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Abstract. Lenvatinib is a tyrosine kinase receptor inhibitor 
used to treat unresectable hepatocellular carcinoma (HCC). In 
this study, we investigated the antitumor effects of Lenvatinib 
treatment on HCC cell lines. Proliferation was examined in 
four HCC cell lines (HuH‑7, Hep3B, Li‑7, and PLC/PRF/5) 
using Cell Counting Kit‑8 assays. Xenograft mouse models 
were used to assess the effects of Lenvatinib in vivo. Cell cycle, 
western blotting, and microRNA (miRNA) expression analyses 
were performed to identify the antitumor inhibitory potential 
of Lenvatinib on HCC cells. Lenvatinib treatment suppressed 
proliferation of HuH‑7 and Hep3B, but not Li‑7 and PLC/PRF/5 
cells and induced G0/G1 cell cycle arrest and cyclin D1 down‑
regulation in Lenvatinib‑sensitive cells. Lenvatinib treatment 
also reduced tumor growth in HuH‑7 xenograft mouse models. 
miRNA microarrays revealed that Lenvatinib treatment altered 
the expression of miRNAs in HuH7 cells and exosomes. Our 
results demonstrated the therapeutic potential of Lenvatinib 
and provide molecular mechanistic insights into its antitumor 
effects for treating HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fourth leading cause of 
cancer‑related death worldwide (1). Its incidence varies widely 
according to geographic location, and the distribution of HCC 
also differs among racial and ethnic groups as well as among 
regions within the same country (2). HCC has a high incidence 

in regions such as sub‑Saharan Africa, the Republic of China, 
and Hong Kong. The high incidence rate of HCC in developing 
countries, such as Asian countries, is due to the high frequency 
of hepatitis virus infection (3). HCC has a lower incidence 
in regions of North and South America, Europe, Australia, 
and the Middle East. However, the incidence of HCC in the 
United States has increased over the past two decades (4). In 
regions with historically low incidence rates, the incidence of 
liver cancer has increased due to the increased prevalence of 
obesity and diabetes and the high prevalence of hepatitis C 
viral infections due to abuse of injected drugs (2). The prog‑
nosis of patients with advanced and unresectable HCC is poor. 
Sorafenib has long been used as the standard treatment agent 
for HCC; however, it only slightly prolongs survival  (5,6). 
Therefore, more effective treatments for advanced HCC are 
needed.

Lenvatinib is a receptor tyrosine kinase inhibitor active 
against vascular endothelial growth factors (VEGFR1‑3), 
fibroblast growth factors (FGFR1‑4), platelet‑derived growth 
factor receptor (PDGFR)α, RET, and KIT (7). It has been 
used to treat renal and thyroid cancers (7,8). Lenvatinib has 
demonstrated noninferiority to sorafenib in clinical trials 
for HCC (9) and is an unresectable treatment agent for HCC 
approved in >50 countries, including the United States, Japan, 
and Europe. The antitumor effects of Lenvatinib have been 
explored in various HCC models, and its main mechanism of 
action involves inhibition of angiogenesis and the tumor FGF 
signaling pathway (10). In addition to inhibiting VEGFR and 
FGFR, Lenvatinib, a multi‑kinase inhibitor, inhibits various 
tyrosine kinases  (6). Lenvatinib is anticipated to exert its 
antitumor effects via the regulation of the cell cycle, and 
angiogenesis in HCC cells.

