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Mechanistic insights of lenvatinib: enhancing
cisplatin sensitivity, inducing apoptosis,

and suppressing metastasis in bladder cancer
cells through EGFR/ERK/P38/NF-kB signaling
inactivation
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Abstract

Background The persistent activation of the epidermal growth factor receptor (EGFR) leads to the activation of
downstream oncogenic kinases and transcription factors, resulting in tumor progression and an increased resistance
to cisplatin in bladder cancer (BC) cells. Lenvatinib, an oral multikinase inhibitor, has the potential to offer therapeutic
benefits as an adjuvant treatment for BC patients. The investigation into its application in bladder cancer treatment
is a valuable endeavor. The primary goal of this study is to confirm the effectiveness and mechanism of lenvatinib in
inhibiting the progression of BC and enhancing the anticancer efficacy of cisplatin.

Materials Three BC cell lines, namely, TSGH-8301, T24, and MB49, along with an MB49-bearing animal model, were
utilized in this study.

Results In vitro experiments utilizing MTT assays demonstrated that lenvatinib sensitized BC cells to cisplatin,
exhibiting a synergistic effect. Flow cytometry indicated apoptotic events and signaling, presenting that lenvatinib
effectively induced apoptosis and triggered extrinsic/intrinsic apoptotic pathways. In vivo studies using a mouse
model of BC confirmed the antitumor efficacy of lenvatinib, demonstrating significant tumor growth suppression
without inducing toxicity in normal tissues. Western blotting analysis and immunohistochemistry stain revealed EGF-
phosphorylated EGFR and EGFR-mediated ERK/P38/NF-kB signaling were suppressed by treatment with lenvatinib.
In addition, lenvatinib also suppressed anti-apoptotic (MCLT, c-FLIP, and XIAP) and metastasis-related factors (Twist,
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Snail-1, ZEB-1, ZEB-2, and MMP9) and promoted epithelial markers (E-cadherin) while reducing mesenchymal markers

(N-cadherin).

Conclusion In conclusion, the induction of apoptosis and the inhibition of EGFR/ERK/P38/NF-kB signaling are
correlated with lenvatinib's ability to hinder tumor progression and enhance the cytotoxic effects of cisplatin in
bladder cancer. These findings underscore the potential of lenvatinib as a therapeutic option for bladder cancer, either

as a standalone treatment or in combination with cisplatin.

\Keywords Lenvatinib, Cisplatin, EGFR, ERK, NF-kB, Bladder cancer

Introduction

Bladder cancer, which represents the most commonly
occurring urothelial carcinoma, exhibits two primary
classifications: nonmuscle invasive bladder cancer
(NMIBC) and muscle invasive bladder cancer (MIBC)
[1]. The efficacy of conventional therapies, including
radical cystectomy, chemotherapy, and radiotherapy, is
constrained by the high incidence of cancer recurrence
and metastasis [2, 3]. The exploration and develop-
ment of potential adjunctive treatments targeting the
reduction of bladder cancer recurrence and metastasis
constitute a critical research area with the objective of
improving treatment outcomes.

The overexpression of epidermal growth factor
receptor (EGFR), a tyrosine kinase transmembrane
receptor, contributes to tumor progression and is asso-
ciated with poor outcomes in bladder cancer [4]. EGFR
activates downstream oncogenic pathways to facilitate
cell growth, anti-apoptosis, metastasis, angiogenesis,
and epithelial-mesenchymal transition (EMT) in can-
cers [5, 6]. As demonstrated through cell and animal
models, it has been proven that EGFR inactivation
not only inhibits growth but also increases sensitivity
to radiation in bladder cancer [7, 8]. In addition, erlo-
tinib, an EGFR inhibitor, has been demonstrated to
provide beneficial effects as a neoadjuvant therapy in
bladder cancer patients undergoing radical cystectomy
[9].

Lenvatinib is a multikinase inhibitor that elicits
tumor regression by targeting oncogenic and angio-
genic kinases, including fibroblast growth factor (FGF)
receptors, tyrosine-protein kinase KIT (CD117), vas-
cular endothelial growth factor (VEGF) receptors,
and platelet-derived growth factor receptor [10]. Our
previous studies have demonstrated that lenvatinib
suppresses the progression of non-small cell lung can-
cer (NSCLC) and hepatocellular carcinoma (HCC) by
attenuating the AKT, protein kinase C delta (PKC-§),
and mitogen-activated protein kinase (MAPK) sig-
naling pathways [11, 12]. These oncogenic kinases
may be involved in EGFR-mediated tumor progres-
sion [13-15]. However, it remains ambiguous whether
the inhibition of EGFR signaling is implicated in the
lenvatinib-triggered suppression of bladder cancer.

Therefore, the primary objective of the current study
was to investigate the inhibitory effectiveness of lenva-
tinib on the EGFR signaling-mediated progression of
bladder cancer.

Materials and methods

Chemicals, antibodies and regents

Lenvatinib, fetal bovine serum (FBS), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide), and dimethyl sulfoxide (DMSO) were
obtained from Sigma Chemical Co. (St. Louis, MO,
USA). Detailed information on the antibodies is listed
in Table 1.

