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Abstract. Lenvatinib, a multi‑kinase inhibitor, serves a crucial 
role in the treatment of unresectable hepatocellular carcinoma 
(HCC). However, >50% of patients receiving lenvatinib 
therapy experience tumor growth or metastasis within 1 year, 
highlighting the need to address acquired resistance as a 
critical clinical challenge. To elucidate the factors associated 
with acquired resistance to lenvatinib, a lenvatinib‑resistant 
HCC cell line (JHH‑7_LR) was established by exposing a 
lenvatinib‑sensitive HCC cell line, JHH‑7, to lenvatinib. The 
changes in protein expression associated with the develop‑
ment of resistance were analyzed using a proteomic approach, 
detecting 1,321 proteins and significant changes in the 
expression of 267 proteins. Using Ingenuity Pathway Analysis 
bioinformatics software, it was revealed that the activity of 
multiple signaling pathways varied alongside the changes in 
expression of these proteins, and c‑SRC was identified as a 
protein involved in a number of these signaling pathways, with 
its activity varying markedly upon the acquisition of resis‑
tance. When co‑administering dasatinib, a c‑SRC inhibitor, the 
partial restoration of lenvatinib sensitivity in the JHH‑7_LR 
cell line was observed. The present study demonstrated that 
increased c‑SRC expression was partially associated with 
HCC resistance to lenvatinib, suggesting that c‑SRC inhibition 
could reduce the resistance of HCC to lenvatinib.

Introduction

Liver cancer is the third leading cause of cancer‑related death 
worldwide and has a poor prognosis, and thus the develop‑
ment of more effective treatments is strongly desired (1). It is 
estimated that over 1 million people will be affected by liver 
cancer annually by 2025 (2), and hepatocellular carcinoma 
(HCC), as the most common form of liver cancer, accounts for 
approximately 90% of cases (3). In most cases, due to the lack 
of tumor‑specific symptoms, HCC is diagnosed at an advanced 
stage (Barcelona Clinic Liver Cancer classification C), and the 
mainstay of treatment is chemotherapy (4). In addition, the 
recurrence rate in the remnant liver, even after R0 resection, 
has been reported to be up to 80% (5), and the main treatment 
is shifted to chemotherapy within 2 years from diagnosis in 
over 50% of cases diagnosed as early‑stage HCC and treated 
radically with surgery or ablation  (6). For unresectable 
advanced HCC, molecular‑targeted therapy using lenva‑
tinib (7), sorafenib (8,9), atezolizumab, and bevacizumab (10) 
is reported to be effective. In particular, oral molecular 
targeted drugs such as lenvatinib and sorafenib are used as 
crucial drugs in the first‑line chemotherapy of HCC.

Lenvatinib is an oral multi‑kinase inhibitor that inhibits 
mainly vascular endothelial growth factor receptor 1‑3, 
fibroblast growth factor receptor (FGFR) 1‑4, platelet‑derived 
growth factor receptor (PDGFR) α, c‑KIT, and RET (11). In 
terms of the disease control rate (complete response + partial 
response + stable disease ratio), response rate (complete 
response + partial response ratio), median progression‑free 
survival, and median time to progression, lenvatinib shows 
significantly better results compared with sorafenib, another 
oral multi‑kinase inhibitor (75.5 vs. 60.5%, 24.1 vs. 9.2%, 
7.4 vs. 3.7 months, 8.9 vs. 3.7 months, respectively) (7). In 
contrast, tumor growth or metastasis occurs in more than 50% 
of patients who receive lenvatinib therapy within 1 year (7), 
and the development of acquired resistance is a crucial clinical 
problem to be resolved (12).

The factors underlying primary resistance to lenvatinib 
have been investigated widely and identified, and include low 
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protein levels of fibroblast growth factor 19 (FGF19), which is 
a ligand of FGFR4, the main reaction pathway of lenvatinib, 
and Kelch‑like ECH‑associated protein 1 (13‑15); activation 
of the hepatocyte growth factor/c‑MET pathway (16); and high 
protein levels of stomatin‑like protein 2 and epidermal growth 
factor receptor (17,18). 

