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Abstract

Lenvatinib is a long-awaited alternative to sorafenib for the first-line targeted therapy of patients with advanced hepatocellular
carcinoma (HCC). However, resistance to lenvatinib has also become a major obstacle to improving the prognosis of HCC
patients. The underlying molecular mechanisms contributing to lenvatinib resistance in HCC are largely unknown. HGF/c-
MET axis activation is related to tumor progression and several hallmarks of cancer and is considered as the key contributor
to drug resistance. In the present study, we focused on the role of the HGF/c-MET axis in mediating lenvatinib resistance
in HCC cells. We showed that HGF reduced the antiproliferative, proapoptotic, and anti-invasive effects of lenvatinib on
HCC cells with high c-MET expression but did not significantly affect HCC cells with low c-MET expression. The c-MET
inhibitor PHA-665752 rescued HCC cells from HGF-induced lenvatinib resistance. Furthermore, HGF/c-MET activated the
downstream PI3K/AKT and MAPK/ERK pathways and promoted epithelial-mesenchymal transition (EMT) in HCC cells.
Collectively, our results suggested that combining lenvatinib treatment with a c-MET inhibitor may improve its systemic

therapeutic efficacy in HCC patients with high c-MET expression.
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Introduction

Hepatocellular carcinoma (HCC) is a common cause of
cancer-related deaths [1]. Even with hepatectomy and liver
transplantation, the 5-year recurrence rate of HCC is as high
as 70%. Due to the lack of effective treatment, patients with
advanced HCC have poor prognoses with a median overall
survival time of less than 1 year. Sorafenib was the first sys-
temic treatment drug to show an overall survival benefit in
advanced HCC and was approved as a first-line treatment
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for patients with advanced HCC [2]. The successful clinical
implementation of sorafenib increased the interest in devel-
oping new drugs for HCC. However, many drugs failed in
first-line (linifanib [3], sunitinib [4], erlotinib [5], brivanib
[6]) and second-line (everolimus [7]) HCC treatment settings
in randomized controlled phase III trials.

Lenvatinib, a tyrosine kinase inhibitor, exhibited effects
on overall survival not inferior to those of sorafenib in
patients with untreated advanced HCC in the phase III
REFLECT clinical trial and was recommended as another
first-line drug for advanced HCC treatment last year [8].
Doctors currently faced the dilemma of advising patients
about their choice between these two agents because of the
lack of biomarkers that can predict a more favorable treat-
ment response or survival benefit of one over the other [9].
Although lenvatinib has a significant benefit on the objec-
tive response rate in advanced HCC, this benefit is not sus-
tained. We found that some patients with advanced HCC
who received lenvatinib therapy in our center developed
drug resistance after a period of time. This phenomenon
prompted us to explore the potential mechanisms underlying
lenvatinib resistance.
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Abnormal expression of HGF and/or c-MET in tumor
tissues or peripheral blood could offer prognostic biomark-
ers as well as predictive biomarkers for drug response [10].
Research over the past decades has shown that HGF/c-MET
axis activity promotes tumor invasion and metastasis [11].
The HGF/c-MET axis can mediate multiple downstream
pathways, including the PI3K/AKT, MAPK/ERK, STAT3,
and SRC/FAK pathways. Activation of these pathways regu-
lates several distinct biological processes in tumor cells, with
effects including the promotion of proliferation, migration
and invasion and the inhibition of apoptosis [12]. Moreover,
c-MET is frequently overexpressed in tumor tissue, and the
activation of the c-MET pathway is associated with drug
resistance [13]. However, whether HGF/c-MET activation
contributes to lenvatinib resistance has not yet been reported.
Therefore, we conducted this study to investigate the under-
lying mechanism associated with lenvatinib resistance in
HCC patients.

Materials and methods
Cell lines and reagents

MHCC97-L and SMMC-7721 cells were obtained from
the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (shanghai, China). Lenvatinib, PHA-
665752, and recombinant human HGF (R&D systems, USA)
were purchased from MedChemExpress (Monmouth Junc-
tion, USA). The antibodies against c-MET, p-c-MET, AKT,
p-AKT, ERK, p-ERK, E-cadherin, N-cadherin, Vimentin,
and B-actin were purchased from Cell Signaling Technology
(SCT, Danvers, MA, USA).

Cell culture

Cell lines were cultured in high-glucose DMEM (Gibco,
Grand Island, NY, USA) containing 10% fetal bovine serum
(FBS, Gibco), and an antibiotic mixture of 100 U/ml peni-
cillin and 100 mg/ml streptomycin (Life Technologies, Inc.,
Rockville, MD). Cells were incubated in a humidified atmos-
phere containing 5% CO, at 37 °C.