Cell culture

The human bladder carcinoma T24 cell line and
murine bladder carcinoma MB49 cells were both
obtained from the Bioresource Collection and
Research Centre (BCRC) in Taiwan. The TSGH-8301
cell line was provided by Professor Jing-Gung Chung’s
lab at China Medical University. Cells were cultured
in McCoy’s 5 A medium, RPMI 1640 medium, and
DMEM high glucose medium supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin, and
L-glutamine. Cells were maintained in culture dishes
before each experiment at 37 °C with 5% CO, [16].

3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazoliumbromide (MTT assay)

Cells viability analysis were performed to assess the
toxic effects of lenvatinib on the T24, TSGH-8301, and
MB49 cell lines. Initially, 5 x 10® cells/well were seeded
overnight in 96-well plates. Different concentrations of
lenvatinib (0, 5, 10, 20, 30 uM), cisplatin (0, 1, 2, 3, 4,
5 uM) or a combination of both were added, and the
cells were incubated for 24 and 48 h. The MTT stock
solution was prepared using 1xPBS at a concentration
of 5 mg/ml. After the treatment period, the medium
was removed, and 100 pl of MTT solution (50 mg/mL)
(1:9=MTT stock: medium) was added to each well.
The plates were then incubated at 37 °C for 4 h. Subse-
quently, the MTT solution was aspirated, and 100 pl of
DMSO was added. The signal released from the plates
was detected using an ELISA reader (Thermo Fisher



Chiang et al. Cancer Cell International (2025) 25:47 Page 3 of 16
Table 1 The antibodies used in this study are listed as follows:

Primary Antibody Catalog Number Host Company Dilution
p-ERK (Phospho-p44/42 MAPK) (Erk1/2) (Thr202/Tyr204) (D13.14.4E) #4370 Rabbit mAb Cell Signaling 1:1000
ERK p44/42 MAPK (Erk1/2) (137F5) #4695 Rabbit mAb Cell Signaling 1:1000
p-EGFR (Phospho-EGF Receptor) (Tyr1068) (D7A5) #2234 Rabbit mAb Cell signaling 1:1000
EGFR E-AB-63,555 Rabbit mAb Elabscience 1:1000
p-p38 MAPK (Phospho-p38 MAPK (Thr180/Tyr182) (D3F9) #4511 Rabbit mAb Cell signaling 1:1000
p38 MAPK #9212 Rabbit mAb Cell signaling 1:1000
p-NF-kB (Phospho-NF-kB p65 (Ser536) (93H1) #3033 Rabbit mAb Cell signaling 1:1000
NF-kB p65 (D14E12) #8242 Rabbit mAb Cell signaling 1:1000
VEGFA (vascular endothelial growth factor) ab1316 Mouse mAb Abcam 1:5000
MCL-1 (myeloid cell leukemia-1) E-AB-33,430 Rabbit mAb Elabscience 1:1000
MMP9 (matrix metalloproteinase9) E-AB-63,483 Rabbit mAb Elabscience 1:500
XIAP (X-linked inhibitor of apoptosis protein (XIAP) PA5-29253 Rabbit mAb Thermo Fisher Scientific 1:1000
c-FLIP (cellular FLICE-like inhibitory protein) (E-AB-14081) Rabbit mAb Elabscience 1:1000
Twist (TWISTT) #46,702 Rabbit mAb Cell signaling 1:1000
Snail-1 (C15D3) #3879 Rabbit mAb Cell signaling 1:1000
N-Cadherin #13,116, Rabbit mAb Cell signaling 1:1000
E-Cadherin #3195 Rabbit mAb Cell signaling 1:500
ZEB-1 (E2G6Y) #70,512 Rabbit mAb Cell signaling 1:1000
ZEB-2 (E6U72) #97,885 Rabbit mAb Cell signaling 1:1000
B-actin E-AB-20,058 Rabbit mAb Elabscience 1:2000
GAPDH CSB-PA00025A0Rb  Rabbit mAb CUSABIO Biotech 1:1000
Vinculin PA5-29688 Rabbit mAb Invitrogen 1:1000

Scientific, Fremont, CA, USA). The absorption wave-
length for MTT detection was 570 nm [17].

NF-kB plasmid transfection and stable clone selection

An NF-«B reporter gene system was established in
TSGH-8301 cells using a plasmid obtained from Pro-
mega (Madison, WI, USA). Transfection was per-
formed using the JetPEI™ transfection agent (Illkirch,
Bas-Rhin, France). A total of 2 x 10° cells were seeded
in a 6 cm Petri dish and incubated overnight. A DNA
complex was formed by adding 2 pL of jetPEI™ solution
(mixed with 98 pl of NaCl) to 100 pl of DNA solution
containing 2 ug of p-NF-xB/luc2, followed by incuba-
tion at room temperature for 20 min. After transfec-
tion, cells were treated with G418 at a concentration
of 50 mg/ml for stable clone selection. NF-kB activa-
tion in TSGH-8301 cells was detected using the IVIS
Lumina LT Series II imaging system (PerkinElmer,
Boston, MA, USA). Cells exhibiting a stable luc2 signal
were designated TSGH-8301/NF-kB/luc2 cells [18, 19].