Few studies have investigated acquired resistance to 
lenvatinib. Possible mechanisms for developing acquired 
resistance to anti‑cancer drugs include mutations of genes 
encoding proteins that are the targets of drugs or are present 
in downstream pathways of proteins inhibited by drugs as 
well as the activation of collateral pathways (19,20). Genetic 
variations associated with developing resistance to many 
anti‑cancer drugs have also been investigated. However, 
the genetic variations responsible for developing acquired 
resistance to lenvatinib have yet to be elucidated. In 2021, 
Myojin et al (14) established a cell line that acquired resis‑
tance to lenvatinib from a lenvatinib‑sensitive cell line, 
Hep3B, by continuous exposure to lenvatinib, and revealed 
that FGF19 overexpression restored lenvatinib susceptibility 
to this cell line. However, in their study, no significant 
changes in FGF19 protein levels were observed with the 
acquisition of resistance, and we cannot conclude that the 
reduced expression of FGF19 is the cause of acquired resis‑
tance to lenvatinib.

In order to investigate the drug resistance mechanism 
with the activation of alternative pathways in detail, a 
comprehensive analysis of proteins derived from cancer 
cells and identification of signaling pathways whose 
activity significantly changes before and after the devel‑
opment of resistance to anti‑cancer drugs should be 
performed. Recently, the usefulness of a comprehensive 
protein analytic approach has been revealed in many studies 
such as the analysis of predictive markers for the efficacy 
of erlotinib in non‑small cell lung cancer (21‑25). In the 
present study, we established a lenvatinib‑resistant HCC 
cell line, JHH‑7_LR, from a lenvatinib‑sensitive HCC cell 
line by continuous exposure to lenvatinib. Then, to clarify 
the factors related to the acquisition of lenvatinib resistance, 
we identified the proteins with significant changes in their 
expression before and after the development of resistance. 
In addition, we analyzed the signaling pathways composed 
by the proteins with significant changes in expression. 
Furthermore, we assessed the impact of inhibiting those 
signaling pathways on the efficacy of lenvatinib in the 
JHH‑7_LR cell line.

Materials and methods

Reagents. A lenvatinib‑sensitive human hepatocellular carci‑
noma cell line, JHH‑7, was purchased from the Japanese 
Collection of Research Bioresources Cell Bank (Osaka, Japan). 
William's E Medium and GlutaMAX™ Supplement were 
purchased from Thermo Fisher Scientific K.K. Lenvatinib 
and dasatinib were purchased from LC Laboratories and 
Cayman Chemical, respectively. A Cell Proliferation Kit Ⅰ 
was purchased from Merck. The other cell culture and sample 
preparation reagents were purchased from Fujifilm Wako Pure 
Chemical Corporation. All other reagents were obtained from 
commercial sources, and those used for proteomic analysis 

were graded for high‑performance liquid chromatography or 
liquid chromatography‑mass spectrometry (LC/MS).

Establishment of a lenvatinib‑acquired resistance cell line. 
JHH‑7 cells were cultured in a humidified incubator at 37˚C 
with 5% CO2. A lenvatinib‑acquired resistance cell line 
(JHH‑7_LR) was generated upon continuous exposure of 
JHH‑7 cells to lenvatinib; the exposure concentration started 
at 0.5 µmol/l and was increased to 40 µmol/l for over 1 year. 

