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Abstract

The tyrosine kinase inhibitor lenvatinib is used to treat advanced hepatocellular car-
cinoma (HCC). Ferroptosis is a type of cell death characterized by the iron-dependent
accumulation of lethal lipid reactive oxygen species (ROS). Nuclear factor erythroid-
derived 2-like 2 (Nrf2) protects HCC cells against ferroptosis. However, the mechanism
of lenvatinib-induced cytotoxicity and the relationships between lenvatinib resistance
and Nrf2 are unclear. Thus, we investigated the relationship between lenvatinib and
ferroptosis and clarified the involvement of Nrf2 in lenvatinib-induced cytotoxicity.
Cell viability, lipid ROS levels, and protein expression were measured using Hep3B
and HuH7 cells treated with lenvatinib or erastin. We examined these variables after
silencing fibroblast growth factor receptor-4 (FGFR4) or Nrf2 and overexpressing-
Nrf2. We immunohistochemically evaluated FGFR4 expression in recurrent lesions
after resection and clarified the relationship between FGFR4 expression and len-
vatinib efficacy. Lenvatinib suppressed system X_~ (xCT) and glutathione peroxidase 4
(GPX4) expression. Inhibition of the cystine import activity of xCT and GPX4 resulted
in the accumulation of lipid ROS. Silencing-FGFR4 suppressed xCT and GPX4 expres-
sion and increased lipid ROS levels. Nrf2-silenced HCC cells displayed sensitivity to
lenvatinib and high lipid ROS levels. In contrast, Nrf2-overexpressing HCC cells dis-
played resistance to lenvatinib and low lipid ROS levels. The efficacy of lenvatinib
was significantly lower in recurrent HCC lesions with low-FGFR4 expression than
in those with high-FGFR4 expression. Patients with FGFR4-positive HCC displayed
significantly longer progression-free survival than those with FGFR4-negative HCC.
Lenvatinib induced ferroptosis by inhibiting FGFR4. Nrf2 is involved in the sensitivity
of HCC to lenvatinib.
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lipid ROS, liver cancer, nuclear factor erythroid-derived 2-like 2, oxidative stress, tyrosine
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is a common cancer worldwide.
Hepatic resection has been established as a safe and effective treat-
ment for patients with HCC. However, the number of patients who
develop recurrence remains high.z'3 With the evolution of science
and technology, systemic therapies that improve the prognosis of
patients with HCC have been developed.*

Lenvatinib is an oral multikinase inhibitor that targets vascular
endothelial growth factor (VEGF) receptors 1-3, fibroblast growth
factor receptors 1-4 (FGFR1-4), platelet-derived growth factor
receptor, rearranged during transfection, and KIT. Lenvatinib is ap-
proved for the treatment of radioiodine-refractory differentiated
thyroid cancer, advanced renal cell carcinoma, and Hcc.>

Ferroptosis is morphologically, biochemically, and genetically
distinct from apoptosis, various forms of necrosis, and autophagy.
This process is characterized by the iron-dependent accumulation
of lethal lipid reactive oxygen species (ROS). Previously, the in-
duction of apoptosis was considered the main mechanism of can-
cer cell death for conventional treatments. However, studies have
reported that inducing ferroptosis can significantly improve the
efficacy of killing cancer cells, indicating that ferroptosis is another
important process for cancer treatment.”'® Previous studies illus-
trated that sorafenib, a multikinase inhibitor, induced ferroptosis.
However, whether lenvatinib induces cell death via ferroptosis re-
mains unknown.

Nuclear factor erythroid 2-related factor 2 (Nrf2) and its re-
pressor protein Kelch-like ECH-associated protein 1 (Keapl)
are key transcription factors for processing intracellular ROS.1?
Keap1l suppresses Nrf2 at low levels via ubiquitination and degra-
dation. However, under oxidative conditions, Nrf2 is phosphory-
lated, after which it translocates to the nucleus.™ Consequently,
Nrf2 binds to the conserved anti-oxidant response element at the
promoter regions of a battery of anti-oxidative and cellular de-
fense targets, such as NADPH quinone oxidoreductase 1 (NQO1),
hemoxidase-1, and ferritin heavy polypeptide 1, and then elicits
robust anti-toxification responses.’* Nrf2 has been described as
a crucial stress response mediator in solid tumors.’®> We previ-
ously reported that NQO1 activation was related to metastasis
and poor prognosis by enabling HCC cells to overcome anoikis
during anchorage-independent culture.'® Recent studies clearly
demonstrated the central role of Nrf2 in protecting HCC cells
against ferroptosis via the p62-Keap1-Nrf2 pathway, which up-
regulates multiple genes involved in iron and ROS metabolism.!!
It is unclear whether cell death induced by lenvatinib is associated
with ferroptosis.

