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Resistance Driven by STAT3-ABCB1 Signaling in
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Lenvatinib is an inhibitor of multiple receptor tyrosine kinases
that was recently authorized for first-line treatment of hepatocel-
lular carcinoma (HCC). However, the clinical benefits derived from
lenvatinib are limited, highlighting the urgent need to understand
mechanisms of resistance. We report here that HCC cells develop
resistance to lenvatinib by activating EGFR and stimulating the
EGFR-STAT3-ABCBI axis. Lenvatinib resistance was accompa-
nied by aberrant cholesterol metabolism and lipid raft activation.
ABCBI was activated by EGFR in a lipid raft-dependent manner,
which significantly enhanced the exocytosis of lenvatinib to mediate
resistance. Furthermore, clinical specimens of HCC showed a
correlation between the activation of the EGFR-STAT3-ABCB1

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignancies with high probabilities of metastatic recurrence, treat-
ment failure, and a poor prognosis (1). Clinically, most HCCs are
already in advanced stages with limited treatment options when the
initial diagnosis is made. Recently, much progress in molecular
targeted therapy and immunotherapy has provided new hope for
patients with advanced HCCs. Among of them, sorafenib, lenvatinib,
and atezolizumab/bevacizumab combination have been approved as
the first-line therapy (2). Lenvatinib is the second authorized first-line
medication for advanced HCC after sorafenib. It is an orally admin-
istered multitarget tyrosine kinase receptor inhibitor that inhibits the
VEGEFR 1/2/3, FGFR 1/2/3/4, platelet-derived growth factor receptor o
and the proto-oncogenes KIT and RET (3, 4). However, the relatively
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pathway and lenvatinib response. Erlotinib, an EGFR inhibitor that
has also been shown to inhibit ABCBI, suppressed lenvatinib
exocytosis, and combined treatment with lenvatinib and erlotinib
demonstrated a significant synergistic effect on HCC both in vitro
and in vivo. Taken together, these findings characterize a mecha-
nism of resistance to a first-line treatment for HCC and offer a
practical means to circumvent resistance and treat the disease.

Significance: HCC cells acquire resistance to lenvatinib by
activating the EGFR-STAT3-ABCBI1 pathway, identifying com-
bined treatment with erlotinib as a strategy to overcome acquired
resistance and improve the clinical benefit of lenvatinib.

rapid emergence of resistance to lenvatinib treatment limits the overall
therapeutic benefit, highlighting the urgent need to investigate the
molecular mechanisms and identify new therapeutic strategies to
overcome the drug resistance.

Lipid rafts are a 10 to 200 nm, heterogeneous, high fluidity regions of
the cell membrane that are rich in sterols, sphingolipids, and choles-
terol (5), and can stably form a platform for the proteins and lipids that
participate in a wide range of biological activities (6). A variety of
receptor tyrosine kinases (RTK) and functional proteins, such as EGFR
and ATP-binding cassette (ABC) transporter family members, are
concentrated in lipid rafts. The recruited proteins in lipid rafts vary on
the basis of the stimulus (7, 8).

EGFR, also known as ERBB1 or HER1, belongs to the subfamily of
RTKs. The homologous ligands of EGFR include EGF, TGFo., and
amphiregulin (9, 10), which induce EGFR homodimerization or
heterodimerization and lead to the phosphorylation of intracellular
tyrosine residues that activate downstream pathways (such as the
RAS-RAF-MEK-ERK, JAK-STAT, and PI3K-AKT pathways) and
regulate a variety of biological processes, such as cell proliferation,
antiapoptosis, metastasis, and metabolism. The disorder of EGFR
promotes the occurrence and development of various tumors (11-13).

Excessive excretion has been regarded as a remarkable mechanism
mediating drug resistance. Multidrug resistance transporter proteins
are known for their contribution to resistance through the cellular
efflux of drugs (14). ATP-binding cassette transporter Bl (ABCBI),
also known as P-glycoprotein (Pgp), is a member of the ABC protein
family. It is a membrane transporter (14, 15) that can transport a
variety of substrates (250-1,250 Da) including phospholipids, sterols,
cholic acids, peptides, metabolites, and drugs against the concentration
gradient by consuming ATP (16). Lenvatinib is the specific transport
substrate for ABCB1 and cannot be excreted by OAT1, OATS3,
OATP1B1, OATP1B3, OCT1, OCT2, MATEL, MATE2-K, or the bile
salt export pump (4).
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In the current study, we aimed to explore the mechanism of
acquired resistance to lenvatinib and identify a novel combination
treatment to overcome lenvatinib resistance and increase the treat-
ment response in HCC.

Materials and Methods

Patients, follow-up, and clinical specimens

Nine patients who received curative resection for HCC at the authors’
institutes from October 2019 to December 2020 were enrolled in this
study. All patients who underwent surgical resection were confirmed to
have HCC and provided written informed consent in accordance with
ethical approval by the Ethics Committee of Huashan Hospital, Fudan
University (Shanghai, China). The clinical samples were fixed in for-
malin solution within half an hour of tissue isolation or stored directly in
liquid nitrogen. All patients were pathologically diagnosed with HCC
without extrahepatic or lymphoid metastasis and in the IA-IITA tumor—
node-metastasis stage. None of them received any preoperative cancer
treatment except for lenvatinib. The patients had complete clinical cases
and follow-up data, including personal information, clinical diagnosis,
medication records, laboratory results, and imaging reports. Routine
blood, liver and kidney function, and tumor marker assessments were
performed every month. Liver ultrasonography was performed every
2 months. CT or MRI scans were performed every 6 months or when
recurrence was suspected. All these examinations were performed
independently by doctors without knowledge of the study.