NF-kB reporter gene assay

TSGH-8301/NF-xB/luc2 cells were seeded overnight
in a 96-well plate at a density of 5x 10% cells per well.
The cells were then treated with different concen-
trations (0, 10, 20 uM) of lenvatinib, 0.5 uM NF-«B
inhibitor (QNZ), 10 uM ERK inhibitor (PD98059), 10
puM AKT inhibitor (LY294002), 10 uM EGEFR inhibi-
tor (erlotinib) and 10 uM P38 inhibitor (SB203580) for

48 h. After 24 h of treatment, a D-luciferin solution
(500 pM D-luciferin in 100 pl of 1xPBS) was added
to each well and incubated for 15 min. The cells were
then imaged using an IVIS 200 system for three min-
utes, and the activation of NF-kB was normalized to
cell viability obtained from the MTT assay [20].

Cell cycle analysis

T24 and TSGH-8301 cells were seeded overnight
in a 6-well plate at a density of 2x 10° cells per well.
The cells were then treated with different concentra-
tions (0, 10, and 20 pM) of lenvatinib for 48 h. After
the treatment period, the cells were collected by cen-
trifugation, fixed with 75% ethanol, and stored over-
night at -20 °C. Following that, the cells were washed
with 1xPBS, centrifuged, and stained with a propidium
iodide (PI) dye solution (containing PI at a concen-
tration of 40 pg/ml, 100 pg/ml RNase, and 1% Triton
X-100 in 1xPBS) for one hour at 37 °C in the dark. The
signal intensity of the PI dye in T24 and TSGH-8301
cells was then verified using flow cytometry (FACS)
(BD Biosciences, FACS Calibur, San, CA, USA) and
quantified using FlowJo software [21].

Annexin V/PIl double staining

Initially, T24 and TSGH-8301 cells were seeded over-
night in a 6-well plate at a density of 2x 10° cells per
well. Subsequently, the cells were treated with differ-
ent concentrations (0, 10, and 20 uM) of lenvatinib
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for 48 h. After the treatment period, the cells were
collected by centrifugation and washed with 1x PBS.
The collected cells were then resuspended in 100 pl
of 1x binding buffer, which contained 5 ul of Annexin
V-FITC (FL-1 channel) and 5 pul of PI (FL-2 chan-
nel). Following a 10-minute incubation at room tem-
perature in the absence of light, the signal intensity of
Annexin V-FITC and PI-PE dyes on T24 and TSGH-
8301 cells was analyzed using flow cytometry, and the
data were quantified using Flow]Jo software [17].

Cleaved-caspase-3, 8, 9, FAS-L/FAS activation analysis

T24 and TSGH-8301 cells were seeded in a 6-well plate
overnight at a density of 2 x 10° cells per well. The cells
were then treated with different concentrations (0, 10,
and 20 pM) of lenvatinib for 48 h. After the treatment
period, the cells were collected by centrifugation and
stained with specific caspase activity probes. Cas-
pase-3 activity was assessed using FITC-DEVE-FMK
(5 pl in 1 ml 1xPBS), caspase-8 activity with RED-
IETD-FMK (5 pl in 1 ml 1xPBS), and caspase-9 activ-
ity with FITC-LEHD-FMK (5 ul in 1 ml 1xPBS). The
staining was carried out for 30 min in a 37 °C incu-
bator. Additionally, FAS staining was performed using
FITC-FAS (5 ul in 1 ml 1xPBS), and FAS-L staining
was performed with PE-FAS-L (5 pl in 1 ml 1xPBS).
For both FAS and FAS-L staining, cells were placed on
ice with the respective dye for 30 min protected from
light. Finally, the stained cells were analyzed using flow
cytometry, and the data were quantified using FlowJo
software [17].

Detecting the loss of mitochondrial membrane potential
(MMP)

T24 and TSGH-8301 cells were seeded in a 6-well
plate at a density of 2x10° cells per well and incu-
bated overnight. The cells were then treated with dif-
ferent concentrations (0, 10, and 20 pM) of lenvatinib
for 48 h. After the treatment period, the cells were col-
lected by centrifugation, and the mitochondrial mem-
brane potential (MMP) loss was assessed using the
DIOC (3,3’-dihexyloxycarbocyanine iodide) staining
assay. The cells were stained with 0.1 uM DIOC, dye
in 1xPBS and incubated at 37 °C in the dark. The loss
of MMP was measured using flow cytometry, and the
data were quantified using Flow]Jo software [21].

Migration and Invasion assay

T24 and TSGH-8301 cells were seeded at a density of
5x10° cells in a 10 cm Petri dish and incubated over-
night. The cells were then treated with different con-
centrations (0, 10, and 20 pM) of lenvatinib for 48 h.
To assess invasion and migration, transwell inserts
with 8 pm pore size were used, either coated with or
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without Matrigel (3:7 = Matrigel: medium). After the
treatment period, cells were collected and added to the
upper chamber at a density of 1x 10° cells in medium
without serum for migration and invasion assays, and
the bottom chamber was supplemented with 10% FBS.
Transwell membranes were fixed with a fixation buffer
(3:1 methanol and acetic acid) for 15 min and stained
with 0.01% crystal violet for 10 min. The membranes
were then imaged using an optical microscope (Nikon
ECLIPSE Ti-U) at x100 magnification. The number
of invaded and migrated cells was quantified using
Image] software version 1.50 (National Institutes of
Health, Bethesda, MD, USA) [22, 23].