In this study, we investigated the relationship between lenvatinib
and ferroptosis and clarified the involvement of Nrf2 in lenvatinib-

induced cytotoxicity.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

The HuH7 and Hep3B HCC cell lines were obtained from the
American Type Culture Collection. HuH7 and Hep3B were cultured
in DMEM containing 10% FBS, 100 IU/mL penicillin, and 100 pg/
mL streptomycin at 37°C in an atmosphere of 10% CO,. A Lipid
Peroxidation (MDA) Assay Kit (cat. ab118970, Abcam) was used in
this study. Lenvatinib was obtained from Eisai (Tokyo, Japan). The
Nrf2 inhibitors (ML385) (cat. SML1833) ferrostatin-1 and eras-
tin were purchased from Sigma-Aldrich (cat. SML0O583, St. Louis,
MO, USA). Liproxstatin and a Caspase-3/7 Fluorescence Assay Kit
was purchased from Cayman-Chemical (cat. 950455-15-9 and cat.
10009135, Ann Arbor, USA). Antibodies against phosphorylated
Nrf2 (p-Nrf2, at Ser40) (cat. ab76026), Nrf2 (cat. ab623252), and
NQO1 (cat. ab34173) were purchased from Abcam. FGFR4 (cat.
85625), system X (xCT) (cat. 12691S), and glutathione peroxidase
4 (GPX4) (cat. 52455S) antibodies were obtained from Cell Signaling
Technology. GAPDH antibody (cat. GTX100118) was obtained
from Sigma-Aldrich. Stealth RNAi (Thermo Fisher Scientific; GE
Healthcare Dharmacon) was used to silence Nrf2 (cat. 1299001) and
FGFR4 (cat. 4390824).

2.2 | Generation of nuclear factor erythroid-
derived 2-like 2 overexpressing cells and nuclear
factor erythroid-derived 2-like 2- or fibroblast growth
factor receptor-4-suppressed cells

An Nrf2 plasmid (cat. SC116283, NM_006164; Origene) was
transfected into HCC cells using a jetPRIME kit (ct. 114, Polyplus
Transfection). An empty vector (cat. PS100063, pCMVé-Entry
Vector; Origene) was also transfected into HCC cells as a control.
Forty-eight hours after transfection, HCC cells were selected with
500 pg/mL G418 (cat. A1720, Sigma). The limiting dilution method
was used to isolate single-cell clones from the transfected HCC cells.
Selected single cells were placed in each well of the culture plates,
and the clonal populations growing from each single cell were iso-
lated. HCC cells were checked for mycoplasma infection before and
after transfection, and all were negative.

We used FGFR4- or Nrf2-silenced cells. Transient gene suppres-
sion was achieved in Hep3B and HuH7 cells using Stealth RNAI.
Cells were prepared in complete growth medium without antibiot-
ics to achieve a density of 50,000 cells/500 pL of medium (30%-
50% confluent 24 h after plating). Then, reverse transfection was
performed using 10 nM Stealth RNAi with Opti-MEM | Reduced
Serum Medium and Lipofectamine RNAIMAX for 24 h at 37°Cin a
CO, incubator.
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FIGURE 1 Effects of lenvatinib and erastin on ferroptosis pathways and cell survival lenvatinib (HuH7: 0.8 uM, Hep3B: 0.4 uM) and
erastin (10 uM) inhibited the expression of system X~ (xCT) and glutathione peroxidase 4 (GPX4) (A), increased lipid reactive oxygen
species (ROS) accumulation, and suppressed cell survival (B). Si-fibroblast growth factor receptor 4 (FGFR4) inhibited the expression of xCT

and GPX4 (C), increased lipid ROS accumulation, and suppressed cell survival (D). *P < 0.01 versus the control group. Ctrl, control; fer1,
ferrostatin-1