Cell culture

Human liver cancer cell lines (HuH7 and PLC/PRF/5), HEK293T
cells, and the mouse liver cancer cell line Hepl-6 were purchased in
2018 from the Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). All human cancer cells and mouse liver cancer cells
were cultured in DMEM with 10% FBS, glutamine and 1% penicillin—
streptomycin (Gibco) at 37°C and 5% CO,. To establish lenvatinib-
resistant (LR) cell lines, HuH7 and PLC/PRF/5 cells were cultured with
increasing doses of lenvatinib (Selleck) starting from 3 umol/L and
20 pmol/L, respectively. The cell culture media was replaced every
48 hours until the cells spread across 90% of the culture dish and then
passaged. After the passaged cells were replated, the concentration was
increased by 0.5 umol/L until HuH7 cells proliferated quickly at a
concentration of 30 mol/L lenvatinib and PLC/PRF/5 cells prolifer-
ated quickly at 60 pmol/L lenvatinib. This process took at least
6 months. The resistant cell strains were named HuH7 LR and
PLC/PRF/5 LR. The identities of all cell lines were confirmed via
short tandem repeat profiling and the Mycoplasma test results were
negative. Cell stocks were conducted within five passages, and all
experiments were completed within eight passages.

LR mouse model

Hep1-6 cells were subcutaneously injected into the right posterior
flanks of 4-week-old male C57BL/6 mice (5 x 10° cells/mouse),
followed by treatment with lenvatinib (10 mg/kg/d) when the tumor
reached a volume of approximately 100 mm? in size. After 28 days of
treatment, mice were sacrificed. The largest tumor was divided into
1-mm® pieces and implanted subcutaneously in the next generation of
4-week-old male C57/BL6 mice. After 3 generations of continuous
screening, the resistant Hep1-6 cells were stable.

Cell viability assay
Cells were seeded at a density of 3,000 cells per well on 96-well plates
and incubated overnight. The next day, the cells were rinsed, and fresh
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medium was added with DMSO or the indicated treatment over a
7-point concentration range for 72 hours. The viability of cells was
then measured by a Cell Counting Kit-8 (CCK-8) assay. ICs; values
were determined by GraphPad Prism 8.0 using a 3-parameter dose-
response model.

RNA isolation, reverse transcription, and gPCR

RNA was isolated from cell lines using TRIzol reagent (Invitrogen).
RNA was quantified using a Nanodrop ND-1000 (Thermo Fisher
Scientific). Complementary DNA synthesis was performed using the
PrimeScript RT Reagent Kit (Takara) according to the manufacturer’s
directions.

Real-time PCR was performed using SYBR Green (Takara) and an
ABI PRISM 7900 Sequence Detection System (Thermo Fisher). The
results were normalized to Gapdh for mRNA measurement. Fold
change was calculated by the 2724 method where AAC, = AC,
(Target-Reference) Treatment — AC, (Target-Reference) control. All
the primers are listed in Supplementary Table S1. qPCR was conducted
three times with three repetitions.

Western blotting

Total protein was extracted by lysing cells in RIPA buffer containing
protease inhibitor. Protein samples were separated by SDS-PAGE and
transferred onto polyvinylidene fluoride membranes. After blocking
with 5% nonfat milk in TBS-T, membranes were incubated with
primary antibody. The following antibodies were used: anti-STAT3
(#9139, CST) and anti-p-STAT3 (#4113, CST), anti-GAPDH (#2118,
CST), anti-ABCB1 (#13978, CST), anti-EGFR (#4267, CST), anti-
PEGER (#3777, CST), anti-AKT (#4685, CST), anti-pAKT (#4060,
CST), anti-ERK (#4695, CST), anti-pERK (#4370, CST), anti-CAV1
(66067-1-1g, Proteintech), anti-FLOT1 (A6220, ABclonal), and anti—
CCAAT/enhancer-binding protein delta (CEBPD; ab65081, Abcam).
The detailed information about antibodies was shown in Supplemen-
tary Table S2. Protein bands were detected by image acquisition using
an ImageQuant LAS 4000 (GE Healthcare Life Sciences).

IHC staining

For THC, 5 umol/L paraffin-embedded sections of patient/mouse
tumors were baked at 60°C for 1 hour, deparaffinized in xylene, and
rehydrated in a graded series of ethanol solutions. Antigens were
unmasked by microwave heating the samples in 10 mmol/L sodium
citrate buffer (pH 6.0) for 15 minutes (5 minutes, 3 times), and the
reaction was quenched using hydrogen peroxide 3%. After washing
with PBS, the samples were incubated with the following primary
antibodies overnight at 4°C: anti-pEGFR (#3777, CST), anti-EGFR
(#4267, CST), anti-ABCB1 (#13978, CST), anti-STAT3 (A19566,
ABclonal), anti-Ki67 (ab15580, Abcam), and anti-cleaved caspase-3
(#9664, CST). 3,3'-diaminobenzidine was used as a detection system.
Quantification analyses were performed using Image] software based
on the percentage of positively stained cells and the staining intensity
per field in representative sections.

Immunofluorescence

For immunofluorescence (IF), cells seeded in the wells of glass-
bottomed dishes were fixed with 4% paraformaldehyde for 30 minutes
after being rinsed twice with 1 xPBS. The following primary antibodies
were used: anti-pEGFR (#3777, CST), anti-CAV1 (66067-1-Ig, Pro-
teintech), and anti-ABCB1 (#13342, CST). The secondary antibodies
Alexa Fluor 488 [Alexa Fluor 488-Labeled Goat Anti-Mouse IgG
(H+L), Beyotime Biotechnology] and Alexa Fluor 555 (Alexa Fluor
555-Labeled Donkey Anti-Rabbit IgG, Beyotime Biotechnology) were
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used. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) before imaging. A Leica confocal microscope was used to
capture the images. Quantification analyses were performed using
Image] software based on the fluorescence intensity per cell in rep-
resentative sections.

