liferation of its long-term indi-

tivity reduces the migratory ability of Huh-77
cells

Huh-7® transfected with control adenovirus
(LV-Ctrl) and knockdown c-Met lentivirus (pLV-
E3164) were pre-treated with 50 ng/ml of
HGF for 24 h. Huh-7RY-C" gnd Huh-7RrLvEsies
were not additionally treated, but the Huh-7*%
group was treated with the c-Met inhibitor
PHA-665752; the scratch migration images
were captured after O h, 24 h, and 48 h.
Compared to the control adenovirus group,
the migration rate at 24 h and 48 h was signifi-
cantly lower in the c-Met knockdown group and
the group that had blocking c-Met activation
with PHA-665752 (Figure 6A, 6B). Transwell
analysis of the 48 h-migrating cell numbers in
the three groups also revealed that reducing
c-Met expression and activation in Huh-7R cells
inhibited the migration of HCC cells (Figure 6C,
6D).
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vidual cells was also significantly downregulat-
ed (Figure 7C, 7D). EdU insertion into DNA mol-
ecules undergoing replication, reflecting chang-
es in the proliferation rate at the molecular
level, caused the same reduction in prolifera-
tion rate (Figure 7E, 7F). Also, as shown in
Figure 7F, 7G, treatment with the same con-
centration of sorafenib significantly increased
the apoptosis rate in the other two groups com-
pared to the rate in LV-Ctrl, thus enhancing the
cytotoxic effect of sorafenib on Huh-7R (Figure
7G, 7TH). To explore the effect of c-Met in
sorafenib resistance in HCC cells, we also
investigated the sensitivity of Huh-7R cells to
sorafenib. The half-inhibitory concentration
(ICy,) values of sorafenib decreased with
decreasing activation levels of c-Met expres-
sion. Thus, c-Met expression, activation, and
sorafenib resistance in HCC cells were positive-
ly correlated (Figure 71). Western blotting analy-
sis showed that c-Met overexpression and acti-
vation increased the levels of p-ERK1/2 and

Am J Transl Res 2023;15(2):896-913
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Figure 7. Inhibition of c-Met expression and activation reversed acquired resistance of Huh-7® cells to sorafenib.
A, B. Western blot was analyzed for changes in basal and activation levels of c-Met after treatment of pLVE3164,
PHA-665752 with Huh-7%. C, D. The clone formation rate was analyzed with crystalline violet staining after 24 h of
HGF pre-treatment with or without the addition of PHA-665752 for 10-days. E, F. The nucleic acid molecular labeling
technique EdU was used to detect changes in cell proliferation rate. Blue color represents the nucleus and purple
color indicates the cells undergoing proliferation. G, H. AO/EB staining was performed to measure the change in
apoptosis rate after treatment with a medicine (representative images from three experiments). |. Cells transfected
with control lentivirus LV-Ctrl or lentivirus pLVE3164 and cells treated with c-Met inhibitor PHA-665752 were sub-
jected to CCK-8 assay to detect the effect of sorafenib on cell viability of the three groups of cells and to analyze the
IC,, variability. J. Western blotting was performed to detect the expression levels of HGF/c-Met, PISK/Akt, and key
kinases of the MAPK signaling pathway. Images were photographed at 400x magnification. *P<0.05, **P<0.01
and ***P<0.001.

p-Akt proteins as well as the MAPK downstream HGF/c-Met signaling pathway activation pro-
protein p-P9ORSK. These findings suggest that motes sorafenib resistance in HCC cells by pro-
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moting PI3K/Akt and MAPK signaling. To rigor-
ously demonstrate that HGF/c-Met activates
PI3K/Akt and MAPK signaling pathways, we
used the specific c-Met inhibitor PHA-665752
as well as pLVE3164 to verify the effects on
PI3K/Akt and MAPK pathways. Western blot
results revealed that in Huh-7% cells compared
with the LV-Ctrl group, the upregulation of
PI3K/Akt and MAPK signaling pathways was
significantly reversed in the pLVE3164 and
PHA-665752 groups compared with that in the
LV-Ctrl group; this finding documented that the
PI3K/Akt and MAPK pathways are key links in
the induction of sorafenib resistance in Huh-7%
cells by HGF/c-Met (Figure 7)).