The acquisition of lenvatinib resistance was verified 
by a cytotoxicity assay using a Cell Proliferation Kit Ⅰ. The 
cells were plated in a 96‑well plate at 1.0x103 cells/well in 
medium supplemented with 10% fetal bovine serum. After 
overnight incubation, the medium was changed to 100 µl fresh 
medium containing 0 or 0.005‑50 µmol/l of lenvatinib and 
cultured for another 5 days. Then, 10 µl of 3‑(4,5‑dimethylthi‑
azol‑2‑yl)‑2,5‑diphenyltetrazolium bromide solution (5 mg/ml) 
was added to each well. After incubation for 4 h, 10% SDS 
solution was added to stop the reaction, and absorbance at 
550 and 690 nm of each well was measured immediately. The 
growth inhibition ratio (Ir) was calculated by equation 1:

	 Ir = (AbsLB ‑ AbsS)/(AbsLB ‑ AbsM)	 (1)

where AbsLB, AbsS, and AbsM represent the values of 
Abs550‑Abs690 nm of the sample incubated without lenvatinib, 
sample incubated with lenvatinib, and medium, respectively.

The calculated Ir and lenvatinib concentrations were 
applied to equation 2, and the nonlinear least‑squares MULTI 
program was used to estimate the inhibition of 50% cancer 
cell growth (IC50):

	 Ir = 100 x Imax/(1 + Exp (‑S x (C ‑ IC50)	 (2)

where S, C, and Imax represent the sigmoid variable, lenvatinib 
concentration, and maximum inhibition rate, respectively.

Proteome analysis. Cytoplasmic proteins of each cell line 
were extracted using a Minute Plasma Membrane Protein 
Isolation Kit (Invent Biotechnologies), and the concentrations 
of the extracted proteins were measured using a DC™ Protein 
Assay Kit (Bio‑Rad Laboratories). The extracts were diluted 
to 0.25 mg/ml with phosphate‑buffered saline, and 100 µl of 
the diluted samples was incubated at 37˚C for 60 min with 
100 mg urea and 10 µl of 650 mmol/l dithiothreitol in 8 mol/l 
urea/0.5 mol/l Tris HCL (pH 8.5). After spiking with 10 µl 
of 1 mol/l iodoacetamide in 8 mol/l urea/0.5 mol/l Tris HCL 
(pH 8.5), the samples were incubated at 37˚C for 30 min. 
Subsequently, to digest the proteins, 12 µl of 1 mg/ml trypsin 
in 20 mmol/l acetic acid was added and incubated at 37˚C 
for 3 h. Finally, the trypsinized samples were desalted and 
concentrated using an ISOLUTE C18 (EC) column (Biotage 
Japan Ltd., Tokyo, Japan) and applied to LC/MS.

LC/MS analysis was performed with an EksigentNanoLC 
425 coupled to a Triple TOF 6600 (AB Sciex). First, 10 µl of 
the sample was loaded on a trap column (Acclaim PepMap 
100 C18, 5 µm, 0.2 mm I.D. x10 mm; Thermo Fisher Scientific 
K.K.) and then separated using an analytical column (Acclaim 
PepMap 100 C18, 3 µm, 0.075 mm I.D. x250 mm; Thermo 
Fisher Scientific K.K.) with a gradient from 2 to 32% solvent B 



ONCOLOGY LETTERS  26:  529,  2023 3

at a flow rate of 300 nl/min for 120 min (solvent A: 0.1% formic 
acid in water; solvent B: 0.1% formic acid in acetonitrile). Ion 
source parameters were set as follows: ion source voltage, 
2,350 V; ion source gas (GS1 and GS2), 5 and 0; interface 
heater temperature, 150˚C; declustering potential, 80 V.

Sequential window acquisition of all theoretical fragment 
ion spectra (SWATH) was acquired using the 100 SWATH vari‑
able window method (AB Sciex Pte. Ltd.) from m/z 100‑1,800 
with each 25 ms accumulation time. Library samples were 
prepared by mixing all samples to be analyzed equally and 
measured three times by data‑dependent acquisition, selecting 
the top 25 highest peaks. UniProt (uniprot_sprot.fasta) was 
used for library data preparation. The ion chromatograms were 
analyzed for five transitions per peptide and five peptides per 
protein and then processed with a peptide confidence threshold 
of 99% and a false discovery rate of <1%. ProteinPilot ver. 
5.0.1, SWATH Acquisition Micro App ver. 2.0 (AB Sciex), and 
Peak View ver. 2.2 (AB Sciex) were used for analysis.