Vectors and cell transfections

An expression vector mediated by lentivirus for human EGFR or
ABCBI1 was constructed. The sequence was amplified from the cDNA
library via specific primers listed in Supplementary Table S3. Then, the
harvested DNA was inserted into pCDH-puro expression vector
(System Biosciences). In addition, four short hairpin RNAs (shRNA)
targeting the human genes EGFR, ABCB1, STAT3, CEBPD were
synthesized using the primers listed in Supplementary Table S3.
ABCBI shRNA, EGFR shRNA, STAT3 shRNA, CEBPD shRNA, and
nontarget shRNA control (pLKO.1 TRC, Mission RNAIi) constructs
were purchased from Sigma (SIGMA). pTSB-CMV-STAT3-Y705A
was generated using pTSB-CMV-STAT3 WT as a template with the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). pCDH-
EGFR-WT-Flag and pCDH-EGFR-Kinase-Death (K721A) were gifts
from Dr. Mien-Chie Hung’s Lab in MD Anderson Cancer Center
(Houston, USA). All these constructs and oligonucleotides were
transfected into HCC cells using Lipofectamine 2000 according to
the product manual (Invitrogen).

Total cellular cholesterol determination and cholesterol
staining

Cells were cultured in DMEM (Gibco) with 10% lipid depleted FBS
(S181L, Biowest) for 24 hours. The total cellular cholesterol content
was measured using a commercial Cholesterol Assay Kit (E1005;
Applygen Technologies, Inc.). Cholesterol staining was performed
using a Cholesterol Assay Kit (ab133116, Abcam) according to the
manufacturer’s instructions.

Lenvatinib efflux assay and concentration measurement

FITC-lenvatinib was purchased from Xi’an ruixi Biological
Technology Co., Ltd. Cells were seeded in 24-well plates at 1 x 10*
cells/well. Lenvatinib-sensitive (LS) and LR strains were stained with
Dil dye (red) at working concentration of 10 mol/L for 20 minutes.
After rinsing with PBS, FITC-lenvatinib (green) at a concentration
of 10 umol/L was added to HuH7 and HuH7 LR cell media, and
20 umol/L FITC-lenvatinib was added to PLC/PRF/5 and PLC/PRF/5
LR cell media. After 6 hours of treatment, the culture medium was
replaced by fresh medium without FITC-lenvatinib and the cells were
photographed every hour for the whole day to observe the changes of
FITC-lenvatinib enrichment in the cells. Quantification analyses were
performed using Image] software based on the fluorescence intensity
per cell in representative sections. The concentration of lenvatinib in
the culture supernatant was measured by Fuda Analytical Testing
Group by LC-MS (Gas Temp: 200°C, N2 Flow:12 L/min, Sheath Gas
Flow: 12 L/min, Sheath Gas Temp:350°C, VCap:300 V).

In vivo treatment studies

The animal research in this study was approved by the Shanghai
Medical Experimental Animal Care Commission and performed
according to the Guide for the Care and Use of Laboratory Animals.
For LR strains, 5 x 10° cells were implanted subcutaneously into the
right flanks of Balb/c nude mice. When tumors reached approximately
200 mm?, mice were randomized into four groups of 5 mice each and
assigned to 5 days per week treatment with PBS, lenvatinib (10 mg/kg),
erlotinib (30 mg/kg), and the drug combination with decreased doses
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(lenvatinib 3 mg/kg + erlotinib 10 mg/kg, 1/3 dose of each used alone)
via oral gavage. Consistent with the procedures above, mice were
treated with PBS, lenvatinib (Lenva, 10 mg/kg), Stattic (10 mg/kg), or
their combination (lenvatinib 3 mg/kg + Stattic 3 mg/kg, 1/3 dose of
each used alone). Tumor volume was determined using the modified
ellipsoidal formula, tumor volume = '/, length x width? based on
digital calipers.

Protein profile
Tandem mass tag (TMT) proteome analysis was performed at
Shanghai Applied Protein Technology Co. Ltd. (Shanghai, China).

Phospho-RTK array
A phospho-RTK array (R&D Systems) was performed according to
the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using the Statistical Package for
GraphPad Prism 8.0 software. Student ¢ test and one- or two-way
ANOVA were used for comparisons between groups. For all tests,
significance was determined with a 95% confidence interval (ns,
P>0.05 %, P<0.05 **, P<0.01; ***, P < 0.001; ****, P < 0.0001).

Data availability
All the data acquired and/or used in the study are available upon
request from the corresponding author.

Results

Establishment of cell models with acquired resistance to
lenvatinib

To obtain LR HCC cell models, we exposed HuH7 and PLC/PRF/5
cells to increasing concentrations of lenvatinib (starting from 3 umol/L
and 20 umol/L, respectively) over 6 months and named them HuH7-
LR and PLC/PRF/5-LR (LR strains). Compared with parent cells
(LS strains), HuH7-LR and PLC/PRF/5-LR exhibited poor responses
to lenvatinib as the ICs values were 16.76 and 2.64 times greater than
those of the LS strains, respectively (Fig. 1A; Supplementary Fig. S1A).
After a month of abstinence from lenvatinib, ICs, values remained at
42.12 pmol/L and 5241 wmol/L, respectively (Supplementary Fig. SIB).
Moreover, LR strains were demonstrated considerably with elevated capa-
bilities of resisting apoptosis, invasion, and metastasis (Supplementary
Fig. S1C and S1D) but no obvious alteration in proliferation were observed
(Supplementary Fig. SIE and S1F). To further validate their stabilities irn vivo,
we implanted the LR and LS strains subcutaneously or orthotopically
into nude mice and tumor growth was monitored every 7 days
(Supplementary Fig. S1G). As expected, treatment with lenvatinib
failed to yield an antitumor effect in the LR groups as indicated by
tumor volume and no significant reduction in tumor volume was
observed in the LR group compared with the LS group after
treatment with PBS (Fig. 1B-E). In addition, we established a LR
mouse strain (Hepl-6 LR) by performing three cycles of lenvatinib
treatment in C57BL/6 mice (Fig. 1F; Supplementary Fig. S1H).
Taken together, these LR models could be very useful tools for
elucidating the molecular mechanisms and processes of lenvatinib
resistance, which were assessed in subsequent experiments.

