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Objective: Lenvatinib is a first-line multikinase inhibitor for advanced hepatocellular carcinoma (HCC), but resistance to the drug
remains a major hurdle for its long-term anti-cancer activity. This resistance is thought to be due to overexpression of c-Met. This
study aims to identify potential upstream microRNAs (miRNAs) that regulate c-Met, investigate the underlying mechanisms, and seek
potential strategies that may reverse such resistance.
Methods: Lenvatinib-resistant HCC (LR-HCC) cells were established from human HCC Huh7 and SMMC-7721 cells. Assays of cell
proliferation, cell cycle distribution, apoptosis, RT-qPCR, Western blot analysis and immunohistochemistry were employed. Potential
miRNAs were screened by miRNA-target prediction tools and their regulatory effects were evaluated by luciferase reporter assays.
Xenograft tumor models were used to evaluate the therapeutic effects.
Results: LR-HCC cells were refractory to lenvatinib-induced growth inhibition and apoptosis in vitro and in vivo. Sustained exposure
of cells to lenvatinib resulted in increased expression and phosphorylation of c-Met, and c-Met inhibition enhanced the effects of
lenvatinib in suppressing LR-HCC cells. Among eleven miRNA candidates, miR-128-3p displayed the most vigorous activity to
negatively regulate c-Met and was downregulated in LR-HCC cells. MiR-128-3p mimics inhibited proliferation and induced apoptosis
of LR-HCC cells, and enhanced the effects of lenvatinib in cell culture and animal models. MiR-128-3p and c-Met participate in the
mechanisms underlying lenvatinib resistance through regulating Akt that mediates the apoptotic pathway and ERK (extracellular-
signal-regulated kinase) modulating cell cycle progression.
Conclusion: The present results indicate that the miR-128-3p/c-Met axis may be potential therapeutic targets for circumventing
lenvatinib resistance in HCC and warrant further investigation.
Keywords: hepatocellular carcinoma, lenvatinib, drug resistance, c-Met, microRNA-128-3p

Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide.1 HCC is extremely
resistant to systemic chemotherapy with conventional cytotoxic drugs, which exhibit limited beneficial effects in HCC
patients.2 Currently, four tyrosine kinase inhibitors (TKIs) are being used for the clinical management of advanced HCC.
Among them, sorafenib is the pioneering drug, while regorafenib and cabozantinib are second-line drugs after the failure
of sorafenib.3 Lenvatinib has recently been approved as a first-line drug since it achieves similar efficacy to sorafenib in
clinical trials,4–6 breaking the silence that had plagued the plight of molecular targeted drugs in treating HCC for over 10
years. However, the resistance to lenvatinib minimizes its therapeutic benefits, thus, necessitating an urgent need to
further explore its mechanism of action to help identify novel molecular targets.
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Lenvatinib displays its anti-cancer activities by targeting the same molecules as sorafenib, such as vascular
endothelial growth factor receptor (VEGFR)-1, 2 and 3, fibroblast growth factor receptors (FGFR) and platelet-derived
growth factor receptor (PDGFR),7,8 implying that the two drugs may have a similar underlying mechanism for their
resistance. The c-Met signaling pathway is activated in HCC tissues and contributes to tumor aggressiveness and poor
prognosis.9 We have previously reported that the overexpression and activation of c-Met participate in sorafenib
resistance of HCC cells.10 A recent study suggests that the activation of the hepatocyte growth factor (HGF)/c-Met
axis promotes lenvatinib resistance in HCC cells.11 However, the upstream mechanisms, and in particular, specific
upstream microRNAs (miRNAs/miRs) that regulate c-Met in lenvatinib resistance of HCC cells are yet to be determined.

MiRNAs are a cluster of short non-coding RNAs that are involved in almost all biological behaviors of cells.
MiRNAs exert their post-transcriptional regulatory functions mainly by binding to the 3’-untranslated region (3’-UTR) of
target genes, leading to degradation or/and prevention of translation of mRNA.12 The role of miRNAs has been
demonstrated in the progression of many cancers including HCC and some miRNAs have emerged as potential targets
for developing novel anti-cancer drugs.12,13 A number of miRNAs are involved in drug resistance of HCC through
different regulatory mechanisms.14 Nevertheless, the identities of upstream miRNAs involved in lenvatinib resistance in
HCC are unknown. We, therefore, designed the present study to interrogate and identify potential miRNAs that regulate
c-Met and investigate the underlying mechanisms contributing to this resistance.