Samples were lysed in lysis buffer containing 50 mmol/L Tris HCI
(pH 6.8) and 10% SDS, and the protein concentration for each sam-
ple was determined using a Bio-Rad Protein Assay kit. Samples were

heated at 95°C for 5 min and subjected to electrophoresis using
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FIGURE 1 (Continued)
2.3 | Western blotting SuperSep Ace 12% gels (Fujifilm) at 20 mA for 80 min. The Trans-Blot

Turbo Transfer System (Bio-Rad) was used to transfer proteins onto
a PVDF membrane (Bio-Rad). Primary and secondary antibodies
were diluted in iBind solution (Invitrogen). Primary antibodies were
anti-rabbit xCT (dilution 1:1000, Cell Signaling Technology), anti-
rabbit GPX4 (dilution 1:1000, Abcam), anti-rabbit FGFR4 (dilution
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1:1000, Cell Signaling Technology), anti-rabbit Nrf2 antibody (dilu-
tion 1:1000, Abcam), anti-rabbit p-Nrf2 (dilution 1:1000, Abcam),
anti-rabbit NQO1 (dilution 1:1000, Abcam), anti-mouse Lamin B1
(dilution 1:1000, Proteintech, Rosemont, IL, USA), and anti-rabbit
GAPDH (dilution 1:5000, GeneTex, CA, USA). The secondary an-
tibodies were goat anti-rabbit IgG H&L (1:5000; Abcam) and anti-
mouse IgG H&L (1:5000; Abcam). The membrane was incubated in
iBind solution with primary and secondary antibodies. Each blot was
incubated with Chemiluminescent HRP Antibody Detection Reagent
(Denville Scientific) and imaged using Amersham Imager 600 (GE
Healthcare) as previously reported.

2.4 | Lipid peroxidation analysis

Lipid ROS analysis was performed using a Lipid Peroxidation (MDA)
Assay Kit, which measures the lipid peroxidation marker malon-
dialdehyde (MDA). Cells (2 x 10%/well) were seeded into a 10-cm
plate and incubated at 37°C for 24 h in 10% CO,. Cells were ho-
mogenized in lysis solution on ice using a homogenizer and centri-
fuged at 13,000 g for 10 min. The supernatant was collected, mixed
with TBA reagent, incubated at 95°C for 60 min, and subjected to
an optical density measurement at 532 nm on a microplate reader
(BioTek).

2.5 | Caspase-3/7 Fluorescence Assay

Caspases-3/7 analysis was performed using a Caspasse-3/7
Fluorescence Assay Kit. Cells (1 x 10%/well) were seeded into a 96-
well plate and incubated at 37°C for 24 h in 10% CO,. After treat-
ment with lenvatinib, at 37°C for 24 h, the plates were centrifuged
in a plate centrifuge at 800 g for five minutes. Finally, the cells were
incubated with a caspase-3/7 substrate solution at 37°C for 90 m.
Caspase-3/7 activity was determined based on the fluorescence in-

tensity in cells using a microplate reader (BioTek).

2.6 | Immunocytochemical staining

Immunocytochemical staining for FGFR4 and P-Nrf2 was performed
on 4-um formalin-fixed, paraffin-embedded sections. Sections
were first deparaffinized and then blocked with 10% normal goat
serum. The tissue sections were incubated with the following anti-
FGFR4 antibody (dilution 1:100, Cell Signaling Technology) and
anti-P-Nrf2 (dilution 1:100, Abcam) at 4°C overnight. Stained slides
were scanned using the NanoZoomer (Hamamatsu Photonics KK).
Immunohistochemical data for FGFR4 staining and P-Nrf2 was
evaluated by two experienced researchers (N.I. and S.I.) who were
blinded to the clinical status of the patients. The final assessments
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FIGURE 1 (Continued)

were achieved by consensus. Cancer cells with membranous stain-
ing for FGFR4 were considered positive staining.”” The proportion
of FGFR4-positive cancer cells was estimated as the percentage of

total cancer cells. The median percentage of FGFR4-positive cells

was 10%, and, thus, we used a cutoff of 10% for cancer cells. Cancer
cells with nuclear staining for P-Nrf2. Staining intensities was scored
as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). The proportions
of tumor cells positively stained was scored as 0 (0%), 1 (1-25%),



2278 - ISEDAET AL.
ELERWTTS Cancer Science

(A)