The EGFR-STAT3-ABCB1 pathway is activated in the LR HCC
model

To investigate the mechanisms of acquired resistance to lenvatinib
in HCC, we performed TMT proteome analyses in HuH7 and HuH7
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LR cells. The results demonstrated that the expression levels of RTK
family members and ABCBI1 increased dramatically in HuH7 LR
cells (Fig. 2A). Next, we examined the activation of RTKs using a
human RTK phosphorylation array. Notably, the most dramatic
alteration was observed in the pEGFR expression of LR strains
compared with that of the control LS strains (Fig. 2B). These
observations revealed that EGFR was significantly upregulated and
activated in LR HCC cells.

As previous studies have reported that there are three classical
downstream signaling pathways of EGFR (RAS-RAF-MEK-ERK,
JAK-STAT, and PI3K-AKT pathways; refs. 17, 18), we questioned
which downstream signaling pathway was activated and mediated
lenvatinib resistance. Western blot analysis demonstrated that
pSTAT3 expression was remarkably altered (Fig. 2C). Because
STAT3 has been implicated in regulating ABCB1 expression (19, 20),
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we overexpressed EGFR and ABCBI in LS strains to validate the
correlation among EGFR, STAT3, and ABCBI1. The results showed
that overexpression of EGFR significantly increased the levels of
pSTAT3 and ABCB1. However, overexpression of ABCB1 did not
produce an obvious effect on pSTAT3 or EGFR (Fig. 2D), thus
indicating that ABCBI1 locates in the downstream of both EGFR and
STAT3. Moreover, we used shRNAs to knock down EGFR and
ABCBI1 in LR strains, and the results demonstrated that the
depletion of EGFR in LR strains notably decreased the expression
of pSTAT3 and ABCBI, whereas ABCB1 knockdown significantly
increased the expression of pSTAT3 but not EGFR, indicating that
STATS3 and ABCBI might be bidirectionally regulated (Fig. 2E). In
addition, compared with the LS strains transfected with a blank
vector, the LS strains overexpressing ABCB1 and EGFR exhibited a
significant ICs, shift and lenvatinib-resistant phenotype (Supplementary
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Fig. S2A-S2E), which suggested that EGFR and ABCB1 play critical roles
in lenvatinib resistance.

A previous study has revealed that EGF binding leads to an
increased phosphorylation of EGFR (21). Therefore, to further
clarify the mechanism of EGFR feedback activation, we first mea-
sured EGF expression in the cell supernatants from LR strains
(HuH7 LR and PLC/PRF/5 LR) as well as their parent LS strains
(HuH7 and PLC/PRF/5) by ELISA, and found that EGF was
obviously upregulated in the culture media of LR strains compared
with that of LS strains (Supplementary Fig. S2F). After treated with
human EGF (50 ng/mL) and/or erlotinib (10 umol/L) for 1 hour, the
increased EGF ligand in LS strains (HuH7 and PLC/PREF/5) was
sufficient to trigger the activation of the EGFR-STAT3-ABCB1
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pathway determined by Western blot (Supplementary Fig. S2G).
Moreover, ICs, assays of HuH7 and PLC/PREF/5 cells treated with
human EGF (50 ng/mL) and/or erlotinib (10 umol/L) or with DMSO
indicated that the supplementation of exogenous EGF ligand
induced the resistance of HCC cells to lenvatinib (Supplementary
Fig. S2H). In addition, to further define the role of EGFR in
mediating the pathway activation and lenvatinib resistance in LR
strains, we generated a constitutively active EGFR vector (EGFR™")
and a kinase-dead EGFR mutant (EGFRMYT) with inactive activity
by mutating proton acceptor active residue lysine (K) at 721 to
alanine (A) according to a previous study (22) and found that the
suppression of the EGFR-STAT3-ABCBI pathway could be rescued
by the transfection of EGFRYY, but not EGFRMYT in EGFR-silenced
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LR strains (Supplementary Fig. S2I). These results indicated that
EGEFR activity is necessary for maintaining the resistance phenotype.

Next, we examined whether STAT3 activation affects pathway
activation and lenavtinib response in HCC. First, we used shRNAs
to knock down STAT3 expression in LR strains and found that it
conferred the sensitivity of LR strains to lenvatinib as illustrated by
decreased ICso and LR colony formation (Supplementary Fig. S3A-
S3C). Moreover, Western blot analyses revealed that knocking down
STAT3 decreased the expression of ABCB1, which was rescued by
ectopic expression of STAT3W" rather than STAT3Y7°** mutant
(Supplementary Fig. S3D). These suggest that STAT3 phosphorylation
at Y705 mediates ABCB1 expression and affects the lenvatinib
response. In addition, ABCB1 expression in LR strains was consider-
ably suppressed by Stattic, a STAT3 inhibitor, but the EGFR expres-
sison remained constant (Fig. 2F). This further supports that STAT3 is
critical in regulating ABCB1 expression.

Furthermore, we investigated whether ABCBI is a direct target of
STAT3 in LR strains. The full-length ABCB1 promoter was cloned into
a luciferase reporter plasmid and then the recombinant plasmid was
cotransfected into 293T cells with blank or STAT3-containing plas-
mids. Unexpectedly, no obvious change in luciferase activity was
observed (Supplementary Fig. S3E), indicating that STAT3 is not a
direct transcription factor of ABCBI1. Given that STAT3 was reported
toregulate ABCB1 through CEBPD, which further binds to the ABCB1
promoter element and upregulates its transcription (19), we explored
whether CEBPD expression was aberrated and induced ABCBI
expression in LR strains. As expected, CEBPD induction was observed
in LR strains, and CEBPD knockdown using shRNAs attenuated the
ABCBI expression (Supplementary Fig. S3F and S3G). Taken together,
these data indicate that ABCBI is a downstream effector of STAT3
activation, and that feedback activation of the EGFR-STAT3-ABCB1
pathway triggers lenvatinib resistance in LR strains.