MicroRNAs (miRNAs/miRs) directly control several 
cellular events, including cell cycle progression, by targeting 
cell cycle regulators (11,12). Additionally, miRNAs indirectly 
control cell cycle progression by targeting signal transduction 
pathways in anticancer therapy. We previously reported the role 
of a miRNA signature in the antitumor effects of cisplatin in 
HCC via modulation of the cell cycle (13). However, the detailed 
mechanism of the antiproliferative effects of Lenvatinib in 
HCC cells via the cell cycle and cell cycle‑related molecules 
remains unclear. In this study, we revealed the antitumor 
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effects of Lenvatinib and its mechanism of action in HCC cell 
lines and mice xenografted tumors in vitro and in vivo. We 
examined the following: i) The antitumor effects of Lenvatinib 
on HCC cell lines in vitro and in vivo; ii) its effects on cell 
cycle and cell cycle‑related molecules; and iii) its effects on the 
miRNA signatures in HCC cells and exosomes.

Materials and methods

Drugs, chemicals, and reagents. Lenvatinib was purchased 
from AdooQ Bioscience LLC, and a solution of Lenvatinib 
was prepared by dilution with DMSO and stored at 
‑20˚C. RPMI‑1640 was obtained from Gibco (Thermo 
Fisher Scientific, Inc.). Trypan blue was purchased from 
MilliporeSigma. DMEM, minimum essential medium (MEM), 
and FBS were obtained from Wako Pure Chemical Industries, 
Ltd. Penicillin‑streptomycin was obtained from Invitrogen 
(Thermo Fisher Scientific, Inc.). A cell cycle phase determi‑
nation kit was obtained from Cayman Chemical Company, a 
protease inhibitor cocktail from iNtRON Biotechnology, and 
a Proteome Profiler Human Angiogenesis Antibody Array Kit 
from R&D Systems, Inc.

Cell lines and culture. Four HCC cell lines were used in this 
study. Huh‑7 and PLC/PRF/5 cells were obtained from the 
Japanese Cancer Research Bank. Hep3B cells were obtained 
from American Type Culture Collection. The Li‑7 cells were 
obtained from the Central Institute for Experimental Animals. 
HuH‑7 cells were cultured in low‑glucose DMEM supplemented 
with 10% FBS and 100 units/ml penicillin‑100 µg/ml strepto‑
mycin. Hep3B cells were cultured in MEM supplemented with 
10% FBS, 1% non‑essential amino acid solution (NEAA), and 
penicillin‑streptomycin. Li‑7 cells were cultured in RPMI‑1640 
supplemented with 10% FBS and penicillin‑streptomycin. 
PLC/PRF/5 cells were cultured in DMEM supplemented with 
10% FBS and penicillin‑streptomycin. All the cell lines were 
cultured in a humidified incubator supplied with 5% CO2 at 37˚C.

Cell proliferation assay. Cell proliferation assays were 
performed using the CCK‑8 kit (Dojindo Molecular 
Technologies, Inc.) according to the manufacturer's instruc‑
tions. Cells (1x103) were seeded in 96‑well plates. After 24 h, 
the cells were treated with Lenvatinib (0, 0.2, 0.4 or 1.0 µM), 
adjusted for the concentration that can be used in vitro, and 
cultured for another 144 h. At specific time points, the medium 
was replaced with 100  µl medium containing the CCK‑8 
reagent, and after 3 h, the absorbance was measured at a 
wavelength of 450 nm using an automatic microplate reader 
(Multiskan FC; Thermo Fisher Scientific, Inc.).

Cell cycle analysis. Cell cycle analysis was performed as 
previously described  (13). HuH‑7 cells were seeded into 
100‑mm culture dishes at 1x106 per dish and cultured for 24 h. 
Cells were treated with 1 µM Lenvatinib adjusted to close to 
the maximum blood concentration at the time of treatment 
according to the manufacturer's instructions for 48 h. Cell cycle 
analysis was performed using flow cytometry on a Cytomics 
FC 500 flow cytometer (Beckman Coulter, Inc.), according to 
the manufacturer's protocol. Data were analyzed using Kaluza 
software 2.1.3 (Beckman Coulter, Inc.).