Materials and Methods
Cells, Antibodies, and Reagents
Human HCC SMMC-7721 and Huh7 cells were obtained from Chinese Academy of Sciences Cell Bank (Shanghai,
China) and had been tested as negative for mycoplasma infection by using a PCR-based Universal Mycoplasma
Detection kit (American Type Culture Collection, Manassas, VA, USA). Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum in
a humidified atmosphere of 5% CO2 at 37°C. Detailed information regarding antibodies, reagents and kits is described
under Supplementary Materials.

Establishment of Lenvatinib-Resistant HCC (LR-HCC) Cells
The half-maximal inhibitory concentration (IC50) of HCC cells to lenvatinib was initially determined by measuring the
viability of cells, which were incubated for 96 h with serial concentrations of lenvatinib in 96-well plates. Huh7 and
SMMC-7721 cells (1 × 104 per well) were then seeded in 6-well plates and incubated with lenvatinib at a starting
concentration of 0.25 μM, which was below their respective IC50. The concentration of lenvatinib was increased by 0.25
μM per week, and two lenvatinib-resistant cell lines (termed SMMC-LR and Huh7-LR, respectively) were obtained 17
weeks later when the concentration of lenvatinib reached 4.5 μM. The cells were maintained by culturing them in the
presence of lenvatinib at 0.5 μM.

Animal Experiments
The study had been approved by the Animal Ethics Committee of Harbin Medical University (SYXK20020009) in
compliance with the Guideline for Ethical Review of Animal Welfare, China (GB/T 35892-2018). Male BALB/c-nu/nu
mice (aging 6–8 weeks) obtained from SLAC Laboratory Animal Co.; Ltd. (Shanghai, China) were housed and received
humane care at the Animal Research Center of Harbin Medical University. The establishment of Huh7 and Huh7-LR
tumors based on our previous studies10,15 is depicted in Supplementary Figure S1. Briefly, cells (5×106) were sub-
cutaneously injected into the flake of mice. Since Huh7-LR cells may gradually lose their lenvatinib-resistant behavior in
the absence of lenvatinib stimulation, mice injected with Huh7-LR cells were orally administered daily with a low dose
of lenvatinib (2 mg/kg).

Effects of Lenvatinib and Capmatinib
When Huh7 or Huh7-LR tumors grew to ~100 mm3 in volume 15 or 20 days after cell inoculation, respectively, mice
were randomly assigned to treatment groups. Lenvatinib and capmatinib were orally administered daily at a dose of
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10 mg/kg and 30 mg/kg, respectively. The doses were selected based on previous reports.10,16 Vehicle (3 mmol/L HCl)
was orally administered and acted as a control. Tumors were measured every 3 days and harvested 15 days after the
commencement of treatments.

Effects of miR-128-3p
When Huh7-LR tumors reached ~100 mm3 in volume, mice were randomly assigned to four groups. Mice in the control
and lenvatinib groups received intratumoral injections of negative control oligonucleotides, while mice in the miR-128-
3p mimics and lenvatinib + miR-128-3p mimics groups received intratumoral injections of miR-128-3p mimics. Mice in
the control and miR-128-3p mimics groups received oral administration of vehicle, while mice in the lenvatinib and
lenvatinib + miR-128-3p mimics groups received oral administration of lenvatinib at a dose of 10 mg/kg.
Oligonucleotides were dissolved in the injection solution, which was prepared by mixing an equal volume of serum-
free medium and Lipofectamine2000. Each tumor received a 50µL injection solution containing 200µg of oligonucleo-
tides on days 0, 6, 9, and 12, and was measured every three days. Mice were monitored and euthanized on day 15.

Cell Proliferation Analysis, Assessment of Cell Cycle and Apoptosis In Vitro, Reverse
Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR), Luciferase
Reporter Assay, Transfection of Oligonucleotides InVitro, Western Blot Analysis,
Immunohistochemistry, In Situ Ki-67 Proliferation Index and In situ Detection of
Apoptotic Cells
Methods for the above procedures have already been described in detail previously10,15,17 and are included in the
Supplementary Materials.