Cell proliferation assay

To measure cell proliferation, HCC cells were seeded in
96-well plates at 2 x 10° cells/well with or without HGF
(50 ng/ml) for 24 h. The culture medium was then replaced
with reduced serum (1% FBS) medium containing various
concentrations of lenvatinib, HGF (50 ng/ml) and PHA-
665752 (100 nM) for another 72 h. Cells were incubated
for 1 h with CCK-8 reagent (100 pl/ml) (Dojindo Molecu-
lar Technologies, Kumamoto, Japan), and the absorbance
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was read at 450 nm in a microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). The ICs, values were cal-
culated in GraphPad Prism 7.0 (GraphPad software, La
Jolla, CA).

Apoptosis analysis

HCC cells (5% 10°) were seeded in six-well plates with or
without HGF (50 ng/ml) for 24 h and allowed to adhere.
The culture medium was then replaced with reduced serum
(1% FBS) medium containing lenvatinib (4 puM), HGF
(50 ng/ml) and PHA-665752 (100 nM) for another 48 h.
The cells were then harvested, stained with an Annexin
V-FITC/PI kit (Dojindo Molecular Technologies) follow-
ing the manufacturer’s instructions and analyzed in a FAC-
SAria II flow cytometer (BD Biosciences, San Jose, USA).

Cell invasion assay

The cell invasion assay was performed using a 24-well
Transwell chamber system (8 pm pores, Corning Incor-
porated, NY, USA) precoated with Matrigel (BD Bio-
sciences). MHCC97-L and SMMC-7721 cells were resus-
pended in serum-free medium containing the indicated
compounds and added into the upper chamber of each well
(5 % 10* cells/well). Then, 600 pl of DMEM supplemented
with 10% FBS was added to the lower chamber of each
well. After incubation for 48 h, the cells were fixed with
4% formaldehyde and stained with 0.1% crystal violet for
30 min. The invaded cells were counted in five random
fields under an inverted microscope (100 X).

Western blot analysis

A total of 25-50 pg of prepared protein was separated by
8% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA,
USA). After blocking in 4% bovine serum albumin (BSA)
for 1 h, membranes were incubated first with primary
antibodies against c-MET, p-c-MET, AKT, p-AKT, ERK,
p-ERK, E-cadherin, N-cadherin, Vimentin, and f-actin
at 4 °C overnight and then with secondary antibodies at
room temperature for 1 h. Protein bands were visualized
via enhanced chemiluminescence (ECL) in a chemilumi-
nescence imaging system (Bio-Rad, Hercules, UA, USA).
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Small interfering RNA (siRNA) transfection

MHCC97-L and SMMC-7721 cells were seeded in six-well
plates at 5x 10° cells/well overnight. Then, the cells were
transfected with c-MET siRNA or control siRNA (50 nM)
using Lipofectamine RNAiMAX reagent (Invitrogen,
Carlsbad, CA, USA). Six hours later, the culture medium
was refreshed and treated with lenvatinib (4 pM) and HGF
(50 ng/ml) for another 24 h. The expression levels of epithe-
lial-mesenchymal transition (EMT)-related proteins in the
treated HCC cells were measured by Western blotting. The
siRNA sequences were as follows: c-MET siRNA, 5'-GUG
CCACUAACUACAUUUATT-3" and control siRNA,
5'-UUCUCCGAACGUGUCACGUTT-3' [14].

Statistical analysis

All data are presented as the mean + standard deviations
(SDs). Statistical comparisons between the two groups were
conducted with an unpaired Student’s ¢ test using GraphPad
Prism 7.0. (¥, ** and *** indicate P-values of <(.05, 0.01,
and 0.001, respectively).

Results

HGF reduced the antiproliferative effect
of lenvatinib on HCC cells

Lenvatinib inhibited the proliferation of MHCC97-L
and SMMC-7721 HCC cells in a concentration-depend-
ent manner, with ICy, values of 1.81 pM and 1.83 uM,
respectively. As shown in Fig. 1, HGF can significantly
attenuate the proliferation inhibitory effect of lenvatinib
in MHCC97-L cells. Combination treatment with
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Fig.1 HGF reduced the antiproliferative activity of lenvatinib in
HCC cells. MHCC97-L and SMMC-7721 cells were treated with or
without HGF (50 ng/ml) for 24 h and allowed to adhere. The cells
were then treated with the indicated concentrations of lenvatinib or

PHA-665752 significantly restored the antiproliferative
activity of lenvatinib that was reduced by HGF treat-
ment in MHCC97-L cells but did not significantly affect
SMMC-7721 cells.