Enhanced antitumor activity of sorafenib by
inhibition of the expression and activation of
c-Met in vivo

We next conducted experiments to determine
whether c-Met has a role in promoting tumor
growth in vivo by modulating sorafenib resis-
tance. Huh-7R?.VE3184 ce|ls and their correspond-
ing Huh-7R were subcutaneously inoculated into
BALB/c nude mice. As shown in Figure 8A and
8B, tumorigenicity and growth rate were signifi-
cantly lower in the Huh-7*?PYE3164 groyp than in
the control group and the group treated with
sorafenib alone. The nude mice were tolerant to
each drug or their combination, as there was
not a significant reduction in body weight of the
mice during treatment (Figure 8C). Changes in
the level of activation of intrinsic protein mole-
cule expression were analyzed by western blot-
ting (Figure 8D and 8E). Consistent with the in
vitro results, c-Met activation within the xeno-
grafts of Huh-7R cells with high c-Met expres-
sion and the downstream PI3K/Akt and MAPK
signaling pathways were also activated; in con-
trast, after c-Met knockdown, the pathways
were all downregulated. The combination of
PHA-667552 and sorafenib inhibited PI3K/Akt,
and MAPK activation induced by HGF/c-Met
activation, and downregulated p-p70S6K and
p-p90RSK activation (Figure 8D and 8E). As
shown in Figure 8F, the expression of c-Met in
the pLVE3164 group was significantly lower
than in the other three groups. In addition, the
expression of p-Met in the pLVE3164 group
and the combined group was significantly lower
than in the other two groups. The results of the
Ki67 experiment showed that the proliferation
level of the pLVE3164 group and the combined
group was decreased significantly (Figure 8G).
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These findings imply that c-Met mediates the
resistance of HCC to sorafenib treatment and
promotes tumor growth in HCC.

Discussion

Systemic therapy is the preferred treatment for
patients with advanced HCC, and the first-gen-
eration targeted therapy, sorafenib, has been
beneficial for this population [7]. Unfortunately,
the treatment is associated with severe side
effects, and the survival benefit for most
patients is limited to 3-5 months, mainly
because of the development of resistance to
sorafenib. Aberrant tyrosine kinase receptor
expression and feedback activation and/or
crosstalk activation of key signaling pathways,
such as Ras/Raf/MEK/ERK, PI3K/Akt, HGF/c-
Met, Wnt, and Hedgehog, are important in
inducing resistance to sorafenib [18]. c-Met
overexpression and activation increases prolif-
eration, survival, migration, and invasiveness
of cancer cells [16]. Aberrant activation of the
HGF/c-Met axis is often present in solid tumors
and plays a key role in malignant transforma-
tion by promoting tumor-cell migration, epithe-
lial mesenchymal-transformation, and invasion
[19]. c-Met expression regulatory pathways
have been found activated through gene muta-
tions, gene amplification, increased receptor
expression levels, or signaling pathway cross-
talk in HCC tissues from 20% to 50% of pa-
tients [20]. In our work with HCC cells, cellular
immunochemical assays revealed that the
sorafenib-resistant cell line Huh-7% was highly
expressed c-Met (Figure 1), which suggests
that sorafenib induces the expression of c-Met
molecules in HCC and that abnormal c-Met is
associated with resistance to sorafenib.
Transcription factors are proteins that bind to
DNA and control the rate of transcription of a
set of genes; they are some of the most impor-
tant regulators of gene expression. Cells are
largely influenced by the controlling effects of
transcription factors, which recognize and bind
specific sequences in the genome to regulate
gene expression [21]. In this study, we used a
bioinformatic approach to predict the relevant
transcription factors that regulate c-Met tran-
scriptional expression, which was targeted on
transcription factor ETS-1 by predicted scoring
levels and reference to relevant literature. The
presence of the predicted site was verified by
ChIP-gPCR, and the results showed that the
transcription factor ETS-1 bound to both sites
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Figure 8. Enhanced antitumor activity of sorafenib by inhibition of the expression and activation of c-Met in vivo. A.
Macroscopic appearance of Huh-7® and Huh-7RPWE3164 xenografts of each group. B. The tumor growth curves of four
groups of nude mice were recorded after 30 days of various treatments. The volume of tumors (mm?%) was recorded.
C. Average body weight of mice during treatment is shown. D and E. Whole protein cell lysates from each group of
tumors were prepared for western blotting to analyze the expression activation levels of relevant signaling pathways.
F. Immunohistochemistry was used to detect the differences in the expression levels of c-Met and p-Met in each
treatment group. G. Ki67 was used to indicate the level of proliferation in tumor tissues in each group. Images were
photographed at 400x magnification. *P<0.05, **P<0.01 and ***P<0.001.