Statistical Analysis
GraphPad Prism 8.02 (GraphPad Software, Inc.) was used for statistical analyses. Data are presented as the mean ±
standard deviation. Comparisons were conducted using one-way ANOVA followed by a Tukey’s post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results
Lenvatinib Induces Overexpression of c-Met in HCC Cells
LR-HCC cells were shown to be refractory to lenvatinib-induced proliferation inhibition and apoptosis (Supplementary
Figure S2), and the lenvatinib-resistant property of Huh-LR cells was also verified in animal models (Supplementary
Figure S3). The expression of c-Met mRNA was highly upregulated in SMMC-LR and Huh7-LR cells compared with
their respective parental cells (Figure 1A). The expression of c-Met and phosphorylated c-Met (p-Met) proteins showed
a similar pattern to c-Met mRNA (Figure 1B). We sequentially investigated the effects of lenvatinib exposure on the
c-Met pathway, and discovered that incubation of lenvatinib resulted in an elevated expression of both c-Met and p-Met
in either parental or LR-HCC cells (Figure 1C). The expression level of phosphorylated Akt (p-Akt), a major downstream
factor of the c-Met pathway,18 but not total Akt, was increased by lenvatinib exposure in either parental or LR-HCC cells
(Figure 1C). The results were supported by the application of capmatinib, a specific c-Met inhibitor,10,19 which showed
a stronger inhibitory effect on the proliferation of LR-HCC cells than their respective parental cells, and strengthened the
effects of lenvatinib in inhibiting proliferation and promoting apoptosis of LR-HCC cells (Supplementary Figure S4).
Capmatinib was also shown to enhance the effects of lenvatinib in inhibiting Huh7-LR tumors in vivo (Supplementary
Figure S3C).

Seeking and Identifying Potential miRNAs That Regulate c-Met in LR-HCC Cells
We screened potential miRNAs that have putative binding sites with the 3’-UTR of human c-Met gene by using
multiple miRNA prediction tools including TargetScan (version 7.1; targetscan.org/), miRWalk (version 2.0;),
miRTarBase (version 2.0; mirtarbase.mbc.nctu.edu.tw/) and miRanda (version 1.9; omictools.com/miranda-tool),
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which excavated 11 miRNA candidates (Supplementary Figure S5). The full-length of 3’-UTR of human c-Met
mRNA (Gene ID: 4233) was inserted into an SV40 promoter-driving luciferase reporter vector to create a wild-type
vector, based on which a mutated luciferase reporter vector was also constructed by using a mutated 3’-UTR of
c-Met gene (Figure 2A). The wild-type vector was co-transfected into Huh7 cells with each miRNA mimic or
negative control oligonucleotides (Supplementary Table S1). Among the 11 miRNAs, miR-128-3p displayed the
strongest ability to inhibit the luciferase activity in Huh7 cells (Figure 2B). We then detected the expression level of
each miRNA in Huh7 and Huh7-LR cells by RT-qPCR with specific primers (Supplementary Table S2). Among the
11 candidates, miR-128-3p was shown to have the largest folds of decreased expression in Huh7-LR compared to
Huh7 cells (Figure 2C). The above results indicate that miR-128-3p may be the most potential upstream miRNA that
regulates c-Met in HCC cells. A further investigation showed a highly conserved miR-128-3p binding site on the 3’-
UTR of c-Met in all the available species (Figure 2D). The inhibitory effect of miR-128-3p on the luciferase activity
was shown to be dose-dependent (Figure 2E). MiR-128-3p mimics or antagomiR-128-3p significantly altered the
luciferase activity in cells co-transfected with the wild-type vector but not the mutated vector (Figure 2F). The
results demonstrate that the binding site on the 3’-UTR of c-Met gene is essential for miR-128-3p in mediating its
regulatory effect in HCC cells.