HGF reduced the proapoptotic effect of lenvatinib
on HCC cells

The apoptosis rates of MHCC97-L and SMMC-7721 cells
were measured by flow cytometry. As shown in Fig. 2,
the apoptosis rates were 46.5% and 36.6% for lenvatinib
(4 pM)-treated MHCC97-L and SMMC-7721 cells,
respectively. Pretreatment with 50 ng/ml HGF significantly
reduced the proapoptotic effect of lenvatinib on MHCC97-
L cells, but did not significantly affect SMMC-7721 cells.
However, PHA-665752 at a final concentration of 100 nM
could restored the proapoptotic effect of lenatinib that
reduced by HGF treatment in MHCC97-L cells but did
not significantly effect SMMC-7721 cells.

HGF reduced the anti-invasive effect of lenvatinib
on HCC cells

Transwell assays were used to measure the effect of len-
vatinib on inhibiting the invasion of HCC cells. As shown
in Fig. 3, lenvatinib (4 pM) markedly reduced the invasive
ability of SMMC-7721 and MHCC97-L cells. However,
HGF reduced the anti-invasive effect of lenvatinib on
MHCC97-L cells, but did not significantly effect SMMC-
7721 cells. PHA-665752 restored the anti-invasive effect
of lenvatinib that was reduced by HGF treatment in
MHCC97-L cells but did not significantly affect SMMC-
7721 cells.
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PHA-665752 (100 nM) for another 72 h. Cell proliferation was meas-
ured with a CCK-8 assay. All data are presented as the mean+ SDs
for three independent experiments. *P < 0.05, ***P <0.001
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Fig.2 HGF reduced the proapoptotic activity of lenvatinib in HCC
cells. MHCC97-L and SMMC-7721 cells were treated with or with-
out HGF (50 ng/ml) for 24 h allowed to adhere. Then, the cells were
treated with lenvatinib (4 pM) or PHA-665752 (100 nM) for another

Difference expression of ¢-MET in HCC cell lines

The protein expression level of c-MET in MHCC97-L and
SMMC-7721 cells was measured by Western blotting. As
shown in Fig. 4a, c-MET was expressed at high levels in
MHCC97-L cells but at low levels in SMMC-7721 cells.
These results may partially explain why HGF reduced the
antiproliferative, proapoptotic, and anti-invasive effects
of lenvatinib in MHCC97-L cells but did not significantly
affect SMMC-7721 cells.
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48 h. The apoptosis rate was measured by flow cytometry. The results
are representative of three independent experiments. **P <0.01,
##%P <0.001

HGF/c-MET-mediated PI3K/AKT and MAPK/ERK
pathway activation in HCC cells with high c-Met
expression

The expression levels of proteins in pathways underlying
HGF/c-MET-mediated drug resistance were measured by
Western blotting. As shown in Fig. 4b, HGF treatment
markedly increased the phosphorylation of ¢c-MET and
the downstream mediators AKT and ERK in MHCC97-L
cells. However, PHA-665752 abolished HGF-dependent
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Fig.3 HGF reduced the anti-invasive activity of lenvatinib in HCC another 48 h. The invasion ability was measured with a Transwell
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Fig.4 Western blot analysis of the expression of c-MET and down- signaling pathways activation in HCC cells. ¢ Knockdown of c-MET

stream pathway proteins in HCC cells. a Difference in the protein by siRNA abolished HGF-induced EMT in lenvatnib-treated HCC
expression of c-MET in HCC cell lines. b HGF promoted ¢c-MET cells. The results are representative of two independent experiments
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phosphorylation of c-MET and the downstream mediators
AKT and ERK in MHCC97-L cells, which have high c-Met
expression. However, neither HGF nor PHA-665752 sig-
nificantly affected the expression level of c-MET and these
downstream pathway proteins in SMMC-7721 cells. These
results suggested that the HGF/c-MET axis mediated PI3K/
AKT and MAPK/ERK pathway activation in HCC cells with
high c-MET expression.

HGF promotes epithelial-mesenchymal transition
(EMT) of HCC cells

HGEF increased the protein expression level of N-cadherin
and Vimentin, and reduced that of E-cadherin in lenvatinib-
treated MHCC97-L cells but did not significantly affect
lenvatinib-treated SMMC-7721 cells (Fig. 4c). Knockdown
of c-MET expression by siRNA reversed EMT in HCC cells
(Fig. 4c). These results indicated that the HGF/c-MET axis
promoted lenvanitnib resistance via EMT in HCC cells with
high c-MET expression.