EGFR activates ABCB1 in a lipid raft-dependent manner
EGFR and ABCBI are reported to be tightly connected to lipid rafts
on the cell membrane (23, 24). In the current study, we demonstrated
obvious colocalization between pEGFR, ABCB1 and the lipid raft
marker CAV1 by IF (Fig. 2G and H). In addition, a spatial interaction
between ABCBI and EGFR was observed in the PLA assay (Fig. 2I).
The proteomics data demonstrated a high level of lipid metabolism in
LR strains and the processes of lipid raft synthesis and decomposition
were extremely active (Fig. 3A-D). Given that cholesterol, one of the
major components of lipid rafts, is critical for lipid raft stability and
protein anchoring on lipid rafts, we used qRT-PCR to screen key
enzymes of lipid metabolism to better understand the aberrant lipid
metabolism pathways in the LR strains and identified significant
changes in the key enzymes involved in cholesterol synthesis
(Fig. 3E). Moreover, we quantified the total cholesterol in the LR and
LS strains, and found that the total level of endogenous cholesterol
increased markedly in the LR strains (Fig. 3F and G). We further
determined the mRNA levels of lipid raft markers (CAV1 and FLOT1),
ABCBI1 and EGFR in HCC cells and found that, although there was no
obvious difference in the overall levels of lipid raft markers between LR
and LS strains, EGFR and ABCBI were substantially upregulated in LR
strains (Fig. 3H). Consistent results were confirmed at the protein level
by Western Blot (Fig. 3I). Furthermore, we extracted lipid rafts from
HCC cells and detected the protein levels of EGFR and ABCB1 by
Western blotting. The results indicated that the samples extracted by
the lipid raft kit were free of nucleoprotein and plasma protein
contamination (Fig. 3J), and the expression levels of EGFR and
ABCBI in the lipid rafts of LR strains were significantly increased
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compared with those in the parent cells (Fig. 3K). These results were
consistent with those observed in the above IF experiments (Fig. 2G
and H). In addition, methyl-B-cyclodextrin (MBCD), which can
efficiently destroy the lipid raft structure on the cell nembrane, notably
attenuated ABCB1 expression on the cell membrane, indicating that
ABCBI expression depends on the lipid raft structure (Fig. 3L). Taken
together, these findings suggest that lenvatinib resistance is accom-
panied by aberrant cholesterol metabolism and lipid rafts activation.
ABCBI is activated by EGFR in a lipid raft-dependent manner.

EGFR-STAT3-ABCB1 signaling activation is associated with the
lenvatinib response in patients with HCC

To further validate the relevance between the activation of the
EGFR-STAT3-ABCBI pathway and lenvatinib response in HCC,
we collected samples from 9 patients with HCC treated with
lenvatinib, among whom 3 patients had a partial response (PR),
3 had stable disease (SD), and 3 had progression disease (PD)
according to RESIST1.1 criteria (Fig. 4A). No prominent difference
was observed in the mRNA levels of EGFR, ABCB1 and the key
enzymes of cholesterol synthesis between the SD and PR groups,
whereas their levels were increased significantly in the PD group
compared with the PR and SD groups (P < 0.05). Similarly, the
expression levels of lipid raft markers did not show significant
differences among the three groups (Fig. 4B and C). In addition,
IHC staining was performed in HCC tissues from clinical patients
with acquired lenvatinib resistance as well as a subcutaneous
implantation model (Hepl-6 LR) of mice to further validate the
activation of the EGFR-STAT3-ABCBI pathway in HCC resistance
to lenvatinib (Fig. 4D). Collectively, these data suggest that the
activation of the EGFR-STAT3-ABCBI1 pathway is closely associ-
ated with the resistance of HCC to lenvatinib.

ABCB1 mediates lenvatinib resistance by enhancing its
exocytosis from HCC cells

Because lenvatinib is a special substrate for Pgp (ABCB1), to further
understand the role of ABCBI in inducing lenvatinib resistance, we
examined the concentration of lenvatinib in the culture medium of the
LS and LR strains at different time points. We observed that the
reduction in drug concentration in the supernatant of the LS and LR
strains was consistent within the first 6 hours after treatment with
lenvatinib. After that, different concentrations of lenvatinib were
observed between the LS and LR strains, indicating the enhanced
exocytosis of lenvatinib from the LR strains. After remaining approx-
imately 6 hours, the lenvatinib concentration of both the LS and LR
strains decreased again from the 12th hour after treatment to the
endpoint of the experiments (Fig. 5A).

To further validate these findings, we added a fluorescent FITC tag
to lenvatinib (purity > 99.8%; Fig. 5B) and labeled the cells initially
with Dil dye, which did not affect cell viability. Next, we added FITC-
lenvatinib to the culture medium of the LS and LR strains and then
changed the medium to remove the drug after 6 hours’ treatment. The
cells were transferred to a high-connotation imaging analysis system
(Living Cell Workstation) and photographed dynamically at 37°C and
5% CO, for 24 hours. The imaging results were consistent with the
solubility trend of lenvatinib. The intracellular fluorescence intensity
of the LR strains significantly decreased over time. In contrast, the
fluorescence quenching in LS strains was much slower than that in LR
strains (Fig. 5C-F). These results indicated that the resistance to
lenvatinib is at least in part due to the excretion of lenvatinib from HCC
cells. Moreover, upregulation of EGFR and ABCBI induced significant
tolerance to lenvatinib in HCC cells (Supplementary Fig. S4A-S4E).
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Figure 3.