of the c-Met gene promoter. We also investigat-
ed, by western blotting and RT-PCR, whether
the activation of ETS-1 was associated with the
overexpression of c-Met. First, the mRNA level
of c-Met was closely correlated with its protein
level, which implied that the expression of this
gene is transcriptionally regulated. Second,
c-Met mRNA levels were highly correlated with
the levels of ETS-1 protein in cells, suggesting
that the transcription factor ETS-1 regulates
the transcriptional expression of c-Met in HCC-
resistant cell lines. Notably, we also demon-
strated that the MEK/ERK signaling pathway
activated the expression and activity of ETS-1
mediated by ERK, which led to its binding to the
c-Met gene promoter and upregulation of c-Met
transcriptional expression.

Although overexpression allows c-Met activa-
tion independent of HGF stimulation, in most
cases, ligand-mediated activation is required
for effective receptor activation. This is also the
case for c-Met mutants that contain kinase
activity that requires HGF for its activation. In
this study, HGF was added in in vitro experi-
ments to mediate the kinase activity of c-Met
in Huh-7R cells for studies on related mecha-
nisms. c-Met dimerization and activation
induced by HGF can regulate the cytoplasmic
transduction cascade reaction through bridg-
ing molecules, thus activating multiple down-
stream signaling pathways, including Ras/Raf/
MEK/ERK, PI3K/Akt, Jak/STAT3, and nuclear
factor kappa-B (NF-kB) transduction cascades.
Through these actions, biological effects such
as cell proliferation, survival, migration, inva-
sion, and epithelial mesenchymal transition
result. In turn, through these associated path-
ways, cellular drug resistance is induced [22].
The results of this study showed that sorafenib-
resistant Huh-7R cells with high expression of
the tyrosine kinase receptor c-Met had a resis-
tance index RI=4.89 relative to parental Huh-7
cells (Figure 1), and inhibition of c-Met activa-
tion (phosphorylation) or knockdown of c-Met
expression by siRNA application in Huh-7% cells
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restored their sensitivity to sorafenib (Figure
7). Complete inhibition of c-Met phosphoryla-
tion (kinase activity) or silencing c-Met by
siRNA inhibited the activation of the Ras/Raf/
MEK/ERK and PI3K/Akt pathways (Figures 7
and 8). These results suggest that c-Met over-
expression and aberrant activation contribute
to the development of resistance to sorafenib
in HCC. The resistance of HCC cells to sora-
fenib may be mediated through the cytoplas-
mic transduction cascade Ras/Raf/MEK/ERK,
PI3K/Akt pathway.