HuH7 Hep3B

s & g A

Si RNA g & & & sinn ;g & & ¢

N2 | — Nrf2

P-Nrf2 — P-Nrf2  co—

NQO-1 — NQO-1 -

GAPDH -..d GPol | D - - —

FIGURE 2 Suppression of lenvatinib-induced ferroptosis by nuclear factor erythroid-derived 2-like 2 (Nrf2) in hepatocellular carcinoma
(HCC) cells. (A) HCC cells were transfected with siRNA (Nrf2 and control), and Nrf2, phosphorylated Nrf2 (p-Nrf2), and NADPH quinone
oxidoreductase 1 (NQO1) protein levels were assayed via immunoblotting. (B) HCC cells were transfected with siRNA (Nrf2 and control)

and treated with lenvatinib (HuH7: 0.8 uM, Hep3B: 0.4 uM). Malondialdehyde (MDA) levels and cell viability were analyzed. The data are
representative of at least three independent experiments. *P < 0.01 versus the control group. (C) HCC cells were treated with ML385, and
Nrf2, p-Nrf2, and NQO1 protein levels were assayed via immunoblotting. HCC cells were treated with ML385 and lenvatinib (HuH7: 0.8 uM,
Hep3B: 0.4 uM). Cell viability was analyzed using the CellTiter-Glo assay. Hep3B and HuH7 cells were transfected with empty vector or
Nrf2 plasmids, and Nrf2 protein levels were assayed via immunoblotting. The transfected cells were treated with lenvatinib (HuH7: 0.8 uM,
Hep3B: 0.4 uM) or ferrostatin-1 (ferl, 10 uM). MDA levels were analyzed. Cell viability was analyzed using the CellTiter-Glo assay. (D) HCC
cells transfected with Nrf2 overexpression or control plasmids were treated with lenvatinib (HuH7: 0.8 uM, Hep3B: 0.4 uM). Viability was

analyzed using the CellTiter-Glo assay. Len, lenvatinib

2 (26-50%), 3 (51-75%), or 4 (76-100%). The Q-score was the sum
of the intensity and proportion scores and ranged from O to 7. A
Q-score median was 3. A Q-score <2 was considered negative, or
reduced expression, and a Q-score >2 was considered positive or

preserved expression.81?

2.7 | Assessment of cell viability

The cells were further treated with lenvatinib, erastin, or ML385 for
12-72 h. Cell viability was evaluated using a CellTiter-Glo lumines-
cent cell viability assay kit (cat. G7570, Promega), which determined
cellular viability using ATP levels.

2.8 | Tissue samples

We retrospectively examined 31 patients with recurrent HCC after
resection between 2015 and 2019 at the Department of Surgery and
Science, Graduate School of Medical Sciences, Kyushu University,
Japan. All patients received a standard dose of lenvatinib therapy
and continued until the emergence of disease progression or intoler-

able toxicities. The best objective response and disease progression

were determined by computed tomography in accordance with
modified Response Evaluation Criteria in Solid Tumors (RECIST).
Computed tomography was performed every 1 to 3 months. We
investigated the relationship between the expression of FGFR4 in
resected specimens and the effect of lenvatinib in recurrent lesions.
Informed consent was obtained from each patient, and the study
protocol conformed to the ethical guidelines of the 1975 Declaration
of Helsinki. This study was approved by the institutional review
board of the Center of Clinical and Translational Research of Kyushu
University (Number: 2020-745).

2.9 | Clinical and laboratory evaluation
The following test values were collected from medical records within

1 month before surgery.

2.10 | Statistical analysis
Statistical differences were determined using the Mann-Whitney
test. P < 0.05 was considered statistically significant. All analyses

were performed using JMP 15.0.0 software (SAS Institute).