EGFR activates ABCBT in a lipid raft-dependent manner. A and B, All differentially expressed genes were sorted in descending order by fold change and the
normalized enrichment score (NES) was calculated for each gene set using the functional gene sets in MSigDB (literature vs. databases containing signaling
pathways, physiologic function, and spatial structure, etc.). C and D, A total of 112 upregulated gene sets and 128 downregulated gene sets were obtained.
NES >1.0 or < 1.0, P < 0.05 was considered significant. (The NESs for lipid rafts and CAV1 were 2.2 and 2.3, respectively, suggesting functional enrichment in
the LR group). E, gPCR results for the mRNA expression of the key enzymes in the lipid metabolic pathway in LS and LR strains. F, Total cellular cholesterol
determination of LS and LR strains. G, Cholesterol staining in drug-resistant and drug-sensitive strains. Filipin Il is a cholesterol-specific fluorescent dye
(blue) and Dil is a membrane-structured fluorescent dye used for cells (red). H, gPCR results for the mRNA expression of CAV1, FLOT1, EGFR, and ABCB1in LS
and LR strains. I, Western blot of EGFR, pEGFR, CAV1, and ABCB1 expression in LS strains (HuH7 and PLC/PRF/5) versus LR strains (HuH7 LR and PLC/PRF/5
LR). J and K, Western blot of lipid raft markers (J) and protein levels (K) of EGFR and ABCBI1 on lipid rafts. L, Representative IF images and quantitation for
ABCBI1 (red), CAV1 (green), and DNA (DAPI, blue) after treatment with PBS or MBCD. n = 5 independent experiences. Scale bars, 15 um. All the results
are shown as the mean =+ SD. Two-tailed Student ¢ test and one- or two-way ANOVA were used to analyze the data. *, P < 0.05; **, P< 0.01; ***, P < 0.0071;
**#x P < 0.0001.
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Lenvatinib-resistant C57BL/6 mouse model

Activation of the EGFR-STAT3-ABCB1 pathway is validated in LR patients and the Hep1-6 LR mouse model. The efficacy of lenvatinib treatment was evaluated
according to RECIST1.1criteria. In the preoperative efficacy evaluation, patients who reached PD were considered resistant to lenvatinib, and patients who reached PR
or SD were considered sensitive to lenvatinib. A, Comparison of liver MRl images and AFP values before and after lenvatinib treatment between a patient in the

sensitive group and a patient in the resistant group. B and C, Tissues from patients

who reached PR, SD, and PD after lenvatinib treatment were used for validation at

the mRNA level. D, IHC staining of liver cancer tissues from patients in the sensitive group and resistant group, and subcutaneous tumor tissues derived from mice that

were implanted with the Hep1-6 and Hep1-6 LR strains. All the results are shown as
***, P <0.001.

Taken together, these data support that continuous exposure to
lenvatinib induces the activation of the EGFR-STAT3-ABCBI sig-
naling pathway and thus enhances the exocytosis of lenvatinib from
HCC cells.

Blocking EGFR phosphorylation and ABCB1 exocytosis has a
synergistic effect with lenvatinib on HCC

We next investigated whether EGFR inhibitors could block the
activation of the EGFR-STAT3-ABCBI signaling pathway and there-
by sensitize LR strains to lenvatinib. Erlotinib is a specific inhibitor
targeting EGFR that can inhibit not only EGFR phosphorylation
but also ABCB1-medicated exocytosis. Erlotinib alone did not show
a striking effect on HCC cells, and no significant difference in ICsq
values was observed between the LS and LR strains (Supplementary
Fig. S5A-S5D).
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the mean 4 SD (n = 5). Two-way ANOVA was used to analyze the data. *, P< 0.05;

To evaluate the possible effect of the combination of lenvatinib and
erlotinib in LR HCC, we treated the LR strains with the combination of
erlotinib (10 pmol/L, 1/3 doses of ICs to balance the efficacy with the
toxic and side effects; ref. 25) and lenvatinib (a set of concentration
gradients). The ICs, value of lenvatinib in HuH7 LR cells was
significantly decreased from 53.29 pmol/L to 1.94 umol/L, which was
even lower than that in HuH7 cells (3.18 wmol/L; Supplementary
Fig. S5E). Similar results were also found in PLC/PRF/5 LR cells with
the ICs, value decreasing from 62.24 pmol/L to 20.42 umol/L, which
was lower than that in PLC/PRF/5 (23.61 umol/L; Supplementary
Fig. S5F). The potent effect on LR strains was also confirmed with fewer
viable cells after the combination treatment (Supplementary Fig. S5G).
Next, we used CCK-8 assays to determine the cell viabilities of HuH7
LR and PLC/PRF/5 LR strains, which were treated with the indicated
concentration of erlotinib or lenvatinib alone, or their combination for
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Figure 5. A
Activation of the EGFR-STAT3-ABCB1 axis
mediates lenvatinib resistance via drug exocy-
tosis. A, Lenvatinib concentrations in cell culture
media were determined. A concentration of
10 umol/L lenvatinib was added to HuH7 and
HuH7 LR cell media, and a concentration of
20 umol/L of lenvatinib was added to PLC/
PRF/5 and PLC/PRF/5 LR cell media. The
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48 hours. The results showed that lenvatinib in combination with
erlotinib demonstrated a more significant inhibition on the resistant
cells compared with the lenvatinib or erlotinib alone (Fig. 6A-D).
In addition, we used the Chou-Talalay algorithm to calculate their
combination index (CI; ref. 26). The results showed that the CI < 1
in all the concentration gradients of lenvatinib, indicating that there
is a significant synergistic effect between them (Fig. 6E and F). The
long-term colony formation assays also revealed the synergistic
effect in the combination group (Fig. 6G and H). Moreover, in a
TUNEL apoptosis staining assay, LR strains treated with lenvatinib
in combination erlotinib demonstrated much more apoptosis than
that treated with lenvatinib or erlotinib alone (Supplementary
Fig. S5H-S5K).