Sorafenib achieves its anti-hepatoma activity
mainly by targeting the vascular endothelial
growth factor receptor and platelet-derived
growth factor receptor to inhibit angiogenesis
rather than by targeting the Raf/Mek/Erk path-
way to induce apoptosis [23]. However, HCC
may mediate cell proliferation and invasion
and stop apoptosis in an angiogenesis-inde-
pendent manner to induce acquired resistance
to sorafenib through PI3K/AKT, JAK/STAT, and
epithelial-mesenchymal transition pathways.
Indeed, prolonged exposure of HCC cells to
sorafenib activates the PI3BK/AKT and JAK/
STAT pathways and/or activates their down-
stream factors, thus contributing to sorafenib
resistance [24].

The binding of the growth factors HGF and EGF
to their corresponding receptors has promoted
tumor cell proliferation and migration through
activation of PI3K/Akt in a variety of solid
tumors [12, 13, 23]. Indeed, ligand-bound tyro-
sine kinase receptors, such as c-Met, activate
the PI3K/Akt signaling cascade, promoting cell
survival, and participation in apoptosis resis-
tance [23]. In our study, phosphorylation of Akt
at serine 473 was inhibited by PHA-665752 to
reverse this process. Concomitantly, the reduc-
tion of downstream Akt and ERK signaling
inhibited cell migration and proliferation (Figure
7), which is consistent with the results of previ-
ous studies [25], and interference with c-Met
expression or knockdown of c-Met inhibited the
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growth of drug-resistant HCC cells with high lev-
els of c-Met expression (Figure 7). c-Met-based
siRNA inhibited Huh-7% cells with tumorigenic
signaling pathway activation and inhibited
tumor growth. The c-Met inhibitor PHAGG-
5752 co-administered with sorafenib also in-
hibited the growth of Huh-7R xenograft tumors
(Figure 8), which is consistent with the results
of previous studies [26].

In HCC treatment, HIF-2a triggered by sus-
tained action activates the TGF-o/EGFR path-
way [27], which in turn induces sustained acti-
vation of the downstream Ras/Raf/MAPK path-
way. Also, M2-type macrophages in the HCC
microenvironment activate the ERK1/2/MAPK
pathway in tumor cells by secreting HGF [28].
Phosphorylated MAPK induces sorafenib re-
sistance by phosphorylating transcription fac-
tors and regulating the expression of proteins
involved in cell proliferation and resistance to
apoptosis [29]. Our results showed that the
phosphorylation levels of key kinases in the
HGF/c-Met, PI3K/Akt, and MEK/ERK pathways
were higher in Huh-7% cells than in parental
Huh-7R cells, a result that suggests that HCC
resistance to sorafenib is associated with
abnormalities in the HGF/c-Met, PISK/Akt, and
MEK/ERK pathways. Further, downregulation
of c-Met expression by siRNA or inhibition of
c-Met phosphorylation restored the inhibition
of HCCF cell proliferation by sorafenib (Figure
6) and upregulated apoptosis of HCCR cells.
These results indicate that c-Met and its asso-
ciated downstream MEK/ERK, and PI3K/Akt
pathways are involved in the desensitization of
HCC to sorafenib.

In summary, our findings in vivo and in vitro
document that c-Met overexpression and over-
activation regulate HCC resistance to sorafenib
in HCC cells. HGF-mediated activation of c-Met
rescues cells from sorafenib-induced inhibition
and reactivates downstream pathways. Com-
bining sorafenib with a c-Met inhibitor reversed
HCC resistance to sorafenib by blocking HGF/c-
Met signaling, downregulating important onco-
genic signaling cascades, such as PI3K/Akt
and MEK/ERK, and regulating related survival
processes of proliferation, apoptosis, differen-
tiation, and angiogenesis. Combining sorafenib
and anti-c-Met therapy may be a strategy to cir-
cumvent sorafenib resistance in HCC.
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Conclusion

HGF/c-Met induces sorafenib resistance in
HCC cells by promoting cell migration, and pro-
liferation, and stopping apoptosis, which are
associated with activation of the PI3K/Akt,
MAPK pathway. c-Met may be a therapeutic tar-
get for dismantling drug resistance in sorafenib-
resistant HCC.
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