ISEDA ET AL. - 2279
Cancer Science NIl aaaa
HuH7
(B1) Hep3B
(uM)
. (@)
35 e 30
= =1
30 25
25 o 20 g
3
g 20 8
k-1 £ 15
- s
15 =
10
10
. 5 - S e R e =™ ==
5 | em— — &= —— e
Lenvatinib - - + + N - + + Lenvatinib . - + + - + +
Fer1 - + - + - + - + Fer1 + - + + .
Control siRNA Nrf2 siRNA P <0.01 Control siRNA Nrf2 siRNA
+P<0.01
Hep3B
HuH7
(%) . (%)
100 | =
. 1m 4
== - =
=
80
80
2 2
53 3 £3
SE 60 £ o0
28 £ 8
26 3%
5% s¢ | O
40 e
40
20 1
20 -
0 1
Lenvatinib + + + + 0
Lenvatinib + + + +
Fer1 - + - +
Fer1 N + - +
Control siRNA Nrf2 siRNA
* P <001 Control siRNA Nrf2 siRNA
* P<0.01
FIGURE 2 (Continued)
HuH7 and Hep3B cells with IC,, values of 0.76 and 0.34 uM, respec-
3 | RESULTS tively (Figure S1A, B).
Activation of the transmembrane transport protein xCT di-
3.1 | Lenvatinib treatment induced cell death by rectly exerts its effects on the important anti-oxidative stress

ferroptosis via fibroblast growth factor receptor-4

We examined the possibility that lenvatinib induces ferroptosis. We
first examined the anti-proliferative activity of lenvatinib against
HuH7 and Hep3B cells. Lenvatinib inhibited the proliferation of

molecules glutathione (GSH) and GPX4. Inhibition of the cystine
import activity of xCT resulted in a reduction of GPX4 synthetic
materials and the accumulation of lipid ROS.820 The expression of
xCT and GPX4 at the protein level was measured following len-
vatinib treatment. Lenvatinib significantly altered xCT and GPX4
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expression (Figure 1A). Ferrostatin-1 is an aromatic amine that
specifically binds with lipid ROS and protects cells against lipid
peroxidation.?! The occurrence and development of ferroptosis
by inducers such as erastin resulted in decreased GPX4 activity
directly through binding with GPX4 and indirectly through gluta-
thione deprivation.® Lipid peroxidation is a key event in ferropto-
sis.?2 We measured the end-products of lipid peroxidation, such
as MDA. We found that lenvatinib and erastin induced lipid ROS
accumulation in HuH7 and Hep3B cells. Moreover, ferrostatin-1

inhibited the induction of ferroptosis by MDA (Figure 1B). Next, we
investigated the viability of cell lines treated with lenvatinib and
ferrostatin-1. Ferrostatin-1 (10 uM) inhibited cell death induced by
lenvatinib and erastin in HuH7 and Hep3B cells (Figure 1B). We
investigated the inhibition of lenvatinib cell death by the ferropto-
sis inhibitor liproxstatin. Liproxstatin (1 uM) inhibited cell death
induced by lenvatinib in HuH7 and Hep3B cells (Figure S2A, B).
The activation of caspase-3 and -7 is the functional end-point of
the apoptotic cascade. Next, we checked caspase-3/7 activity in
the supernatant of cells treated with lenvatinib. The caspases-3/7
activity did not change in HuH7 and Hep3B cells treated with len-
vatinib (Figure S3A, B).

Lenvatinib is a multikinase inhibitor, and thus, we next examined
whether FGFR4 inhibition induced ferroptosis via the accumulation
of lipid ROS in HuH7 and Hep3B cells. We silenced FGFR4 protein
expression using the RNA interference technique. The expression of
XCT and GPX4 protein was measured after silencing FGFR4. The pro-
tein expression of xCT and GPX4 was suppressed in FGFR4-silenced
cells (Figure 1C). Lipid ROS levels were higher in FGFR4-silenced
cells in PLC as well as HuH7 and Hep3B (Figure S4). Silencing of
FGFR4 resulted in decreased viability in HuH7 and Hep3B cells, but
the administration of ferrostatin-1 (10 uM), which prevented the ac-
cumulation of lipid ROS, restored cell viability (Figures 1D and S5).
Next, we examined the anti-tumor effect of lenvatinib in the ab-
sence of FGFR4 in Hep3B and HuH?7. In cells that suppressed FGFR4,
the effect of lenvatinib was reduced. In vitro, the effect of lenvatinib
depended on FGFR4 (Figure S6A, B). Taken together, FGFR4 silenc-
ing suppressed xCT expression, induced lipid ROS accumulation, and
caused ferroptosis. Therefore, lenvatinib may induce ferroptosis by
suppressing FGFR4.