Pathway analysis. The differences in protein expression 
levels between the lenvatinib‑sensitive and ‑resistant cell 
lines were analyzed by a t‑test, and the P‑value was adjusted 
by the Benjamini‑Hochberg method (q‑value). Using the 
UniProt code, expression level ratio, P‑value, and q‑value of 
proteins with q<0.05 and those with a change of expression 
in the acquired resistance cell line of more than 2‑ or 0.5‑fold 
compared to the original cell line, core analysis was performed 
with bioinformatics software (Ingenuity Pathway Analysis ver. 
Winter 2021; Qiagen, Venlo, Netherlands).

Effect of dasatinib on lenvatinib sensitivity. The JHH‑7_LR 
and JHH‑7 cell lines were plated in 96‑well plates at 
1.0x103 cells/well in medium supplemented with 10% fetal 
bovine serum. After overnight incubation, the medium was 
changed to 100 µl fresh medium containing lenvatinib (0 or 
0.005‑50 µmol/l) with or without dasatinib (2.5 or 5 µmol/l). 
After incubation for another 5 days, IC50 was estimated as 
described earlier.

Statistical analysis. Statistical analysis was performed on the 
difference between two groups with unpaired t‑test. For multiple 
comparisons, one‑way ANOVA was first performed, followed 
by Dunnett's test. Multiple comparisons were controlled for 
the false discovery rate based on the Benjamini‑Hochberg 
method. SPSS ver. 28 (IBM Japan Co., Ltd.) was used for 
statistical analysis.

Results

Establishment of a lenvatinib‑resistant cell line. We established 
a lenvatinib‑resistant cell line, JHH‑7_LR, after exposing the 
parental HCC cell line JHH‑7 to step‑wise increasing concen‑
trations of lenvatinib up to 40 µmol/l. Lenvatinib inhibited the 
proliferation of both the JHH‑7 and JHH‑7_LR HCC cells in a 
concentration‑dependent manner. The IC50 of JHH‑7_LR cells 
to lenvatinib was approximately 70 times higher than that of 
JHH‑7 cells (41.3 and 0.56 µmol/l, respectively) (Fig. 1).

Proteome analysis. We performed SWATH analysis to inves‑
tigate the changes in protein expression levels associated with 

lenvatinib resistance. SWATH analysis detected 4,013 peptides 
and identified 1,323 proteins. Among them, 1,321 proteins 
for which quantitative values were obtained in all samples 
were analyzed. Along with the development of resistance, 
the expression levels of 115 proteins were more than doubled 
and significantly increased (q<0.05). However, the expression 
levels of 152 proteins were reduced by half and significantly 
decreased (q<0.05) (Fig. 2).

Pathway analysis. Pathway analysis was performed using 
267 proteins with substantial changes in expression with the 
acquisition of resistance to lenvatinib as well as 124 signaling 
pathways were detected in which activity was affected by 
changes in the expression of those proteins (Fig. 3). For the 
proteins involved in the top 10 signaling pathways with the 
highest ‑log(P‑value), calculated based on the number and 
proportion of proteins contained in the signaling pathway, the 
top 10 proteins with the most significant change of expres‑
sion with the acquisition of resistance to lenvatinib were 
extracted as lenvatinib resistance‑related protein candidates 
(Tables I and II). Among those proteins, c‑SRC, Ras‑related C3 
botulinum toxin substrate 1, nucleoside diphosphate kinase A, 
serine hydroxymethyltransferase (cytosolic), and serine 
hydroxymethyltransferase (mitochondrial) were found to have 
enzymatic activity and are involved in multiple pathways. The 

Figure 2. Fluctuations in protein expression levels associated with the 
development of resistance. Volcano plot showing the relationship between 
the magnitude of protein expression change [log2 (fold‑change); x‑axis] and 
statistical significance of this change [‑log10 (q‑value); y‑axis] in a comparison 
of JHH‑7 and JHH‑7_LR cells. Red dots (n=115) indicate proteins that were 
significantly increased by a factor of ≥2 (q<0.05). Blue dots (n=152) indicate 
proteins that were significantly decreased by a factor of ≥2 (q<0.05).