To further evaluate the synergistic effect of this combination
treatment in vivo, we established subcutaneous LR models in nude

AACRJournals.org

Time (h) Time (h)

mice using LR strains. Tumor-bearing mice were randomly divided
into 4 groups with 5 mice in each group; the groups were treated with
PBS, lenvatinib (10 mg/kg), erlotinib (30 mg/kg), and a combination
with decreased doses (lenvatinib 3 mg/kg + erlotinib 10 mg/kg, 1/3
doses of each used alone). The results demonstrated that the combi-
nation therapy impaired tumor growth and decreased tumor burden
more effectively than monotherapy (Fig. 6I and J), which indicated
that the combination treatment exhibited a strong synergistic effect on
tumor growth of LR strains in vivo. Similar results were further
confirmed in the mouse model of lenvatinib resistance (Hepl-6 LR;
Supplementary Fig. S5L). Moreover, the results indicated no obvious
pathologic damage and no significant weight loss in the experimental
and control groups, and no aberration was found in liver and kidney
function (Supplementary Fig. S6A-S6D). In addition, we carried out
THC staining of Ki-67 and cleaved caspase-3 in the subcutaneous grafts
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Lenvatinib in combination with erlotinib has a synergistic effect on LR strains. A and B, HuH7 LR and PLC/PRF/5 LR strains were treated with the indicated
concentration of erlotinib, lenvatinib alone, or their combination for 48 hours. Cells were then subjected to a CCK-8 assay to determine cell viability. € and D, HUH7 LR
and PLC/PRF/5 LR strains were treated with the indicated concentration of lenvatinib, erlotinib alone, or their combination. Cells were then subjected to a CCK-8
assay to determine cell viability at the indicated time points. E and F, HuH7 LR and PLC/PRF/5 LR strains were treated with the indicated concentrations of lenvatinib
and erlotinib for 48 hours. Cells were then subjected to a CCK-8 assay to determine cell viability, and the Cl was determined. G and H, HuH7 LR and PLC/PRF/5 LR
strains were treated with lenvatinib, erlotinib alone, or in combination. The remaining cells were stained after 14 days. I and J, Tumor appearance and tumor growth
curves of subcutaneous implantation models of the HUH7 LR strain (1) and PLC/PRF/5 LR strain (J). When the tumor volume reached approximately 100 mm?, the
mice were treated with PBS, lenvatinib (Lenva, 10 mg/kg), erlotinib (Erlo, 10 mg/kg), or their combination. All the results are shown as the mean + SD. Two-way
ANOVA was used to analyze the data. ****, P < 0.0007; ns, nonsignificant.

of mice. The results indicated that the LR strains treated with their
combination expressed higher cleaved caspase-3 and lower Ki-67
compared with that treated with the single agent alone (Supplementary

Fig. S7A-S7C).
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Given that STAT3 activation plays a remarkable role in medi-
ating lenvatinib resistance, we further evaluated whether a STAT3
inhibitor had potent synergistic effect with lenvatinib. The results
revealed that the combination of lenvatinib and Stattic (a pStat3
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Lenvatinib combined with erlotinib effectively blocks the EGFR-STAT3-ABCB1 pathway. A, HuH7 LR strains were treated with DMSO, without lenvatinib (Lenva,
20 umol/L), erlotinib (Erlo, 30 umol/L), or the combination (Lenva, 3 umol/L + Erlo, 10 umol/L) for 48 hours. PLC/PRF/5 LR strains were treated with DMSO,
with/without lenvatinib (Lenva, 30 umol/L), erlotinib (Erlo, 30 umol/L), or the combination (Lenva, 10 umol/L + Erlo, 10 umol/L) for 48 hours. Western blotting was
conducted to observe changes in the EGFR-STAT3-ABCB1 pathway. B-E, HuH7 LR (B and C) and PLC/PRF/5 LR (D and E) cells were treated with DMSOQ, lenvatinib,
erlotinib, or the combination as the Western blotting experiment (A), fixed and stained with ABCB1, CAV1, and pEGFR antibodies. The fluorescence signals were
analyzed by using confocal microscopy. Representative images and the quantitation of relative fluorescence intensity are shown. n = 5 independent experiments.
Scale bars, 15 um. F and G, LR strains were stained with Dil dye (red) at a working concentration of 10 umol/L for 20 minutes. After rinsing with PBS, FITC-lenvatinib
(green) at a concentration of 10 umol/L was added to HUH7 and HuH7 LR cell media, and 20 umol/L FITC-lenvatinib was added to PLC/PRF/5 and PLC/PRF/5 LR cell
media. After 6 hours of treatment, the culture medium was replaced with fresh medium containing 10 umol/L erlotinib and photographed every hour to observe the
changes in FITC-lenvatinib enrichment in the cells. Representative images and the quantitation of relative fluorescence intensity are shown. n = 5 independent
experiments. Scale bars, 20 um. H, Working model of the combination of lenvatinib and erlotinib eliminating lenvatinib resistance induced by EGFR-STAT3-ABCBI1
axis activation in HCC. All the results are shown as the mean + SD. One- or two-way ANOVA was used to analyze the data. ***, P < 0.001; ****, P < 0.0001; ns,
nonsignificant.
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inhibitor) could significantly suppress the proliferation of LR
strains, but Stattic alone had no obvious effect at these low con-
centrations (approximately less than 20 pumol/L; Supplementary
Fig. S8A and S8B). Their synergistic effect was further confirmed
in vivo (Supplementary Fig. S8C and S8D). In addition, we carried
out IHC staining of Ki-67 and cleaved caspase-3 in the subcuta-
neous grafts of mice. Similar to the results of the combination of
lenvatinib and erlotinib, LR strains treated with the lenvatinib in
combination with Stattic expressed higher cleaved caspase-3 and
lower Ki-67 compared with that treated with the single agent alone
(Supplementary Fig. S8E and S8F).

Collectively, these results suggest that the combination of lenvatinib
and erlotinib produces a strong synergistic effect on HCC with a
decreased dose of lenvatinib and the treatment is safe with reliable
outcomes.