3.2 | Increased susceptibility to lenvatinib after
silencing endogenous nuclear factor erythroid-
derived 2-like 2 in hepatocellular carcinoma cells

To investigate whether silencing of Nrf2 contributes to the sensi-
tivity to lenvatinib-induced ferroptosis, we silenced Nrf2 protein
expression using the RNA interference technique. NQO-1 is a
downstream enzyme in the Nrf2 signaling pathway. Nrf2, p-Nrf2,
and NQO-1 protein expression was significantly reduced after
Nrf2 silencing (Figure 2A). We investigated lipid ROS levels follow-
ing Nrf2 silencing in HuH7 and Hep3B cells treated with lenvatinib
and ferrostatin-1. Lipid ROS levels were higher in Nrf2-silenced
cells treated with lenvatinib than in lenvatinib-exposed cells trans-
fected with control siRNA. Ferrostatin-1 particularly reversed
lenvatinib-induced lipid ROS accumulation following Nrf2 silencing
(Figure 2B). We next examined the viability of HuH7 and Hep3B
cells following Nrf2 silencing and treatment with lenvatinib and fer-
rostatin-1. Ferrostatin-1 (10 uM) significantly reversed lenvatinib-
induced cell death in Nrf2-silenced cells (Figure 2B). Nrf2-silenced
HuH7 and Hep3B cells exhibited increased sensitivity to lenvatinib
(Figure 2B). We examined the effects of ML385 (an inhibitor of
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Nrf2) on lenvatinib efficacy in HCC cells. ML385 inhibited the 3.4 | Fibroblast growth factor

protein expression of Nrf2, p-Nrf2, and NQO-1 (Figure 2C). In
the CellTiter-Glo assay, the cells were treated with 6 uM ML385,
0.8 uM lenvatinib, or both for 12, 24, or 48 h. Compared to the
effects of treatment with either ML385 or lenvatinib alone, the
combined treatment resulted in obviously stronger growth inhibi-
tion (Figure 2C). These results indicated that Nrf2 silencing confers

sensitivity to lenvatinib-induced ferroptosis.

3.3 | Overexpression of nuclear factor erythroid-
derived 2-like 2 significantly enhanced resistance
to lenvatinib

To examine whether Nrf2 overexpression influences lenvatinib
resistance, Nrf2 plasmid-transfected HuH7 and Hep3B cells were
established. Empty vector-transfected HuH7 and Hep3B cells were
also established as controls. Nrf2 protein expression was examined
in HuH7 and Hep3B cells via western blotting, which confirmed
that Nrf2 plasmid-transfected HuH7 and Hep3B cells stably ex-
pressed Nrf2 (Figure 2D). We investigated lipid ROS levels in Nrf2-
overexpressing HUH7 and Hep3B cells treated with lenvatinib and
ferrostatin-1. Lipid ROS levels were lower in Nrf2-overexpressing
cells treated with lenvatinib than in mock-transfected cells treated
with the drug (Figure 2D). Ferrostatin-1 (10 uM) significantly re-
versed lenvatinib-induced cytotoxicity in Nrf2-overexpressing
cells (Figure 2D). The viability of cells treated with lenvatinib was
measured using the CellTiter-Glo assay. Nrf2-overexpressing cells
treated with lenvatinib displayed greater survival than control cells
(Figure 2D).

receptor-4 and nuclear factor erythroid-derived 2-like
2 expression are related to lenvatinib therapeutic
efficacy in patients

Next, we examined whether FGFR4 protein expression is related
to the efficacy of lenvatinib. Patient characteristics are shown in
Tables 1 and 2. Table 1 shows clinical data at the time of surgery, and
Table 2 shows clinical data at the time of treatment of lenvatinib.
As presented in Figure S7A, B, the cancer cells exhibited positive
FGFR4 staining. Figure 3A illustrates the relationship between
FGFR4 expression and lenvatinib resistance in 31 patients. These 31
patientsincluded 16 patients with FGFR4-positive lesions and 15 pa-
tients with FGFR4-negative lesions. Among the 16 FGFR4-positive
patients, 11 (68.8%) displayed partial or complete responses to len-
vatinib compared to 3 of 15 3 (20.0%) FGFR4-negative patients (P =
0.0113). The patients with positive FGFR4 expression in cancer cells
had significantly longer progression-free survival than those with
negative FGFR4 expression (log-rank P = 0.0052, Figure 3B). We in-
vestigated protein expression of P-Nrf2 associated with efficiency
of lenvatinib. As presented in Figure S8A, B, the cancer cells exhib-
ited positive P-Nrf2 staining. Figure S8C illustrates the relationship
between P-Nrf2 expression and lenvatinib resistance in 31 patients.
These 31 patients included 18 patients with P-Nrf2-positive lesions
and 13 patients with P-Nrf2-negative lesions. Among the 18 P-Nrf2-
positive patients, 5 (27.8%) displayed partial or complete responses
to lenvatinib, versus 9 of 13 (69.2%) P-Nrf2-negative patients (P =
0.0205). The patients with positive P-Nrf2 expression in cancer cells
had significantly shorter progression-free survival than those with
negative P-Nrf2 expression (log-rank P = 0.0124, Figure S8D).
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4 | DISCUSSION