Western blotting. Western blotting was performed as previ‑
ously described (13). HuH‑7 cells were treated with 1 µM 
Lenvatinib or DMSO control, cultured for 48 h, and then lysed 
with PRO‑PREP complete protease inhibitor mixture (iNtRON 
Biotechnology). Supernatants were obtained by centrifugation 
at 13,000 x g, 4˚C for 5 min containing soluble cellular proteins 
were collected and stored at ‑80˚C until required. Protein 
concentrations were measured using a NanoDrop 2000 spec‑
trofluorometer (Thermo Fisher Scientific, Inc.), resuspended 
in sample buffer to a concentration of 0.1 µg/ml, loaded on a 
10% SDS‑gel, and resolved using SDS‑PAGE. After blocking 
with 5% skimmed milk in 0.05% Tween‑20/TBS buffer, the 
membranes were incubated with the primary antibodies and 
then with horseradish peroxidase (HRP)‑conjugated secondary 
antibody. Antibodies used for western blot analysis were 
obtained from the following sources: β‑actin (monoclonal; 
cat. no. 8H10D10; Cell Signaling Technology, Inc.), cyclin D1 
(cat. no. MA5‑14512; Thermo Fisher Scientific, Inc.), cyclin E 
(cat. no. MS‑870‑P1; Thermo Fisher Scientific, Inc.), Cdk2 (cat. 
no. sc‑163, #A2810; Santa Cruz Biotechnology, Inc.), Cdk4 (cat. 
no. sc‑749, #G0516; Santa Cruz Biotechnology, Inc.), and Cdk6 
(cat. no. sc‑177, #G1610; Santa Cruz Biotechnology, Inc.). The 
secondary antibodies included anti‑mouse and anti‑rabbit IgG 
and HRP‑conjugated antibodies (cat. no. #7074, Cell Signaling 
Technology, Inc.). Primary and secondary antibodies were 
diluted 1,000‑fold in blocking solution. All experiments 
were performed in triplicate. The membranes were exposed 
to X‑ray film using a chemiluminescence detection system 
(Perkin‑Elmer). The immunoreactive band density obtained 
from the array was analyzed using ImageJ version  1.52a 
(National Institutes of Health).

Xenograft model. Six‑week‑old BALB/c‑nu/nu mice (n=16) 
were obtained from Japan SLC and were housed under barrier 
conditions. A standard sterilized laboratory diet and water were 
provided ad libitum. All the animals were treated in accor‑
dance with the guidelines of the Kagawa University Committee 
on Experimental Animals. The Kagawa University Animal 
Care Committee approved all animal protocols, including any 
animal ethical concerns (approval no. 18675). Mice were housed 
at least 1 week before experiments in temperature‑controlled 
rooms at 20‑22˚C with free access to food and water supply 
and a light/dark cycle of 14/10 h. Inhalation of 3% sevoflu‑
rane in a controlled chamber was used for anesthesia during 
the implantation of HCC cell lines. An inhalation anesthesia 
machine for small animals (RC2, VetEquip, Inc.) was used to 
continuously monitor the concentrations of sevoflurane and 
oxygen in the anesthesia box and deliver sevoflurane at a rate of 
5 l/min. To establish the model, the mice were subcutaneously 
inoculated with HuH‑7 cells (3x106/animal) into their flanks. 
After ~2 weeks, when the tumors reached a maximal diam‑
eter of >6 mm, the 16 mice were randomly assigned to one of 
two groups: Mice were orally administered PBS only (vehicle 
control; n=8) or 0.2 mg/day Lenvatinib (n=8). Bodyweight and 
tumor volume was monitored every 3 days. Tumor volumes 
were calculated using the formula V=length x width2/2, as 
reported previously (14). The maximum size of the implanted 
tumours was <1,500 mm3. We monitored the mice's weight, 
and no significant changes were observed during in vivo experi‑
ments. The animals were sacrificed on day 8 after the start of 
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treatment using 100% CO2 for 5 min and were observed for 
20 min. The flow rate of CO2 was 50% of the chamber volume 
per min at the end of the experiment.