Immunofluorescence nuclear translocation

T24 and TSGH-8301 cells were seeded at a density
of 5x10% cells on a chamber slide overnight and then
treated with different concentrations (0, 10, and 20
uM) of lenvatinib for 48 h. After the treatment period,
the chamber slide was fixed with 4% paraformaldehyde
for 15 min. Cells were permeabilized using 0.01% Tri-
ton-X100 for 10 min and then blocked with blocking
buffer (Axel Biotechnology Inc.) for one hour at room
temperature. The slices were incubated overnight at
4 degrees Celsius with the primary antibody (1:350
NF-kB p65). After antibody incubation, the chamber
slide was washed once with PBS-T (1x PBS with 0.1%
Tween 20) and washed twice with 1x PBS. The slices
were then incubated with FITC-labeled secondary
antibody (Jackson ImmunoResearch Laboratories Inc.)
at room temperature for 1 h in the dark. Finally, the
slide was mounted with DAPI Fluoromount-G dye, and
the fluorescence signal of NF-kB was observed using a
fluorescence microscope (Leica) [21].

Western blotting

T24 and TSGH-8301 cells were seeded at a density
of 5x10° cells in a 10 cm Petri dish. After overnight
incubation, the cells were treated with different con-
centrations (0, 10, and 20 uM) of lenvatinib for 48 h.
Following the treatment, proteins were extracted from
each group using lysis buffer (Tris-HCl pH 8.0, 120
mM NacCl, 0.5% Nonidet P-40, and 1 mM tosyl sul-
fonyl fluoride). The total protein concentration was
determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Protein samples were then
separated by 6-12% SDS-PAGE and transferred onto a
PVDF membrane. After transfer, the membranes were
blocked with blocking buffer and incubated overnight
at 4 degrees Celsius with specific primary antibodies
as listed in Table 1. The immunodetected proteins on
the membranes were visualized using the UVP Chemi-
Doc-It™ system (AnalytikJena Jena, Germany), and the
band intensities were quantified using Vision Works
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Fig. 1 Cytotoxicity and apoptosis induction of lenvatinib in BC cells. (A) The MTT assay was performed to evaluate the effects of lenvatinib treatment
alone for 24 and 48 h. (B) The MTT assay was conducted to assess the combination of lenvatinib with cisplatin, and the combination index (Cl) was
determined. (C) Annexin-V/PI staining, (D) Pl cell cycle analysis, (E) cleaved PARP-1 staining and (F) cleaved caspase 3 staining after lenvatinib treatment
of BC cells were evaluated by flow cytometry. (G-H) Flow cytometry was utilized to evaluate FAS, FAS-L, and cleaved caspase-8 staining after lenvatinib
treatment of BC cells. (I-J) Mitochondrial potential staining (DIOC,) and cleaved caspase-8 staining after lenvatinib treatment of BC cells were evaluated
by flow cytometry. [(*, **, ***) represent statistical significance with Pvalues of less than 0.05, 0.01, and 0.0005, respectively, compared to 0 uM lenvatinib.

(S $$ SSS)

software (Analytik Jena, Jena, Germany). The quanti-
tative data were normalized to pB-actin, GAPDH, and
vinculin expression and averaged from three indepen-
dent replicate experiments [24, 25].

Animal experiment

The animal experiment research conducted in this
study was approved by the Animal Care and Use Com-
mittee at China Medical University (Approval ID:
CMU-IACUC-2023-051). Male C57BL/6JNarl mice,
six weeks old, were obtained from the National Ani-
mal Center and housed at the Animal Center of China
Medical University [24].

Animal subcutaneous tumor xenotransplantation

To establish the tumor model, a total of 2x10°
MB49 cells were subcutaneously implanted into the
right flank of the mice [26]. Once the calculated
tumor size reached 100 mm?® (tumor length x tumor
width?x 0.523), the mice were divided into three
groups: vehicle (1% DMSO) and lenvatinib treatment
at doses of 5 mg/kg and 10 mg/kg. The weight of the
mice was recorded twice a week throughout the exper-
iment. On the 11th day after the initiation of lenvatinib
treatment, the mice were euthanized, and the tumors
were harvested for further analysis [24]. For combina-
tion treatment, mice were divided into four groups:
untreated control (0.1% DMSO, CTRL), lenvatinib
at 5 mg/kg/day/gavage, cisplatin 3 mg/kg/day/ip and
combination for a duration of 14 days.

Hematoxylin and eosin (H&E) and immunohistochemistry
(IHC) staining

The tumor, heart, liver, kidney, pancreas, intestine,
and spleen samples from the mice were fixed and
sliced for H&E or IHC staining. For H&E staining, the
tumor tissue sections were deparaffinized in diphenyl-
methyl and rehydrated with a reduced concentration
of ethanol. Subsequently, the slides were treated with
3% H,O, for 10 min and washed. To block nonspecific
binding, the slides were incubated in 5% normal goat
serum in a sealed container for 5 min. The primary
antibody was then applied to the slides and incubated
overnight at 4 °C. The slides were further incubated
with a biotinylated secondary antibody at room tem-
perature for 30 min, followed by counterstaining with
hematoxylin. The H&E- and IHC-stained slices were

represent statistical significance with Pvalues of less than 0.05, 0.01, and 0.0005, respectively, compared to 10 uM lenvatinib.]

imaged using a TissueFAXS Tissue Gnostics Axio
Observer Z1 microscope (TissueGnostics GmbH). A
total of 9 views from each group were quantified using
the IHC toolbox in Image]J software [24, 27].