In the present study, we analyzed the cytotoxicity of lenvatinib in
HCC cells. We demonstrated that lenvatinib suppressed xCT ex-
pression and induced lipid ROS accumulation through FGFR4 inhibi-
tion. The accumulated lipid ROS induced ferroptosis in HCC cells.
Additionally, activated Nrf2 suppressed ferroptosis induced by
lenvatinib (Figure 4). We demonstrated that the inhibition of acti-
vated Nrf2 could sensitize HCC cells to lenvatinib. To the best of
our knowledge, this is the first study to demonstrate the interaction
between lenvatinib and ferroptosis and its regulation by Nrf2.

Ferroptosis is a regulated cell death pathway with unique mor-
phological, biochemical, and genetic hallmarks, and it is associated
with xCT and GPX4 signaling.® Activation of the transmembrane
transport protein xCT directly affects the functions of the anti-
oxidative stress molecule GSH at the level of synthesis.?® GPX4
uses GSH as a basic co-factor to catalyze the reduction of hydrogen
peroxide and organic peroxides, especially lipid peroxides, to water
and the corresponding alcohol.?* Inactivation of GPX4 leads to the
accumulation of lipid peroxides, which further leads to an increase
in ROS levels. The accumulation of lipid ROS causes ferroptosis.25
Erastin inhibits xCT and depletes GSH, finally inactivating GPX4.
Therefore, erastin induces ferroptosis.® In the present study, lenva-
tinib inhibited xCT and inactivated GPX4 by inhibiting FGFR4. We
also observed lipid ROS accumulation in HCC cells treated with len-
vatinib. Lipid ROS accumulation was associated with the inhibition
of XxCT by lenvatinib.

Our data further demonstrated that FGFR4 regulated xCT, and
this regulation was associated with ferroptosis. Yi et al. reported
that activating mutations of phosphatidylinositol 3-kinase (PI3K)
conferred ferroptosis resistance in cancer cells and that inhibi-
tion of the PIBK-AKT-mechanistic target of rapamycin signaling
axis sensitized cancer cells to ferroptosis induction.?® Some re-
ports have shown that activated FGFR4 directly phosphorylated
FGFR substrate 2, which led to the activation of PIBK-AKT sig-
naling.?’-2? It is possible that the inhibition of FGFR4 by lenvatinib
suppressed the activation of PI3K-AKT signaling, thereby induc-
ing ferroptosis.

Some recent studies demonstrated that Nrf2 is a mas-
ter regulator of antioxidant response and has been shown to
regulate lipid peroxidation-related protein and the activity of
several ferroptosis.®®3? A number of integral glutathione syn-

thesis- and metabolism-related enzymes are under the control
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TABLE 1 Association between FGFR4
expression and patient clinicopathological

) Variable
factors at the time for hepatectomy

Age (years)

Sex, male/female
BMI (kg/m?)
HBs-Ag positive
HCV-ADb positive
Albumin (g/dL)
AFP (ng/mL)
DCP (mAU/mL)
Tumor size (cm)
Solitary/Multiple