Microarray analysis of miRNAs. miRNA array analysis was 
performed as previously described (11). Briefly, total RNA 
was isolated from HuH‑7 cells treated with 1 µM Lenvatinib 
for 96  h using an miRNeasy Mini Kit (Qiagen GmbH) 
according to the manufacturer's instructions. Exosomal RNA 
was extracted from the culture medium using the exoRNeasy 
Serum/Plasma Maxi Kit (Qiagen GmbH). RNA concentration 
and purity were confirmed using absorbance measurements 
with a NanoDrop 2000 spectrophotometer (Thermo Fisher 
Scientific, Inc.). miRNA expression analysis was performed 
using the miRCURYHy3/HI Power Labeling Kit and a human 
miRNA Oligo chip (v. 21.0; Toray Industries). The arrays were 
scanned using a 3D‑Gene Scanner 3000 (Toray Industries), 
and the fluorescence images were analyzed using 3D‑Gene 
extraction version 1.2 software (Toray Industries). Quantile 
normalization was performed on the raw data, which exceeded 
the background level. Differentially expressed miRNAs were 
identified using the Mann‑Whitney U test. Hierarchical clus‑
tering was performed using the farthest end method with the 
absolute non‑central Pearson correlation coefficient as the 
metric. A heatmap was created based on the relative expression 
intensity of each miRNA. The log2 value was centered on the 
median value of each row. All the microarray data in this study 

were submitted to NCBI Gene Expression Omnibus, accession 
no. GSE201775. (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE201775).

Statistical analysis. GraphPad Prism version 8.0 (GraphPad 
Software, Inc.) was used for all statistical analyses. Data excluding 
miRNAs were analyzed using a two‑way ANOVA followed by a 
Tukey's post hoc test. P<0.05 was considered to indicate a statisti‑
cally significant difference. A Mann‑Whitney U test was used to 
identify miRNAs with different expression levels.

Results

Lenvatinib treatment suppresses human HCC cell growth 
in vitro. Four human HCC cell lines, HuH‑7, Hep3B, 
PLC/PRF/5, and Li‑7 cells, were treated with various concentra‑
tions of Lenvatinib (0, 0.2, 0.4 or 1.0 µM) for 6 days. Lenvatinib 
suppressed the proliferation of HuH‑7 and Hep3B cells after 
144 h of treatment  (Fig.  1). Notably, PLC/PRF/5 and Li‑7 
cells were less susceptible to Lenvatinib than other HCC cell 
lines. We examined the differences in sensitivity to Lenvatinib 
between HuH‑7 (Lenvatinib‑sensitive) and PLC/PRF/5 
(Lenvatinib resistant) cells in subsequent experiments.

Lenvatinib treatment induces G0/G1 phase cell cycle arrest and 
regulates cell cycle‑related molecules. We next investigated 
the effects of Lenvatinib treatment on the cell cycle of Huh‑7 

Figure 1. Cell proliferation assays. Lenvatinib suppressed the proliferation of HCC cells. HuH‑7, Hep3B, PLC/PRF/5, and Li‑7 cells were treated with 0, 0.2, 
0.4, 1.0 µM Lenvatinib for 0, 24, 48, 72 and 144 h. Cell proliferation was assessed using CCK‑8 assays. Data points are present as the mean ± SD of three 
independent repeats. **P<0.01, ***P<0.001 vs. control.

https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561
https://www.spandidos-publications.com/10.3892/br.2022.1561


NAKAHARA et al:  EFFECT OF LENVATINIB ON HEPATOCELLULAR CARCINOMA CELLS4

and PLC/PRF/5 cells using flow cytometry analysis (Fig. 2A). 
In HuH‑7 cells incubated with 1 µM Lenvatinib for 48 h, the 
number of cells in the S phase decreased and those in the 