Statistics analysis

The significant difference between the treatment
group and the control group was calculated using
Student’s t test and one-way ANOVA. The statistical
analyses were conducted using GraphPad Prism 7 soft-
ware. All data are presented as the mean + standard
deviation. A Pvalue less than 0.05 was considered sta-
tistically significant. Each experiment was replicated
three times independently [21].

Results

Toxicity evaluation of lenvatinib on bladder cancer cells
(BC) and its potential synergistic effect with cisplatin

To assess the toxicity of lenvatinib on bladder can-
cer (BC), we conducted an MTT assay on three BC
cell lines: TSGH-8301, T24, and MB49. As shown in
Fig. 1A, lenvatinib exhibited cytotoxic effects on BC
cells in a dose- and time-dependent manner. Table 2
demonstrates the I1C;, values of lenvatinib in BC cells
after 48 h, ranging from 10 to 13 pM. Additionally, we
discovered that lenvatinib has the potential to be com-
bined with the standard treatment cisplatin for fur-
ther clinical applications. Our combination data from
the MTT assay indicated that lenvatinib may sensitize
BC cells to cisplatin (Fig. 1B). Compared to the viabil-
ity observed with a solo treatment of 1 pM cisplatin,
which was approximately 95%, the viability decreased
to 60% when half the dose of cisplatin was combined
with lenvatinib (Supplementary Fig. 1). The synergistic
effect (CI<1) was observed in Fig. 1C, starting from
a lenvatinib dosage of 10 uM combined with 2 pM
cisplatin.

To further understand how lenvatinib induces tox-
icity in BC, we examined the apoptotic response.
Figure 1C confirmed that lenvatinib induces the accu-
mulation of early and late apoptotic populations in BC
cells. The subG1 population, which represents apop-
totic cells, also increased following lenvatinib treat-
ment (Fig. 1D). Moreover, the cleaved form of PARP-1,
a marker of apoptosis, was effectively triggered by
lenvatinib (Fig. 1E). Cleaved caspase-3, an over-
all caspase-dependent marker, was also found to be
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Table 2 The 50% and 70% inhibitory concentrations of
lenvatinib after 48 h of treatment in bladder cancer cells

Condition T24 TSGH MB49
ICsp 1341 uM 10.65 uM 12.83 uM
1y 19.24 uM 15.68 UM 18.65 UM

increased by lenvatinib (Fig. 1F). Next, we investigated
the activity of two potential caspase-dependent apop-
totic signaling pathways: the death receptor pathway
and the mitochondria-dependent pathway. As depicted
in Fig. 1G-H, lenvatinib activated both the death
receptor pathway (FAS and its ligand) and the down-
stream factor caspase-8. Simultaneously, lenvatinib
triggered mitochondria-dependent factors, such as the
loss of mitochondrial membrane potential (A¥Ym) and
caspase-9 activation (Fig. 1I-J). In conclusion, lenva-
tinib can induce apoptosis mechanisms in BC, thereby
enhancing the toxic effect of cisplatin. These findings
suggest the potential of lenvatinib as a therapeutic
option in combination with cisplatin for BC treatment.

Investigating the oncogene pattern and inhibition of
EGFR/ERK/P38/NF-kB signaling by lenvatinib in bladder
cancer cells

To gain insights into the oncogene pattern in BC cells,
we conducted Western blotting analysis. As shown in
Fig. 2A, NF-kB was found to be elevated in tumor cells
(T24 and TSGH-8301) but not in normal cells (SV-
HUC-1, human urinary tract epithelial cells). We also
confirmed that NF-«kB activation occurred in a dose-
dependent manner after cisplatin treatment in TSGH-
8301/NF-xB-luc2 cells (Fig. 2B). To overcome the
overexpression of NF-kB in BC cells, we tested vari-
ous potential inhibitors and lenvatinib using an NF-kB
reporter gene assay. Figure 2C demonstrates that len-
vatinib, erlotinib (EGFR inhibitor), PD98059 (ERK
inhibitor), and SB20580 (P38 inhibitor) could regulate
NE-kB activation in TSGH-8301/NF-kB-luc2 cells.
Therefore, whether these inhibitors and drugs have the
potential to overcome cisplatin-induced EGFR/NF-«B
activation was also validated. As shown in Fig. 2D-E,
lenvatinib effectively suppressed the phosphorylation
of EGFR and NF-xB induced by cisplatin. Further-
more, additional EGF-mediated EGFR activation was
used as a positive control to confirm the inhibitory
efficacy of lenvatinib on EGFR (Fig. 2F) in three BC
cell lines. The activation of EGFR signaling can trig-
ger the nuclear translocation of NF-«xB, which was also
blocked by lenvatinib (Fig. 2G). Moreover, lenvatinib
reduced the phosphorylation of downstream proteins
in the EGFR pathway induced by EGF, including ERK,
P38, and NF-«B (Fig. 2H and supplementary Fig. 2A).
The inhibitory effect of lenvatinib on these factors was
dose-dependent (Fig. 2I and supplementary Fig. 2B).
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The effect of an ERK inhibitor and an NF-«B inhibi-
tor on these proteins was also confirmed and used as a
positive control to elucidate the relationship between
these factors (Fig. 2] and supplementary Fig. 2C-D). In
summary, lenvatinib may suppresses EGFR/ERK/P38/
NF-xB signaling, and this effect can be maintained
under cisplatin or EGF stimulation. These findings
highlight the potential of lenvatinib as a promising
therapeutic agent for inhibiting the activation of mul-
tiple signaling pathways in BC cells.