Poorly differentiation

Microscopic vascular invasion

Microscopic intrahepatic

metastasis

Child-pugh score A/B/C
BCLC staging 0/A/B/C/D

= 2285
Cancer Science yinsanas

FGFR4 positive (n FGFR4 negative (n

=16) = 15) P-value
70 (69-75) 68 (63-76) 0.2306
11/5 10/5 0.2268
23.7 (22.5-26.0) 22.1(20.7-25.7) 0.3626
5(31.3%) 4(26.7%) 0.7786
3(20.0%) 5(31.3%) 0.4723
3.9 (3.6-4.4) 3.8(3.3-4.3) 0.2547
21.0(5.1-283.3) 12.9 (3.8-50.9) 0.2535
158 (61.8-12991) 53(30.0-788.0) 0.4727
4.0(1.3-7.9) 2.4(1.4-5.0) 0.8050
7/9 3/12 0.0601
9 (56.3%) 4(26.7%) 0.0921
6 (37.5%) 3(20.0%) 0.2796
8 (50.0%) 3(20.0%) 0.0768
16/0/0 15/0/0 0.2936
2/13/1/0/0 3/11/1/0/0 0.8454

Note: The data are presented as n (%) or median (interquartile).

Abbreviations: AFP, alpha-fetoprotein; BCLC: Barcelona Clinic Liver Cancer; BMI, body mass index;
DCP, des-gamma-carboxyprothrombin; HBs-Ag, hepatitis B surface antigen; HCV-Ab, hepatitis

C virus antibody.

TABLE 2 Association between FGFR4
expression and patient clinicopathological
factors at the time for lenvatinib
treatment

Variable

Age (years)

Sex, male/female
BMI (kg/m?)
HBs-Ag positive
HCV-ADb positive
Albumin (g/dl)
AFP (ng/mL)
DCP (mAU/mL)
Tumor size (cm)

Solitary/Multiple

Child-Pugh score A/B/C
BCLC staging 0/A/B/C/D

FGFR4 positive (n FGFR4 negative (n

=16) = 15) P-value
72(70-77) 69 (65-78) 0.2160
11/5 10/5 0.2268
20.9 (18.9-24.3) 22.3(21.4-24.2) 0.2885
5(31.3%) 4 (26.7%) 0.7786
3(20.0%) 5(31.3%) 0.4723
4.0 (3.7-4.4) 3.9 (3.4-4.0) 0.2942
4.0 (2.2-203.6) 23.4(3.2-152.0) 0.2969
46 (23.0-1745) 179 (42.0-508.0) 0.5250
2.0(1.5-3.0) 2.0(1.4-3.3) 0.4904
7/9 4/11 0.3181
16/0/0 15/0/0 0.2936
0/3/6/7/0 0/4/5/5/0 0.8042

Note: The data are presented as n (%) or median (interquartile).

Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; BMI, body mass index;
DCP, des-gamma-carboxyprothrombin; HBs-Ag, hepatitis B surface antigen; HCV-Ab, hepatitis

C virus antibody.

of Nrf2, including both the catalytic and modulatory subunits of
glutamate-cysteine ligase, GSH synthetase, and a subunit of xCT,
all of which are indispensable for GSH synthesis.®>22 In this study,
lenvatinib inhibited xCT expression and lipid ROS accumulation,
leading to ferroptosis. However, the activation of Nrf2 by lipid
ROS accumulation suppressed ferroptosis. Therefore, Nrf2 inhib-
itors, such as ML385, encouraged that lenvatinib-induced ferro-

ptosis could be efficiently cause.

In this study, we demonstrated that FGFR4 expression in cancer
cells is related to the therapeutic efficacy of lenvatinib in patients
with HCC. Yamauchi et al. reported that the tumor FGFR4 level was
an independent predictor of the response to lenvatinib.}” The sam-
ple size was relatively small in the two studies, and thus, further re-
search is necessary.

Lenvatinib also suppresses vascular endothelial growth factor

receptor in vivo, leading to tumor ischemia.* Ischemia contributes
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to ferroptosis-mediated tissue injury in the intestine,*> brain,
diomyocytes,®” and kidneys.?® Considering the lack of angiogenesis
in vitro, it is possible that lenvatinib more strongly induces ferro-
ptosis in vivo, and therefore, it will be interesting to evaluate the
contribution of lenvatinib to ferroptosis in vivo in future studies.
In conclusion, we first revealed that lenvatinib induces ferroptosis
by suppressing xCT expression in HCC cell lines. Lenvatinib-induced
ferroptosis was regulated by Nrf2. Therefore, functional characteri-
zation of Nrf2 in ferroptosis may offer insights into the treatment of

HCC.
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