G0/G1 phase increased (Fig. 2B). In contrast, the G1 and S phase 
distributions showed no significant changes in PLC/PRF/5 cells 
after Lenvatinib treatment (Fig. 2B). These results indicated that 

Figure 2. Lenvatinib induces cell cycle arrest in the G0/G1 in HuH‑7 (Lenvatinib‑sensitive) and PLC/PRF/5 cells (Lenvatinib resistant). (A) Representative 
results showing the distribution of Huh‑7 and PLC/PRF/5 cells in the G0/G1, S, and G2/M phases following treatment with 1 µM Lenvatinib after 48 h. 
(B) Histograms showing the percentage of HuH‑7 cells in the G0/G1, S, and G2/M phases. *P<0.05 vs. control. (C) Western blotting showing the expression of 
cyclin D1, cyclin E, Cdk2, Cdk4, and Cdk6 in HuH‑7 cells 48 h after the addition of 1 µM Lenvatinib and (D) densitometry analysis of each assessed protein 
in the Lenvatinib‑treated Huh7 cells; cyclinD1 showed significant changes in expression. Data are presented as the mean ± SD of three repeats. **P<0.05 
vs. control.
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Figure 4. Hierarchical clustering of (A) HuH‑7 cells and (B) HuH‑7‑derived exosomes cultured with or without 1 µM Lenvatinib. (C) PLC/PRF/5 cells and 
(D) PLC/PRF/5‑derived exosomes. The analyzed samples are shown in the columns, and the miRNAs are presented in the rows. The miRNA clustering color 
scale presented at the top indicates the relative miRNA expression levels, with red and blue representing high and low expression levels, respectively.

Figure 3. Lenvatinib suppresses the growth of HuH‑7 cell xenografts in nude mice. HuH‑7 cells were subcutaneously implanted into the flanks of nude mice. 
When the tumors became palpable, 0.2 mg/day Lenvatinib was orally administered for 8 days; control mice received the vehicle. (A) Tumor growth curves of 
the control and Lenvatinib treated groups. Tumors were significantly smaller in the Lenvatinib‑treated than in vehicle‑treated mice. Each point represents the 
mean ± standard error of eight animals. **P<0.01 vs. control. (B) Representative images of xenograft tumors from the Lenvatinib‑treated or vehicle‑treated 
nude mice.
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Lenvatinib suppressed the growth of the Lenvatinib‑sensitive 
HuH‑7 cells by arresting them in the G0/G1 phase.

Previous studies on Lenvatinib and cell cycle arrest have 
reported that Lenvatinib induces cell cycle arrest by down‑
regulating cyclin D1 expression in thyroid cancer cells (15). 
We further examined the key cell cycle regulators by western 
blotting. In HuH7 cells, the expression levels of cyclin D1 
decreased, while the expression of Cdk4 and Cdk6, which 
are the catalytic binding partners of cyclin D1, remained 
unchanged after 48 h of treatment with 1 µM Lenvatinib treat‑
ment (Fig. 2C and D). No changes were observed in cyclin E 
and Cdk2, expression, which are related to the G1/G2 phase 
transition (Fig. 2C and D). Together, these results indicated that 
Lenvatinib inhibited G0/G1 phase transition and suppressed the 
growth of Lenvatinib‑sensitive cells by reducing cyclin D1.

Lenvatinib suppresses tumor growth in vivo. Next, we investi‑
gated the antitumor effects of Lenvatinib in vivo. The xenografted 
mice were treated with Lenvatinib (0.2 mg/day) or PBS orally 
after subcutaneous implantation of HuH‑7 cells (Fig. 3A). In 
the Lenvatinib treatment group, tumor growth was significantly 
suppressed by 46.6% on day 8 after administration compared 
with that in the untreated group (P<0.01, Fig. 3B). Lenvatinib 
treatment had no significant effect on the body weight of animals 
during the course of treatment.

miRNA expression signatures differ between the Lenvatinib-
treated and ‑untreated HuH‑7 cells. Heat maps generated 
by miRNA microarray analysis identified several miRNAs 
with dysregulated expression in HuH‑7 cells treated 
with 1  µM Lenvatinib for 96  h. After normalization and 

Table I. Results of the miRNA array analysis in the HuH‑7‑derived exosomes treated with Lenvatinib.