Downregulation of miR-128-3p by Lenvatinib Contributes to c-Met Overexpression in
HCC Cells
LR-HCC cells expressed significantly lower levels of miR-128-3p than their respective parental cells, and lenvatinib
exposure reduced the expression level of miR-128-3p in either parental or LR-HCC cells (Figure 3A). Transfection
of miR-128-3p mimics resulted in a significant increase of miR-128-3p expression in LR-HCC cells, while
antagomiR-128-3p significantly reduced miR-128-3p expression in parental HCC cells (Figure 3B). On the other

Figure 1 Lenvatinib exposure induces the activation of the c-Met pathway in HCC cells. (A) The expression of c-Met mRNA in LR-HCC cells, SMMC-LR and Huh7-LR, and
their respective parentals, SMMC-7721 and Huh7 cells, was measured by RT-qPCR. The level of mRNA from untreated parental cells was defined as 1. (B) The expression of
c-Met and phosphorylated c-Met (p-Met) protein was measured by Western blot analysis. (C) Cells were incubated in the absence or presence of lenvatinib (1.5 μM) for 48
h and subjected to Western blot analysis. Band densities were normalized to β-actin. *P<0.05; **P<0.001.
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hand, transfection of miR-128-3p mimics significantly reduced the expression of c-Met mRNA in LR-HCC cells,
while antagomiR-128-3p significantly increased c-Met mRNA expression in parental cells (Figure 3C). The altera-
tion of c-Met protein expression showed a similar trend to the mRNA expression upon transfection of oligonucleo-
tides targeting miR-128-3p (Figure 3D).

Figure 2 MiR-128-3p regulates c-Met by binding to its 3’-UTR. (A) The wild-type (WT) and mutated (MT) luciferase vectors containing the 3’-UTR of human c-Met gene
were constructed. (B) Huh7 cells were co-transfected with the WT vector and negative control (NC) or each miRNA mimics as indicated. Mock-treated cells served as
controls. (C) The expression level of each miRNA in Huh7 and Huh7-LR was detected by RT-qPCR and their fold changes (Huh7-LR/Huh7) are plotted. (D) The miR-128-3p
binding site on the 3’-UTR of c-Met is highly conserved across all the species. (E) Huh7 cells were co-transfected with the WT vector and miR-128-3p mimics at different
concentrations. (F) Huh7 cells were co-transfected with WTor MT vectors, and NC, miR-128-3p mimics or antagomiR-128-3p oligonucleotides. Luciferase activities were
measured and normalized to mock-treated cells. **P<0.001.
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Figure 3 The expression of c-Met is negatively regulated by miR-128-3p in HCC cells. (A) Huh7, Huh7-LR, SMMC-7721 and SMMC-LR cells were subjected to qRT-PCR to
measure the expression level of miR-128-3p. (B–D) Cells were transfected for 48 h with negative control (NC), miR-128-3p mimics or antagomiR-128-3p oligonucleotides.
(B and C) Cells were subjected to RT-qPCR to measure the expression level of miR-128-3p (B) and c-Met mRNA (C). (D) Cells were subjected to Western blotting
analysis. Band density was normalized to β-actin. *P<0.05; **P<0.001.
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MiR-128-3p Re-Sensitizes LR-HCC Cells to Lenvatinib-Induced Inhibition of
Proliferation
Transfection of miR-128-3p mimics inhibited proliferation of both parental and LR-HCC cells, while antagomiR-128-3p
promoted proliferation of parental HCC cells but had little effects on the proliferation of LR-HCC cells (Figure 4A and
B). Therefore, we transfected antagomiR-128-3p into parental cells and miR-128-3p mimics into LR-HCC cells, and
tested their effects on lenvatinib-induced inhibition of proliferation. AntagomiR-128-3p partially abolished the reduced
proliferation of parental HCC cells by lenvatinib (Figure 4C), while miR-128-3p mimics strengthened the effects of
lenvatinib in inhibiting proliferation of LR-HCC cells (Figure 4D). The role of miR-128-3p on cell proliferation was
supported by its regulatory effects on the ERK (extracellular-signal-regulated kinase)/cyclin D1 pathway through
downregulating c-Met expression (Figure 4E and F). Specifically, antagomiR-128-3p transfection upregulated the
expression of phosphorylated ERK (p-ERK) and cyclin D1 and partially attenuated the downregulation of these two
molecules by lenvatinib in Huh7 cells (Figure 4E). MiR-128-3p mimics downregulated the expression of p-ERK and
cyclin D1, and further enhanced the downregulating effects of lenvatinib on these two molecules in Huh7-LR cells

Figure 4 MiR-128-3p mimics re-sensitizes LR-HCC cells to lenvatinib. (A and B) Huh7, Huh7-LR, SMMC-7721 and SMMC-LR cells were transfected for 48 h with negative
control (NC), miR-128-3p mimics or antagomiR-128-3p oligonucleotides. (C and D) The above cells were incubated in the presence or absence of lenvatinib (0.5μM) for 24
h. (A–D) Cell proliferation (%) was detected and normalized to mock-treated respective cells. (E and F) Huh7 cells in (C) and Huh7-LR cells in (D) were subjected to
Western blot analysis. Band density was normalized to β-actin. *P<0.05; **P<0.001.
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(Figure 4F). The altered expression of cyclin D1 in HCC cells was supported by the results of cell cycle distribution
(Supplementary Figure S6).