Figure 1. Inhibition of JHH‑7 and JHH‑7_LR cell proliferation by lenvatinib. 
Each symbol and vertical bar represent the mean and standard deviation, 
respectively (n=3). Solid lines are the fitted lines using the least squares 
method. *P<0.01 vs. JHH‑7 cells.
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changes in their expression with the acquisition of resistance 
were 5.44‑, 0.45‑, 0.34‑, 0.42‑, and 2.0‑fold, respectively. The 
changes in cadherin‑2, NAD(P)H dehydrogenase [quinone] 1, 
and Filamin‑A expressions were more significant than those 
in c‑SRC expression upon acquisition of resistance. However, 
those proteins were contained in only one signaling pathway 
extracted by pathway analysis.

Effect of dasatinib on lenvatinib sensitivity. We examined the 
involvement of c‑SRC in lenvatinib sensitivity. The concomi‑
tant use of dasatinib, a c‑SRC inhibitor, increased the sensitivity 
of JHH‑7_LR cells to lenvatinib in a dose‑dependent manner. 
However, dasatinib had no effect on the lenvatinib sensitivity 
of JHH‑7 cells (Fig. 4). 

Discussion

In the present study, we found that multiple signaling pathways 
were associated with the development of resistance to lenva‑
tinib. Among them, the expression levels of many proteins that 
constitute the signaling pathways linked with c‑SRC changed 
significantly with the acquisition of resistance to lenvatinib, 
and the expression level of c‑SRC increased by approximately 
5‑fold with the acquisition of resistance.

c‑SRC is a non‑receptor tyrosine kinase encoded by 
SRC, which is homologous to the Rous sarcoma virus 
proto‑oncogene γ‑Src (26‑28). c‑SRC is located downstream 
of receptor tyrosine kinases such as epidermal growth factor 
receptor (29‑31), FGFR (32), PDGFR (33), HER2/neu (29), 

Figure 3. Top significantly enriched canonical pathways determined using Ingenuity Pathway Analysis bioinformatics software. Columns with diagonal lines 
indicate the canonical pathways that include c‑SRC. EIF2, eukaryotic initiation factor 2; ILK, integrin linked kinase; NRF2, nuclear factor erythroid 2‑related 
factor 2.

Table I. Top 10 proteins exhibiting increased expression following the development of lenvatinib resistance.

		  Ratio of
	 Expression levelsa	 expression levelsb

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
UniProt code	 Name	 JHH‑7	 JHH‑7_LR	 JHH‑7_LR/JHH‑7	 P‑valuec

P19022	 Cadherin‑2	 13,995	 222,657	 15.91	 2.4x10‑8

P12931	 Proto‑oncogene tyrosine‑protein kinase Src	 103,614	 563,152	 5.44	 3.2x10‑7

P04179	 Superoxide dismutase [Mn], mitochondrial	 45,934	 226,645	 4.93	 3.1x10‑7