Erlotinib blocks the EGFR-STAT3-ABCB1 pathway and inhibits
the exocytosis of lenvatinib

To elucidate the underlying mechanism of the synergistic effect
induced by the combination of lenvatinib and erlotinib, we treated
HuH?7 LR cells and PLC/PRF/5 LR cells with drugs for 48 hours and
detected alterations in the EGFR-STAT3-ABCBI1 pathway using
Western blotting. The results showed that erlotinib, rather than
lenvatinib, significantly suppressed pEGFR and ABCBlexpression,
while their combination demonstrated a synergistic effect that
achieved the same inhibition efficiency on pEGFR and ABCBI levels
with a 1/3 total dose (Fig. 7A). Consistent with Western blotting
findings, the fluorescence intensities of ABCB1 and pEGFR on the
cellular membrane of the combinational treatment group were sig-
nificantly lower than those of the other groups. The fluorescence area
was concentrated in the perinuclear cytoplasm of the treated
cells (Fig. 7B-E), suggesting that the combination of lenvatinib
with erlotinib induced significant downregulation and functional
inhibition of pEGFR and ABCBLlin the cellular membrane. Similar
effects on pEGFR and ABCBlwere further confirmed in xenograft
models (Supplementary Fig. S7A-S7C). Moreover, we found that
erlotinib significantly delayed the exocytosis of FITC-lenvatinib with
a fluorescence retention time lasting until the end of 24 hours’
observation, during which, numerous apoptotic cells were observed
(Fig. 7F and G). Taken together, these findings indicated that the
combination with erlotinib could block the EGFR-STAT3-ABCB1
pathway and inhibit the exocytosis of lenvatinib, thus indicating a
promising way to reverse lenvatinib resistance.

Discussion

Drug resistance has become one of the major problems for cancer
therapy (27). As with sorafenib, the newly approved drug lenvatinib
also faces the issue of drug resistance. According to incomplete
statistics, over 60% of patients with HCC develop tolerance to
lenvatinib within 1 year, and only a fraction of patients obtain
long-term benefits. Therefore, extensive efforts are ongoing to under-
stand the underlying mechanisms of response/resistance. According
to the efficacy of HCC treatment, drug resistance can be classified into
primary (resistance at the initial treatment) and acquired resistance
(sensitive at the beginning but resistant later during the treatment
process). On the basis of previous studies, the acquired resistance of
HCC can be due to restricted drug uptake and increased exocytosis;
abnormal drug metabolic pathways; bypass activation of treatment
targets; enhanced DNA repair; imbalance of survival and apoptosis
and tumor microenvironment factors (24, 28-36). For patients with
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HCC, sorafenib was the only molecularly targeted drug until a few
years ago and its mechanism of acquired resistance has been
explored for over a decade with little clarity. Therefore, the acquired
resistance mechanism for newly approved drug lenvatinib needs to
be unveiled, and it is critical to understand the underlying mechan-
isms of drug resistance, explore promising ways to overcome that
and further improve the treatment response to benefit patients with
HCC.

Through analysis of proteomics and RTK phosphorylation micro-
arrays in models with acquired lenvatinib resistance, our study dem-
onstrated that HCC cells developed resistance to lenvatinib by acti-
vating EGFR and stimulating the downstream EGFR-STAT3-ABCB1
axis, which was accompanied by aberrant cholesterol metabolism and
lipid raft activation. ABCB1 was activated by EGFR in a lipid raft-
dependent manner, which significantly enhanced the exocytosis of
lenvatinib to mediate resistance (Fig. 7H). The combination of
lenvatinib and erlotinib, an EGFR inhibitor for non-small cell lung
cancer (NSCLC), yielded a significant synergistic effect to improve
HCC patients’ clinical benefit with lenvatinib treatment. Coinciden-
tally, a recent study also suggested that the combination of lenvatinib
and an EGFR inhibitor (gefitinib) might be particularly beneficial for
patients with high initial EGFR expresseion (37). Their results dem-
onstrated that primary resistance to lenvatinib in patients with HCC is
due to the inhibition of FGFR, which leads to feedback activation of the
EGFR-PAK2-ERKS5 signaling axis. Thus, both studies reinforced the
idea that a combination of lenvatinib and EGFR inhibitors would
further benefit patients with HCC by combating drug resistance (both
primary and acquired).

For future studies, further exploration of aberrant cholesterol
metabolism or the enhanced exocytosis from HCC cells will bring
more clarity to our understanding of acquired drug resistance,
which may provide us with better targets. Of note, ABCBI1 is
involved in acquired lenvatinib resistance in HCC. Although spe-
cialized targeted inhibitors of the key factor ABCB1 have been
developed for the 3rd generation (Tariquidar), they have not been
clinically authorized for therapy due to severe side effects. Similarly,
the evaluation of Stattic, a STAT3 inhibitor, revealed significant
cytotoxicity, weaking the possibility of its application in combina-
tion treatment. Erlotinib, a drug launched in 2004, has undergone
17 years of exploration and development, and in May 2020, the FDA
approved erlotinib in combination with ramucirumab as a first-line
treatment option for patients with advanced NSCLC with EGFR
exon 19 deletion or exon 21 L858R mutation (38). This was the first
approval of a combination of two RTK inhibitors in lung cancer
therapy and provided the possibility for the combination of targeted
drugs. Erlotinib and lenvatinib are administered orally and are well
tolerated by patients without the use of invasive procedures, such as
subcutaneous or intravenous injections (39). Moreover, this com-
bination regimen offers a new treatment option for patients with
immune dysfunction, those on immunosuppressive drugs after liver
transplantation and those who cannot tolerate immunotherapy.
Thus, EGFR inhibitors may be the best option for the treatment
of HCC with acquired lenvatinib resistance.

In summary, our research has shed light on acquired lenvatinib
resistance among patients with HCC. Combination treatment
with lenvatinib and erlotinib can suppress the EGFR-STAT3-
ABCBI1 pathway, thus overcoming exocytosis-mediated resistance
to lenvatinib.
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