MiR-128-3p Enhances Lenvatinib-Induced Apoptosis in LR-HCC Cells
Transfection of miR-128-3p mimics induced more apoptosis of both parental and LR-HCC cells, but it induced a higher
apoptosis rate of LR-HCC cells than that of respective parental cells; while antagomiR-128-3p had little effect on
apoptosis of parental or LR-HCC cells (Figure 5A). We next transfected antagomiR-128-3p into parental cells and miR-
128-3p mimics into LR-HCC cells, and tested their effects on lenvatinib-induced apoptosis. AntagomiR-128-3p partially
abolished the pro-apoptotic effect of lenvatinib on parental cells, while miR-128-3p mimics further increased the pro-
apoptotic activity of lenvatinib in LR-HCC cells (Figure 5B and Supplementary Figure S7). Mechanistically, antagomiR-
128-3p transfection upregulated the expression of p-Akt and phosphorylated glycogen synthase kinase (GSK)-3β
(p-GSK-3β), and partially attenuated the cleavage of caspase-9 and caspase-3 induced by lenvatinib in Huh7 cells
(Figure 5C). On the other hand, miR-128-3p mimics downregulated the expression of p-Akt and p-GSK-3β, and further
increased the cleavage of caspase-9 and caspase-3 induced by lenvatinib in Huh7-LR cells (Figure 5D).

Figure 5 MiR-128-3p enhances lenvatinib-induced apoptosis of HCC cells. (A) Huh7, Huh7-LR, SMMC-7721 and SMMC-LR cells were transfected for 48 h with negative
control (NC), miR-128-3p mimics or antagomiR-128-3p oligonucleotides. (B) The above cells were incubated in the presence or absence of lenvatinib (0.5μM) for 24 h. Cell
apoptosis (%) was measured by flow cytometry. (C and D) Huh7 cells (C) and Huh7-LR cells (D) harvested from (B) were subjected to Western blot analysis. Band density
was normalized to β-actin. *P<0.05; **P<0.001.
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Transfection of miR-128-3p Mimics Enhances the Therapeutic Effect of Lenvatinib
Against LR-HCC Tumors by Downregulating c-Met Expression In Vivo
LR-HCC tumors were established in mice, which were assigned to treatment groups (Figure 6A). Treatment of lenvatinib
or miR-128-3p mimics resulted in significantly smaller (776.2±81.5 or 545.3±42.7 mm3, respectively) tumors than
control tumors (892.4 ± 63.6 mm3); and the combinational therapy led to even smaller tumors (354.9±50.5 mm3) than
each monotherapy, 15 days after commencement of treatments (Figure 6B). Tumor volume correlated with the weight of
tumors (Figure 6C). The downregulation of c-Met in miR-128-3p mimics-treated tumors was confirmed by immunohis-
tochemistry (Figure 6D and E). Treatments of lenvatinib and miR-128-3p mimics significantly increased cellular
apoptosis and reduced proliferation in situ compared with control tumors; and the combinational therapy led to even
higher apoptosis and lower proliferation indexes than each monotherapy (Figure 6D, F and G). In agreement with the
in vitro results (Figure 5D), immunohistochemical analysis of tumor sections demonstrated that miR-128-3p mimics
reduced the expression of p-Akt and p-GSK-3β, and further increased the expression of cleaved caspase-9 and cleaved
caspase-3 induced by lenvatinib in Huh7-LR tumors (Supplementary Figure S8).