P07305	 Histone H1.0	 21,414	 105,396	 4.92	 8.5x10‑3

P78330	 Phosphoserine phosphatase	 3,982,655	 13,190,082	 3.31	 10.0x10‑8

O43707	 α‑actinin‑4	 1,885,027	 5,750,919	 3.05	 7.7x10‑6

P35221	 Catenin α‑1	 51,001	 150,172	 2.94	 2.1x10‑3

P35222	 Catenin β‑1	 26,094	 76,507	 2.93	 4.8x10‑6

Q14651	 Plastin‑1	 97,393	 274,947	 2.82	 3.5x10‑6

P08263	 Glutathione S‑transferase A1	 1,866,497	 5,041,783	 2.70	 2.9x10‑5

aAverage total area sums from the peak signals derived from all quantitated peptides in a protein across three replicates. bRatio of the average 
total area sums from JHH‑7 and JHH‑7_LR samples. cP‑value was calculated using an unpaired t‑test.
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and c‑MET (34), and it is involved in cell proliferation and 
metastasis in various carcinomas (35‑37) by activation of 
the RAS/RAF/MEK/ERK pathway (38), PI3K/Akt/mTOR 
pathway (39), integrin/FAK pathway (40,41), and JAK/STAT 
pathway (39,40). In addition, c‑SRC is reported to be involved 
in the acquisition of resistance to other tyrosine kinase 
inhibitors. Yoshida et al (42) found that multiple phosphory‑
lation reactions change with the acquisition of resistance, and 
c‑SRC was identified as a factor related to these phosphory‑
lation reactions in vitro using a gefitinib‑resistant cell line, 
established from a gefitinib‑sensitive non‑small cell lung 
cancer cell line, PC‑9. In our data, changes in cadherin‑2 
expression were more significant than those in c‑SRC 
expression upon acquisition of resistance. However, it has 
been reported that the expression of N‑cadherin encoded by 
CDH2 is affected by c‑SRC (43), and we speculated that the 
variation in its expression level was affected by the variation 
in c‑SRC activity.

Given that our data suggested the possibility that acquired 
resistance to lenvatinib is induced by enhancement of 
c‑SRC‑related pathways, we assessed the effect of a c‑SRC 

inhibitor on the sensitivity of JHH‑7_LR cells to lenvatinib. 
Of the drugs used in the clinical setting, dasatinib, which 
is widely used for treating chronic myelogenous leukemia 
and Philadelphia chromosome‑positive acute lymphoblastic 
leukemia, is known to inhibit c‑SRC activity (44,45). Dasatinib 
inhibits SRC family kinases, BCR‑ABL, PDGFRβ, and c‑Kit 
among tyrosine kinases and is reported as a potent inhibitor 
of c‑SRC (IC50: 0.5  nmol/l)  (46). In our study, dasatinib 
increased the sensitivity of JHH‑7_LR cells to lenvatinib in 
a dose‑dependent manner. Similarly, Murakami et al  (47) 
reported that dasatinib partially restored the afatinib sensi‑
tivity of afatinib‑resistant non‑small cell lung cancer cell 
lines established by continuous exposure to afatinib. However, 
although the concentration of dasatinib in the medium was 
set at sufficiently high levels (2.5 and 5.0 µmol/l), which 
were more than 10‑fold higher than the IC50 value of dasat‑
inib against c‑SRC (0.5  nmol/l) and the maximum blood 
concentration of dasatinib (approximately 0.2 µmol/l) after 
continuous oral administration, dasatinib did not completely 
restore the sensitivity of acquired drug resistance cell lines to 
lenvatinib and afatinib. There are two possible reasons why 
dasatinib is unable to fully restore lenvatinib sensitivity. First, 
because the concentration of dasatinib in the medium required 
for inhibiting c‑SRC phosphorylation varies depending on 
the cell line (48), it may not have been able to inhibit c‑SRC 
in JHH‑7_LR cells sufficiently. For this point, evaluating the 
impact of a more potent c‑SRC inhibitor on the lenvatinib 
sensitivity of JHH‑7_LR cells is required. Next, it is possible 
that pathways other than the c‑SRC‑related pathways simulta‑
neously influence the development of resistance to lenvatinib. 
For this point, the involvement of other pathways needs to be 
studied in more detail.