A, Upregulated

				    Chromosomal
miRNA	 FCa	 P‑value	 FDR	 location

hsa‑miR‑491‑5p	 5.456318	 0.007937	 0.037576	 9p21.3
hsa‑miR‑2392	 4.177528	 0.007937	 0.037576	 14q32.2
hsa‑miR‑24‑3p	 3.53251	 0.007937	 0.037576	 9q22.32
hsa‑miR‑3649	 2.931781	 0.007937	 0.037576	 12p13.33
hsa‑miR‑765	 2.916814	 0.007937	 0.037576	 1q23.1
hsa‑miR‑6071	 2.684267	 0.007937	 0.037576	 2p11.2
hsa‑miR‑4672	 2.58229	 0.007937	 0.037576	 9q34.11
hsa‑miR‑5581‑5p	 2.44319	 0.007937	 0.037576	 1p34.3
hsa‑miR‑652‑5p	 2.419417	 0.007937	 0.037576	 Xq23
hsa‑miR‑3158‑5p	 2.399236	 0.007937	 0.037576	 10q24.32
hsa‑miR‑3131	 2.370459	 0.007937	 0.037576	 2q35
hsa‑miR‑30c‑1‑3p	 2.310656	 0.007937	 0.037576	 1p34.2
hsa‑miR‑5089‑3p	 2.084861	 0.007937	 0.037576	 17q21.32
hsa‑miR‑6807‑5p	 2.046529	 0.007937	 0.037576	 19q13.43
hsa‑miR‑6895‑5p	 2.040822	 0.007937	 0.037576	 Xp11.22
hsa‑miR‑572	 2.037145	 0.007937	 0.037576	 4p15.33
hsa‑miR‑494‑3p	 2.013227	 0.007937	 0.037576	 14q32.31

B, Downregulated				  

				    Chromosomal
miRNA	 FCa	 P‑value	 FDR	 location

hsa‑miR‑6836‑3p	 0.270333	 0.007937	 0.037576	 7p22.3
hsa‑miR‑4443	 0.316821	 0.007937	 0.037576	 3p21.31
hsa‑miR‑208a‑5p	 0.325378	 0.007937	 0.037576	 14q11.2
hsa‑miR‑1260a	 0.391065	 0.007937	 0.037576	 14q24.3
hsa‑miR‑6805‑3p	 0.415766	 0.007937	 0.037576	 19q13.42
hsa‑miR‑3150b‑5p	 0.435225	 0.007937	 0.037576	 8q22.1
hsa‑miR‑4515	 0.444861	 0.007937	 0.037576	 15q25.2
hsa‑miR‑5587‑3p	 0.475811	 0.007937	 0.037576	 16p13.3
hsa‑miR‑4717‑3p	 0.478848	 0.007937	 0.037576	 16p13.3

aLenvatinib treated/non‑treated cells. Upregulated, FC>2.5; downregulate, FC<0.4, P<0.005. FC, fold change.
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removal of miRNAs with missing values, 33 significantly 
differentially expressed miRNAs were identified in 
Lenvatinib‑treated HuH‑7 cells, including 19 upregulated 
and 14 downregulated miRNAs (Fig. 4A and B). We also 
found 26  significantly differentially expressed miRNAs 
in the exosomes of Lenvatinib‑treated cells, including 
17 significantly upregulated and 9 downregulated miRNAs 
(Fig. 4C and D, Table I).