Discussion
HCC patients have a poor prognosis because most of them forgo the opportunity of curative treatments at the time of
diagnosis coupled with the notorious resistance to conventional chemotherapy. Although four TKIs have been approved
for the treatment of HCC, they show either limited beneficial effects or even an absence of efficacy.3 Lenvatinib is
a recently approved first-line multi-kinase inhibitor that shows similar therapeutic effects to sorafenib in prolonging the
overall survival of patients with advanced HCC.4,5,20 However, some patients initially show favorable responses but
tumors restart progression after a period of treatment, greatly minimizing its therapeutic effects.4–6 The mechanisms
underlying acquired resistance to lenvatinib remain unclear.

The overexpression of c-Met is found in more than 80% of HCC tissues and is associated with a poor prognosis.9,21

More importantly, the activation of c-Met is commonly involved in the mechanisms underlying resistance to che-
motherapeutic drugs, in particular, molecular targeted therapeutics and anti-angiogenic drugs.21–24 Cabozantinib,
a second-line approved drug for patients with sorafenib-pretreated advanced HCC, has been shown to exert its
therapeutic effects partially by inhibiting c-Met activity.25 In agreement, the present study demonstrated that c-Met
was markedly upregulated in LR-HCC cells, and lenvatinib exposure increased the expression and phosphorylation of
c-Met, and inhibition of c-Met by capmatinib demonstrated a stronger inhibitory effect and enhanced the effect of
lenvatinib on LR-HCC cells in vitro and in vivo. Capmatinib is a highly potent and selective c-Met inhibitor, has been
approved for the treatment of lung cancer26 and has been trialed for treating advanced HCC.27 In support of the present
results, the activation of c-Met has been shown to promote lenvatinib resistance in HCC cells.11 Another multi-targeted
kinase inhibitor sorafenib, which shares the same targets with lenvatinib, has also been shown to activate c-Met
signaling.10 However, the upstream miRNAs that regulate c-Met in lenvatinib resistance of HCC have not been
investigated. To our knowledge, the present study may be the first in revealing a regulatory link between miR-128-
3p and c-Met and in elucidating some of the functional roles of the miR-128-3p/c-Met axis in acquired resistance to
lenvatinib in HCC.

MiR-128-3p is regarded as a potential oncomiR as its dysregulation is associated with carcinogenesis, malignant
transformation, and metastasis. More precisely, miR-128 is an anti-oncomiR or suppressor oncomiR in HCC as its
overexpression suppresses the proliferation and metastasis of HCC cells and positively correlates with the prognosis of
HCC patients.28,29 Studies have also shown that miR-128-3p increases the chemosensitivity of oxaliplatin-resistant
colorectal cancer,30 confers chemoresistance-associated metastasis in lung cancer,31 enhances the sensitivity of temozo-
lomine in glioma,32 and sensitizes HCC cells to sorafenib-induced apoptosis33 through regulating various targets. The
present study demonstrates that miR-128-3p is downregulated in LR-HCC cells, and miR-128-3p mimics enhances the
sensitivity of LR-HCC cells to lenvatinib by downregulating the expression of c-Met, further supporting the involvement
of miR-128-3p in chemoresistance though it targets different genes from the above studies possibly because the role of
miRNAs is complex, and cell- and disease-dependent.34
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Figure 6 MiR-128-3p mimics enhances therapeutic effects of lenvatinib against LR-HCC tumors in vivo. (A) Huh7-LR tumors were established in mice that were assigned to
treatment groups. (B) The size (mm3) of tumors was recorded. (C) Tumors harvested at the end of experiments were weighed and photographed. (D) Illustrated are
representative tumor sections stained with an anti-c-Met Ab (upper panel), TUNEL (middle panel) or an anti-Ki67 Ab (lower panel). Magnification bar = 100 µm. (E) The
expression of c-Met was expressed as pixels/μm2. The apoptosis index (F) and proliferation index (G) were quantified. “n” indicates the number of samples. *P<0.05;
**P<0.001.
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Since miRNAs are known to play regulatory roles in a wide variety of diseases, they have been regarded as one of the
essential biopharmaceuticals and maybe the next-generation medicine in the future. Many miRNA-based drugs have been
developed, in the form of either miRNA mimics or inhibitors; and several miRNA molecules are being evaluated in
clinical trials for treating different types of cancer.35 Although more studies are necessary, our findings suggest that miR-
128-3p may be a potential target for developing miRNA therapeutics, which could be used to enhance the efficacy of
lenvatinib for treating advanced HCC. One of the weaknesses of the present study is that c-Met overexpression or miR-
128-3p downregulation has not been validated in clinical specimens, and the therapeutic effects of c-Met inhibition or
miR-128-3p overexpression have not been evaluated in patient-derived xenografts, since human LR-HCC tissues are
currently not available to us. According to the established guidelines, such as the American Association for the Study of
Liver Diseases (AASLD),36 lenvatinib is administered to patients with advanced HCC. However, patients with advanced
HCC, particularly, those with cirrhosis, benefit little from tissue collection by the invasive procedures, such as
laparotomy or laparoscopy or fine-needle biopsy, and face risky complications. In view of stringent human ethical
requirements, acquiring informed consents can be difficult or even unwarranted. Postmortem could be another possible
way, but the quality of such tissues can be variable and suboptimal for interrogation. However, further validation by using
such tissues from patients should be investigated in the future since it will increase the clinical relevance and translation
of the present results.