Investigating the potential antitumor regulation of
metastasis and anti-apoptosis-related factors in bladder
cancer cells by lenvatinib

To understand how lenvatinib regulates the antitu-
mor effect in BC cells, we evaluated two key aspects of
tumor progression: metastasis and anti-apoptosis. As
shown in Fig. 3A-C, lenvatinib effectively suppressed
the invasion and migration abilities of BC cells. Addi-
tionally, epithelial mesenchymal transition (EMT) is a
critical process during cancer metastasis, so we inves-
tigated the effect of lenvatinib on EMT-related factors
[28, 29]. Figure 3D-E demonstrates that Twist, Snail-1,
ZEB-1, and ZEB-2 were all decreased in a dose-depen-
dent manner by lenvatinib. Importantly, lenvatinib
induced the expression of the epithelial marker E-cad-
herin while decreasing the expression of the mesen-
chymal marker N-cadherin (Fig. 3D, F). The metastasis
factor MMP9 was also reduced by lenvatinib (Fig. 3D).
Moreover, lenvatinib exhibited the ability to suppress
the anti-apoptotic effects in BC cells. Figure 3G illus-
trates that lenvatinib effectively suppressed the expres-
sion of antiapoptotic factors such as MCL-1, c-FLIP,
and XIAP [30]. In summary, lenvatinib suppresses the
progression of BC by inhibiting tumor metastasis and
counteracting anti-apoptotic mechanisms. These find-
ings suggest that lenvatinib has potential as a thera-
peutic agent for targeting both metastatic processes
and anti-apoptotic pathways in BC.

Validation of lenvatinib and its combination with cisplatin
in suppressing BC progression without inducing normal
tissue toxicity in in vivo models

To assess the efficacy of lenvatinib on in vivo subjects,
we conducted an animal experiment as depicted in
Fig. 4A. Mice were divided into three groups: untreated
control (0.1% DMSO, CTRL), lenvatinib at 5 mg/kg/
day, and lenvatinib at 10 mg/kg/day for a duration
of 11 days. Tumor volume measurements revealed
that the tumor suppression effect was significantly
enhanced with increasing doses of lenvatinib (Fig. 4B).
Additionally, Table 3 presents the significant differ-
ences between the untreated and treated groups at dif-
ferent time points. The tumor progression patterns for
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Fig. 2 Evaluation of the anti-BC mechanism of lenvatinib in BC cells. (A) The protein expression of NF-kB in SV-HUC-1, T24 and TSGH-8301 cells was
validated by Western blotting. The activation of NF-kB after (B) cisplatin, (C) Lenvatinib, Erlotinib, PD98059 (ERK inhibitor), SB20580 (P38 inhibitor) and
QNZ (NF-kB inhibitor) treatment was performed by reporter gene assay on TSGH-8301/NF-kB-luc2 cells. The phosphorylation of NF-kB and EGFR after
(D-E) Lenvatinib or (F) EGF combined with cisplatin was validated by Western blotting. (G) The nuclear translocation of NF-kB after lenvatinib treatment
was visualized using a fluorescence microscope. (H-K) Protein expression under different treatment conditions was evaluated using Western blotting.

[(*, ***) represent statistical significance with Pvalues of less than 0.05 and 0.0005, respectively, compared to O uM lenvatinib. (

5%, 99%) represent statistical

significance with a Pvalue of less than 0.01 and 0.0005 compared to 10 uM lenvatinib.]

each mouse under different treatment conditions are
displayed in Fig. 4C. Lenvatinib effectively prolonged
the mean tumor growth time in the MB-49-bearing
mouse model (Table 4). Compared to the untreated
control group, the delay in tumor progression was 9.28
days for lenvatinib at 5 mg/kg and 23.73 days for len-
vatinib at 10 mg/kg. Furthermore, the tumor inhibi-
tion rate was 2.46 days for lenvatinib at 5 mg/kg and
4.74 days for lenvatinib at 10 mg/kg. Figure 4D-E show
the imaging and weight measurements of the extracted
tumors, demonstrating the efficacy of lenvatinib
treatment. The lenvatinib-treated group exhibited
smaller and lighter tumors. After confirming the treat-
ment efficacy of lenvatinib, we proceeded to evaluate
its general toxicity through measurements of body
weight, biochemical analysis, and tissue pathology.
Figure 4F indicates that the body weight of the mice
remained unchanged throughout the entire treatment
process. The biochemical markers representing liver
function, such as aspartate amino transferase (AST),
alanine amino transferase (ALT), and gamma glutamyl
transpeptidase (yGT) values, displayed no significant
changes among all the groups (Fig. 4G; Table 5). More-
over, there were no noticeable pathological changes
observed in the heart, kidney, liver, spleen, intestine,
or pancreas tissues of the mice (Fig. 4H). Furthermore,
we confirmed that the therapeutic efficacy of cisplatin
may be enhanced by lenvatinib, as shown in Supple-
mentary Fig. 3A. Mice were divided into four groups:
untreated control (0.1% DMSO, CTRL), lenvatinib
at 5 mg/kg/day, cisplatin 3 mg/kg/day and combina-
tion for a duration of 14 days. Superior tumor inhibi-
tion was observed with the combination of lenvatinib
and cisplatin (Supplementary Fig. 3B-C). Body weight
and normal tissue pathology, including the heart, liver,
spleen, lungs, kidneys, and intestines, showed no sig-
nificant changes after treatment, demonstrating the
safety of the treatment (Supplementary Fig. 3D-E). In
conclusion, the antitumor efficacy and safety of len-
vatinib were confirmed in the MB-49-bearing mouse
model.