Discussion

In the present study, we focused on the antitumor effects of 
Lenvatinib in HCC. The findings of this study are significant 
as we investigated the antitumor effect of Lenvatinib on HCC 
cell growth both in  vitro and in  vivo. Lenvatinib induced 
cell cycle arrest at the G0/G1 phase by modulating the cell 
cycle‑regulating protein cyclin D1 in Lenvatinib‑sensitive 
HCC cells  (Fig.  5). These results are consistent with the 
findings of previous studies on the effects of Lenvatinib on 
various cancer cells (7,8). Importantly, the antiproliferative 
effects of Lenvatinib on HCC cells were validated by modu‑
lating miRNAs in HCC cells and exosomes. To the best of 
our knowledge, this is the first study to show that Lenvatinib 
suppresses HCC cell proliferation by inducing cell cycle arrest 
and altering miRNA expression.

We examined the effect of Lenvatinib treatment on cell 
proliferation in  vitro using four different HCC cell lines. 
Lenvatinib has been shown to inhibit HCC cell proliferation 
previously (10,16). Our results suggest that Lenvatinib treat‑
ment led to a dose‑dependent suppression of proliferation 
in HuH‑7 and Hep3B cells, but not in PLC/PRF/5 and Li‑7 
cells. HuH‑7 and Hep3B cells, which abundantly express 
FGF19 and FGFR4, are more sensitive to Lenvatinib than 
Li‑7 cells, which do not express FGF19  (10). PLC/PRF/5 
cells are also insensitive to pan‑FGFR inhibitors  (14,10). 
Additionally, FGF19 expression is increased in HCC cells 
compared with that in normal hepatocytes, which negatively 
correlates with E‑cadherin expression and is involved in tumor 
progression (17,18). PLC/PRF/5 cells do not deactivate their 
Akt signaling compared with other HCC cells (Huh‑7 and 
Hep3B) (19). It has also been reported that sorafenib, a drug 
with a molecular target similar to Lenvatinib, when used as 
an adjuvant with existing anticancer drugs, exerts anticancer 
effects through inactivation of Akt signaling (20). Therefore, 
we conducted an additional study of the Akt pathway in Huh‑7 
and PLC/PRF/5 cells. While p‑Akt expression decreased in 
HuH‑7 cells treated with Lenvatinib, no change was observed 
in PLC/PRF/5 cells. Therefore, the Akt signaling pathway 
may be important in the mechanism of Lenvatinib action, and 
differences in the molecular characteristics of the cells may 

Figure 5. Schematic model of Lenvatinib inhibition on cell proliferation and G0/G1 cell cycle progression in HCC cells (Figure created using biorender.com).
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underlie the differences in the pharmacological activities of 
Lenvatinib (16). Our in vitro experiments were conducted using 
a lower dose of 1 µM Lenvatinib than that used in previous 
studies in which 3 and 30 µM doses (10,14,16) were used. 
This lower dose of Lenvatinib showed the antiproliferative 
effects on HCC cell lines long‑term (≥72 h). Lenvatinib treat‑
ment also markedly suppressed the growth of subcutaneous 
HuH‑7‑derived tumors in a xenograft mouse model. Inhibition 
of xenograft tumor growth by Lenvatinib has been observed 
at doses as low as 1 and 10 mg/kg (21‑23). Our in vivo study 
was conducted using a dose of Lenvatinib similar to that used 
in previous studies (21‑23). No significant differences in body 
weight, appetite, or reactions were detected between nude mice 
treated with Lenvatinib and controls. These findings suggest 
that Lenvatinib is an effective and relatively safe treatment 
option for HCC.