Discussion

Lenvatinib was recently approved as a first-line treatment for
advanced HCC patients in the USA, the European Union,
Japan, and China and its clinical utility in advanced HCC
has gradually increased [15]. However, some patients in our
center who exhibited good initial responses to lenvatinib
therapy quickly developed resistance. To extend the overall
survival of HCC patients, exploration of the potential resist-
ance mechanisms of lenvatinib in HCC is necessary. The
HGF/c-MET axis has been proposed to be a key contributor
among multiple resistance mechanisms [16]. In the present
study, we focused on HGF-induced lenvatinib resistance and
the related pathways contributing to lenvatinib resistance in
HCC cells.

We demonstrated that lenvatinib inhibited the prolif-
eration effect of HCC cells in a concentration-dependent
manner. Pretreatment of HCC cells with HGF reduced the
antiproliferative, proapoptotic, and anti-invasive effects
of lenvatinib in MHCC97-L cells but did not significantly
affect SMMC-7721 cells. Moreover, the c-MET inhibitor
PHA-665752 rescued HGF-induced resistance to these
antiproliferative, proapoptotic, and anti-invasive effects in
MHCC97-L cells but did not significantly affect this resist-
ance in SMMC-7721 cells. HCC is a highly heterogeneous
disease [17]. A meta-analysis suggested that c-MET upregu-
lation is an prognostic factor for recurrence and unfavorable
survival in HCC patients who have undergone hepatectomy
[18]. As c-MET is the receptor for HGF and the direct tar-
get of PHA-665752, we speculated that these inconsistent
results derived from the differential expression of c-MET in
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HCC cell lines. Further Western blot assays confirmed that
c-MET is expressed at high levels in MHCC97-L cell but at
low levels in SMCC-7721 cells. These results indicated that
high c-MET expression may play a critical role in promoting
lenvatinib resistance in HCC cell lines.

In the canonical HGF/c-MET pathway, HGF binding
results in autophosphorylation of c-MET and downstream
activation of the PI3K/AKT and MAPK/ERK pathways.
Activation of these pathways promotes cell survival by pro-
tecting cells from apoptosis. The PI3K/AKT pathway has
been reported to mediate acquired resistance to sorafenib
in HCC cells [19]. However, the role of the PI3K/AKT
and MAPK/ERK pathways in lenvatinib resistance has not
been reported. Our results showed that HGF led to c-MET
autophosphorylation and activated the downstream of
PI3K/AKT and MAPK/ERK pathways in lenvatinib-treated
MHCC97-L cells but not SMMC-7721 cells. In addition,
PHA-665752 abrogated HGF/c-MET-mediated downstream
PI3K/AKT and MAPK/ERK activation in MHCC97-L cells.
These results indicated that HGF-dependent c-MET activa-
tion induces lenvatinib resistance by reactivating the down-
stream PI3K/AKT and MAPK/ERK in HCC cells with high
c-MET expression, suggesting that c-MET is a promising
treatment target for the reversal of lenvatinib resistance in
HCC patients.

EMT is a biological process in which epithelial cells loss
polarity and gain of the characteristics of mesenchymal
cells with the ability to invade and resist apoptosis [20].
Accumulating evidence has shown that EMT promotes drug
resistance in tumor cells [21]. Long-term exposure to a sys-
tematic targeted drug could induce EMT in HCC cells, thus
increasing invasion and the risk of rebound growth [22]. In
this study, we found that HGF promoted EMT in lenvatinib-
treated HCC cells with high ¢c-MET expression, and that
siRNA-medicated knockdown of ¢c-MET reversed HGF-
induced EMT. These results indicated that c-MET is the
critical contributor to EMT and is associated with lenvatinib
resistance in HCC cells with high c-MET expression.

In summary, our results showed that the HGF/c-MET
axis induces lenvatinib resistance by activating the down-
stream PI3K/AKT and MAPK/ERK pathways and promot-
ing EMT of HCC cells with high c-MET expression. Com-
bination treatment with lenvatinib and a c-MET inhibitor
reversed the drug resistance induced by HGF, resulting in
improved antitumor effects in HCC cells with high c-MET
expression. Our results suggest that c-MET is a predictive
biomarker for lenvatinib resistance. Combining lenvatinib
treatment with a c-MET inhibitor may improve treatment
efficacy HCC patients with high c-MET expression. How-
ever, it should be noted that only one HCC cell line with
high c-MET expression was tested in our study; future stud-
ies are needed to further verify and to promote our findings
in clinical application.
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