Validation of apoptosis induction and EGFR/ERK/P38/
NF-kB signaling inactivation by lenvatinib in an in vivo BC
model

To determine whether the apoptosis induction and
inactivation of the EGFR/ERK/P38/NF-kB signaling

pathway observed in vitro can also be replicated in an
in vivo model, we conducted further validation. Fig-
ure 5A and C demonstrate that Lenvatinib treatment
induced the activation of caspase-3, -8, and -9, key
regulators of apoptosis. Conversely, the expression
of antiapoptotic factors, such as MCL-1, ¢-FLIP, and
XIAP, was suppressed upon lenvatinib administration
(Fig. 5B-C). Furthermore, lenvatinib exhibited inhibi-
tory effects on the metastasis factor MMP9 (Fig. 5B-
C). In tumor tissue, lenvatinib was also found to
suppress EMT-related factors, including Twist, Snail-
1, ZEB-1, and ZEB-2 (Fig. 5D, F). Lenvatinib increased
the expression of E-cadherin while decreasing the
expression of N-cadherin, thus counteracting the
effects of EMT in breast cancer (Fig. 5E, F). The phos-
phorylation of EGFR, ERK, P38, and NF-«xB was signif-
icantly suppressed by lenvatinib in a dose-dependent
manner (Fig. 5G). In conclusion, Lenvatinib effectively
induces apoptosis and inhibits BC progression by inac-
tivating the EGFR/ERK/P38/NF-«B signaling pathways
(Fig. 6).

Discussion
EGEFR overexpression is significantly correlated with
muscle invasion and recurrence of bladder cancer [31].
Activation of EGFR is initiated by its ligands, such as
EGF and transforming growth factor alpha (TGFa),
leading to the promotion of tumor progression through
downstream oncogenic pathways. NF-kB is a pivotal
oncogenic diver involved in EGFR-mediated tumor
growth, survival, and metastasis [5, 32-34]. Several
studies have provided evidence that mitogen-activated
protein kinases (MAPKSs), such as ERK and P38, play
roles in the regulation of NF-kB activation in bladder
cancer [19, 35]. Our data revealed that EGF positively
regulates the activation of EGFR/ERK/P38/NF-xB
signaling, while both erlotinib and lenvatinib exert a
negative regulatory effect on this signaling pathway
(Figs. 2H-I and 5G). Importantly, lenvatinib also sig-
nificantly downregulated EGFR phosphorylation at
the Tyr1086 site induced by EGF (Fig. 2F). These find-
ings suggest that lenvatinib inactivates EGFR, thereby
attenuating the ERK/P38/NF-«B signaling pathway.
Cisplatin, an alkylating agent, is utilized as the pri-
mary chemotherapy option for metastatic bladder
cancer, but its effectiveness is diminished by EGFR/
NF-«B signaling. Cisplatin has been shown to induce
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cytotoxicity while also activating EGFR/NF-«B signal-
ing in bladder cancer [36, 37]. Lenvatinib may also sen-
sitize BC to cisplatin treatment (Supplementary Fig. 3).
In the present study, we also observed similar findings.
Notably, lenvatinib not only inhibited the activation
of EGFR/NF-«B by cisplatin but also effectively sensi-
tized bladder cancer cells to cisplatin (Figs. 1B and 2B
2D-E). MCL-1, ¢-FLIP, and XIAP act as anti-apoptotic
mediators, and their expression is linked to the con-
stitutive activation of NF-kB. The reduction in anti-
apoptotic proteins enhances the anticancer efficacy of

cisplatin [26, 38]. Our data indicated that treatment
with lenvatinib significantly reduced the protein levels
of MCL-1, c-FLIP, and XIAP in bladder cancer both in
vitro and in vivo. (Figures 3G and 5B). Suppression of
EGFR/NEF-«B signaling may contribute to the synergis-
tic growth inhibitory efficacy of the combined treat-
ment of lenvatinib with cisplatin in bladder cancer
cells.

The importance of an anticancer drug has both the
ability to induce apoptosis in cancer cells and the abil-
ity to inhibit the mechanisms that protect cancer cells
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from undergoing apoptosis [39]. In addition to its

inhibitory effects on anti-apoptotic

revealed that treatment with lenvatinib resulted in a
significant induction of apoptosis by activating both
extrinsic and intrinsic pathways (Figs. 1C-J and 5A and
C). Upregulation of N-cadherin and downregulation

proteins, our data

of E-cadherin by EMT-related proteins, such as Twist,
Snail, ZEB1, and ZEB2, lead to the breakdown of cel-
lular adhesion and contribute to tumor metastasis
[40, 41]. MMPY, as a gelatinase B, digests extracellu-
lar matrix (ECM) proteins, thereby enhancing tumor
invasiveness and metastasis [42]. Positive Twist, Snail,
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Table 3 Statistical analysis of tumor volume in different imipramine-treated groups and dates