The mechanisms underlying resistance to lenvatinib in HCC remain unclear and highly complex, similar to sorafenib,
although the latter has been more widely and deeply investigated.37 For instance, the major neuronal isoforms of
retrovirus-associated DNA sequences protein (RAS)/rapidly accelerated fibrosarcoma protein (RAF)/mitogen-activated
and extracellular-signal-regulated kinase (MEK) pathways may play a critical and central role in HCC escaping from
TKIs, and HCC patients with a BRAF mutation are more resistant to TKIs.38 Therefore, more mechanistic studies are
required to understand drug resistance and seek potential strategies, such as combinational therapies involving alternative
pathways,38 so that the efficacy of lenvatinib in the treatment of HCC could be improved. In a recent clinical trial,
patients with advanced HCC who were unresponsive to lenvatinib treatment showed meaningful responses to the
combination of lenvatinib and gefitinib.39

The proposed mechanisms depicting how miR-128-3p participates in lenvatinib resistance in HCC by targeting c-Met,
the related signaling pathways and the interventions in the present study are depicted schematically in Figure 7.
Lenvatinib inhibits ERK and other tyrosine kinase receptors including VEGFR, PDGFR and c-Kit.7,8 Exposure of
HCC cells to lenvatinib results in a reduction in the expression of miR-128-3p, which negatively regulates the expression
of c-Met by binding to the 3’-UTR, thus lenvatinib exposure leads to overexpression of c-Met, providing a plausible
rationale that miR-128-3p could enhance the therapeutic effects of lenvatinib in suppressing lenvatinib-resistant HCC
cells. Sustained lenvatinib treatment also induces the phosphorylation of c-Met, which in turn activates its downstream
factors, Akt and ERK.18 Akt activation can increase the phosphorylation of GSK3β, thus inhibiting its function,15

resulting in suppressed cleavage of apoptotic proteins caspase-9 and caspase-3. Activated Akt can induce the phosphor-
ylation of ERK, leading to the upregulation of cyclin D1 and the promotion of cell cycle transition, thus increasing cell
proliferation. As a specific c-Met inhibitor,10,19 capmatinib inhibits the activation of c-Met, thus leading to the suppres-
sion of the ERK and Akt pathways18 and sequential downregulation of downstream factors controlling cell apoptosis and
cell cycle arrest.

Conclusions
In summary, lenvatinib is the second first-line TKI approved for treating advanced HCC, but lenvatinib-treated
patients have a median survival time of only 13.6 months.4,5 Therefore, investigating plausible mechanisms under-
lying the resistance and seeking novel therapeutic strategies to promote the efficacy of lenvatinib remain urgent
issues in the campaign against the third leading cause of cancer-related death. The present study has demonstrated
that the overexpression and activation of c-Met contribute to lenvatinib resistance of HCC cells. In seeking the
upstream regulatory mechanisms, we found that miR-128-3p is downregulated in LR-HCC cells, and negatively
regulates the expression of c-Met. The miR-128-3p/c-Met axis is involved in lenvatinib resistance by regulating
proliferation and apoptosis-related signaling pathways in LR-HCC cells. Either inhibition of c-Met activation or
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introduction of miR-128-3p could re-sensitize LR-HCC cells to lenvatinib in vitro and in vivo, suggesting that these
molecules may be potential therapeutic targets for overcoming this resistance. Our findings warrant further
investigations.
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