Our in vitro experiments verified that Lenvatinib induced 
cell cycle arrest at the G0/G1 phase, which was accompanied 
by downregulation of cyclin D1 in the Lenvatinib‑sensitive 
HuH‑7 cells. A few studies have shown a link between the 
cell cycle and cell cycle‑related proteins in combination 
therapies of Lenvatinib with other chemopreventive agents 
for papillary thyroid cancer  (15,24). One of the antitumor 
effects of Lenvatinib is the induction of cell cycle arrest. 
Kim et al (15) reported that alternating sorafenib/Lenvatinib 
treatment reduced the levels of cyclin D1, Cdk4, and Cdk6 
and arrested the cell cycle of patient‑derived thyroid cancer 
cells compared with treatment with sorafenib or Lenvatinib 
alone. Jing et al  (24) showed that the combination therapy 
of Lenvatinib with paclitaxel inhibited cell proliferation and 
tumor growth in anaplastic thyroid cancer cells by inducing 
G2/M phase cell cycle arrest compared with Lenvatinib or 
paclitaxel monotherapy  (24). These results indicated that 
combination therapy may be more effective than Lenvatinib 
monotherapy in HCC cells.

We further identified the aberrantly expressed miRNAs in 
response to Lenvatinib treatment in HuH‑7 cells and exosomes 
using miRNA expression arrays. Exosomes are small EVs 
secreted by almost all cell types, including cultured cells 
in vitro. Exosomes play critical roles in cell‑to‑cell communi‑
cation as they carry mRNAs, miRNAs, and proteins as cargo 
to recipient cells from donor cells to regulate their func‑
tions (25). miRNAs account for 2‑7% of all small exosomal 
RNAs obtained from supernatants of HCC cells cultured 
in vitro (26). In our study, the levels of numerous miRNAs 
were significantly altered following Lenvatinib treatment in 
HuH‑7 cells and exosomes. miR‑218‑5p, which was signifi‑
cantly upregulated in HuH‑7 cells, specifically targets the 
3'‑UTR region of Cdk6 and cyclin D1 to induce cell cycle 
arrest and inhibit the growth of gastric cancer cells (27). To 
clarify the functional role of miR‑218‑5p in HCC, we analyzed 
the effects of miR‑218‑5p overexpression and inhibition on 
HCC cell proliferation in  vitro (data not shown). Neither 
overexpression nor silencing of these miRNAs affected 
proliferation. We also found that miR‑491‑5p was signifi‑
cantly upregulated in exosomes. In GC, miR‑491‑5p exhibits 
tumor suppressor functions by suppressing Wnt3α/β‑catenin 
signaling  (28). Lu  et  al  (29) reported that miR‑491‑5p 
suppressed the proliferation of colorectal cancer cells via 
insulin‑like growth factor 2 (29). In addition, overexpression 

of miR‑320b, which was significantly upregulated in this 
study, induced cell cycle arrest in the G0/G1 phase and inhib‑
ited tumor growth in gliomas (30). Downregulated miR‑1470 
expression has been reported to promote cell proliferation 
by targeting ALX4 in HCC (31). These studies suggest that 
Lenvatinib exerts its antitumor functions through miRNA 
regulation. However, this study lacked an analysis of the 
function of the regulated miRNAs when overexpressed. 
Further experiments are needed to explore the relationship 
between these miRNAs and cyclin D1 as well as its upstream 
signaling. In PLC/PRF/5 cells, which are less sensitive to 
Lenvatinib, there were significant changes in miRNAs in the 
presence and absence of Lenvatinib; however, miR‑218‑5p, 
which targets cyclin D1, was only significantly altered in 
HuH‑7 cells as described above, and exosomally upregulated 
miR‑320b was not significantly altered in PLC/PRF/5 cells. 
The differences in sensitivity to Lenvatinib amongst cells 
may be due to differences in FGFR expression, as described 
above, as well as in the miRNAs involved in cell cycle arrest. 
Future studies should explore the potential role of aberrantly 
expressed miRNAs in the antitumor effects of Lenvatinib.

In conclusion, the present study revealed that Lenvatinib 
directly suppresses HCC cell proliferation and tumor growth 
and exerts antitumor effects by inducing cell cycle arrest in 
Lenvatinib‑sensitive HCC cells.
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