Tukey'’s multiple comparisons test Lenvatinib Mean difference 95.00% Cl of difference Summary Adjusted PValue
Day 1

0vs. 5 mg/kg -4.35 -75.78 t0 67.08 ns 0.9885

0vs. 10 mg/kg 1.967 -6946t0 734 ns 0.9976

5vs. 10 mg/kg 6.317 -65.11t0 77.75 ns 0.9758
Day 3

0vs. 5 mg/kg 109.9 3845t0181.3 o 0.0012

0vs. 10 mg/kg 1584 86.97 t0 229.8 o <0.0001

5vs. 10 mg/kg 4852 -22911t0 1199 ns 0.2431
Day 5

0vs.5mg/kg 196.7 125.2t0 268.1 o <0.0001

0vs. 10 mg/kg 293 2216103644 xR <0.0001

5vs. 10 mg/kg 96.33 249t0 167.8 ** 0.0051
Day 7

0vs. 5 mg/kg 2869 2154103583 o <0.0001

0vs. 10 mg/kg 408.6 337.2t0 480.1 o <0.0001

5vs. 10 mg/kg 1218 50.35t0193.2 rx 0.0003
Day 9

0vs.5mg/kg 487.7 416.2 t0 559.1 o <0.0001

0vs. 10 mg/kg 599.1 527.7t0670.6 xR <0.0001

5vs. 10 mg/kg 1115 40.04to 1829 ** 0.0010
Day 11

0vs. 5 mg/kg 509.5 438.1t0 580.9 o <0.0001

0vs. 10 mg/kg 684.9 613.5t0 756.3 o <0.0001

5vs. 10 mg/kg 1754 104 to 246.8 o <0.0001

Table 4 Mean tumor growth time, delay time and inhibition rate in MB49 tumor-bearing mice after treatment with different doses of
lenvatinib

Analysis methods Lenvatinib

0 mg/kg 5 mg/kg 10 mg/kg
MTGT (day)" 6.35 15.63 3008
MTGDT (day)* na 9.28 2373
MGIR® na 246 474

na: not available

“Mean tumor growth time (MTGT): the time at which the MB49 tumor volume reached 500 mm?3, *Mean tumor growth delay time (MTGDT): the mean MB49 tumor
growth time of the treated group minus that of the control group (0 mg/kg lenvatinib, 0.1% DMSO, CTRL). *Mean growth inhibition rate (MGIR): the mean MB49
tumor growth time of the lenvatinib-treated group/the mean MB49 tumor growth time of the control group

Table 5 The biochemistry analysis of mouse serum from each treatment group is presented
Treatment option Gamma Glutamyl Transpeptidase (yGT) value

Control (0.1% DMSO) <3
Lenvatinib 5 mg/kg <3
Lenvatinib 10 mg/kg <3

and MMP9 expression is strongly associated with
increased invasiveness, a higher risk of recurrence, and
unfavorable outcomes in bladder cancer patients [43—
45]. Constitutive activation of NF-kB promotes the
induction of EMT-related proteins and MMP9 [42, 46].
Our data showed that lenvatinib effectively eliminated
the expression of MMP9 and EMT-related proteins
while inhibiting invasion (Figs. 3A-F and 5B, D and F).

In conclusion, our study has shown that lenvatinib
induces apoptosis through both extrinsic and intrinsic

pathways and increases the sensitivity of bladder can-
cer cells to cisplatin. Additionally, lenvatinib disrupts
EGFR/ERK/P38/NF-kB axis-mediated survival and
metastatic potential. Based on our findings, we suggest
lenvatinib as a potential therapeutic approach against
bladder cancer, as it effectively promotes apoptosis
and inhibits the EGFR/ERK/P38/NF-«kB axis.
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Fig. 5 Assessment of the anti-BC mechanism of lenvatinib in anin vivo BC model. (A-C) The protein expression levels associated with apoptosis and
antiapoptosis in mouse tumor tissue are presented, along with their quantification results. (D-F) The protein expression levels associated with EMT regula-
tion in mouse tumor tissue are presented, along with their quantification results. (G) The protein expression levels associated with EGFR-mediated signal
transduction in mouse tumor tissue are presented, along with their quantification results. [(¥, ***) represent statistical significance with Pvalues of less
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Fig. 6 The proposed mechanism of lenvatinib in combined with cisplatin. Lenvatinib demonstrated promising toxicity against bladder cancer (BC),
enhanced the effect of cisplatin, and exhibited anti-tumor activity by inducing apoptosis, inhibiting metastasis, and modulating EGFR/ERK/P38/NF-kB
signaling. These findings highlight the potential of lenvatinib as a therapeutic option for BC, either alone or in combination with existing treatments
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BC Bladder cancer

NMIBC  Nonmuscle invasive bladder cancer

MIBC Muscle invasive bladder cancer

EGFR Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

FGF Fibroblast growth factor receptors

VEGF Vascular endothelial growth factor receptors
MAPK Mitogen-activated protein kinase

MCL-1 Myeloid cell leukemia-1

MMP9 Matrix metalloproteinase-9

XIAP X-linked inhibitor of apoptosis protein
c-FLIP Cellular FLICE-like inhibitory protein
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