This study has some limitations. First, in the proteome 
analysis, we were unable to detect changes in FGF19 expres‑
sion, which has been reported as one of the factors affecting 
the development of resistance in previous studies, nor were 
we able to assess its effects on the lenvatinib sensitivity of the 

Figure 4. Inhibition of c‑SRC activity increases the sensitivity of JHH‑7_LR 
cells to lenvatinib. Symbols and vertical bars represent the mean and stan‑
dard deviation, respectively (n=3). Solid lines are the fitted lines using the 
least squares method. *P<0.01 vs. 0 µmol/l dasatinib for each cell line.

Table II. Top 10 proteins exhibiting decreased expression following the development of lenvatinib resistance.

		  Ratio of
	 Expression levelsa	 expression levelsb

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
UniProt code	 Name	 JHH‑7	 JHH‑7_LR	 JHH‑7_LR/JHH‑7	 P‑valuec

P15559	 NAD(P)H dehydrogenase [quinone] 1	 1,145,340	 27,193	 0.02	 4.1x10‑5

P21333	 Filamin‑A	 1,611,699	 221,586	 0.14	 4.4x10‑6

Q99615	 DnaJ homolog subfamily C member 7	 323,245	 93,505	 0.29	 2.8x10‑6

P11586	 C‑1‑tetrahydrofolate synthase, cytoplasmic	 2,096,222	 627,168	 0.30	 1.6x10‑8

Q9Y3U8	 60S ribosomal protein L36	 405,738	 121,794	 0.30	 1.2x10‑8

P35579	 Myosin‑9	 773,819	 251,904	 0.33	 9.7x10‑4

P18206	 Vinculin	 1,547,743	 505,010	 0.33	 7.4x10‑9

Q13885	 Tubulin beta‑2A chain	 491,799	 165,287	 0.34	 1.7x10‑4

Q06830	 Peroxiredoxin‑1	 3,870,952	 1,313,386	 0.34	 5.5x10‑5

P15531	 Nucleoside diphosphate kinase A	 276,722	 94,293	 0.34	 2.7x10‑7

aAverage total area sums from the peak signals derived from all quantitated peptides in a protein across three replicates. bRatio of the average 
total area sums from JHH‑7 and JHH‑7_LR samples. cP‑value was calculated using an unpaired t‑test.
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JHH‑7_LR cell line. On the other hand, the expression level 
of N‑cadherin, which has been reported to be decreased by 
knocking down FGF19 in hepatocellular carcinoma‑derived 
cell lines (49), was confirmed to increase with the develop‑
ment of resistance in our study. In addition, Myojin et al (14) 
also reported that protein levels of FGF19 did not change 
with the development of resistance, unlike the change in its 
mRNA level. Thus, although we could not detect FGF19 
in our study, we considered that the decrease in FGF19 
expression did not cause the development of resistance to 
lenvatinib. Next, we used only one type of HCC cell line; 
therefore, conducting similar studies using multiple cell lines 
and clinical samples is necessary. In the future, we aim to 
construct a lenvatinib‑resistant cell line derived from other 
multi‑cell lines. In addition, we should assess the contribution 
of the change in c‑SRC expression to developing resistance to 
lenvatinib in the clinical setting in detail. Thirdly, we could 
not analyze the change of expression of proteins, which could 
not be detected by comprehensive protein expression analysis 
using LC‑MS/MS. For this point, additional analysis, such 
as comprehensive mRNA analysis, could provide helpful 
information. In the subsequent study, we will analyze this 
point in detail and elucidate the factors that cause resistance 
to lenvatinib in more detail.

In conclusion, the activation of c‑SRC may be an essential 
factor in the development of lenvatinib resistance induced by 
long‑term exposure to lenvatinib. We also found that exposure 
to dasatinib, a c‑SRC inhibitor, could partially eliminate 
the resistance of the JHH‑7_LR cell line to lenvatinib. We 
believe that detailed examinations of the mechanism of c‑SRC 
activation associated with lenvatinib resistance will lead to 
the development of a more effective method for overcoming 
lenvatinib resistance.
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