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Pharmaceutical inhibition of AXL suppresses tumor growth
and invasion of esophageal squamous cell carcinoma
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Abstract. Esophageal squamous cell carcinoma (ESCC) is
a common type of cancer in a number of regions of the world,
including East Asia, South Africa and Iran. It is often associated
with poor prognosis rates. Tyrosine-protein kinase receptor UFO
(AXL) is overexpressed in a subset of ESCC tumors, therefore the
present study aimed to determine the effect of R428, a selective
inhibitor of AXL, on ESCC tumor cells. TE1 and KYSE150 cell
lines were used as models to investigate the effects of R428 treat-
ment. The proliferative rate of the tumor cells was analyzed using
MTT and colony formation assays. In addition, cell migration and
invasion rates were analyzed using wound healing and Matrigel
assays, respectively. The expression levels of matrix metallopro-
teinase (MMP)2 and MMP?9, and the activation of protein kinase
B (AKT), extracellular signal-regulated kinase (ERK) and AXL
signaling were analyzed using gelatin zymography and western
blotting. The results revealed that R428 inhibited the prolifera-
tive and invasive abilities of both cell lines. Furthermore, AXL,
AKT and ERK signaling were all decreased in response to R428
treatment, alongside the expression levels of MMP2 and MMP9.
In conclusion, the results of the present study suggested that
R428 treatment may suppress ESCC tumor cell proliferation and
invasion, representing a potential therapeutic target for ESCC.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is a common
type of cancer in China and other parts of the world, which is
associated with a poor prognosis for the affected patients (1).
ESCC is the fourth most common type of cancer in China,
accounting for ~375,000 deaths in 2015, which represented
~13% of all cancer-related deaths (2). ESCC is a frequently
recurrent cancer with a high mortality rate and an average
5-year survival rate of >20% (3), which highlights the impor-
tance of discovering novel therapeutic strategies to treat the
disease.

Tyrosine-protein kinase receptor UFO (AXL) is a member
of the TYRO3, AXL and MERTK (TAM) family of receptor
tyrosine kinases (RTKs), which is activated by its ligand,
growth arrest-specific protein 6 (GAS6), leading to the acti-
vation of several downstream signaling pathways, which is
dependent on the cell type, but predominantly includes the
PI3K/AKT and mitogen-activated protein kinase (MEK)/ERK
signaling pathways. AXL has been previously implicated in
the pathophysiology of numerous types of cancer, including
breast, gastric, prostate, ovarian and lung cancer (4,5), where it
was discovered to promote cancer cell survival, angiogenesis,
metastasis and drug-resistance (6-8).

AXL was revealed to be overexpressed in several
ESCC tumors, which was associated with an adverse prog-
nosis (9,10) and drug resistance (11). In addition, our previous
study demonstrated that AXL was associated with ESCC
epithelial-mesenchymal transition (EMT) by analyzing online
ESCC gene sets using Gene Set Enrichment Analysis (12). The
present study revealed that targeting AXL with R428, the most
selective AXL inhibitor currently available (13), suppressed
ESCC tumor cell proliferation and invasion through inhibiting
matrix metalloproteinase (MMP)2 and MMPO activity.

Materials and methods

Cell lines and reagents. TEl and KYSE150 ESCC cell
lines were purchased from The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. TE1 cells
were cultured in RPMI-1640 medium (Gibco; Thermo Fisher
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Scientific, Inc.), supplemented with 10% FBS (Zhejiang
Tianhang Biotechnology Co., Ltd.), whereas KYSE150 cells
were cultured in a 1:1 mixture of Ham's F12 medium (Gibco;
Thermo Fisher Scientific, Inc.) and RPMI-1640 medium,
supplemented with 5% FBS. Both cell lines were also supple-
mented with 100 U/ml penicillin and 0.1 mg/ml streptomycin
(Beyotime Institute of Biotechnology) and maintained in
a humidified atmosphere at 37°C with 5% CO,. Cell line
authentication was achieved by genetic profiling using the
polymorphic short tandem repeat (STR) method at the Forensic
Science Center, Jining Medical University (Shandong, China).
The results (Table SI) revealed that these cells were identical
to the original cells, whereas the STR profile of KYSE150
cells was identical to that reported by Wu et al (14). R428
was purchased from MedChemExpress and the concentration
used was the lowest it could be to suppress the activation of
AXL and its downstream signaling pathways (<5 #M in cell
proliferation assay and <3 M in other assays), these concen-
trations have also been widely used in other studies involving
R428 (15-17). The MTT reagent, dimethylformamide (DMF),
DMSO and sodium dodecyl sulfate (SDS) were purchased
from Sigma-Aldrich (Merck KGaA).

MTT assay. The MTT assay was performed according to the
method described by Hansen er al (18). Briefly, 3x10° cells/well
were plated into 96-well plates and incubated overnight.
Subsequently, the cells were treated with R428 or vehicle
(DMSO) and incubated for 24, 48 or 72 h at 37°C. Then, 25 ul
MTT (5 mg/ml MTT in sterile PBS) was added to the medium
and cells were incubated for 2 h at 37°C. The reaction was
stopped, and the cells were lysed with the addition of 100 ul
lysis buffer consisting of 20% SDS in a water/dimethylfor-
mamide (1:1) solution (pH 4.7). Cell lysates were incubated
at 37°C overnight to allow for cell lysis and dye solubiliza-
tion. The absorbance (OD) was measured at 570 and 630 nm,
as a reference, using a Multiskan Mk3 microplate reader
(Thermo Fisher Scientific, Inc.). The absorbance of each well
was calculated as ODs;,-ODg;,. MTT assays were performed
in triplicate, with three technical repeats.

Colony formation assay. A total of 1x10° cells/well were
seeded into six-well plates and incubated overnight. Then,
the cells were treated with R428 or vehicle (DMSO) for 24 h
at 37°C before the medium was changed to normal growth
medium. Following 8 days of incubation for KYSE150 cells,
and 14 days for TEL, the cells were washed with PBS twice and
stained with crystal violet staining solution at room tempera-
ture for 5 min. The number of colonies formed (>50 cells) was
counted under a light microscope at x40 magnification.

Wound healing assay. TE1 and KYSEI150 cells were harvested
using trypsin and cell suspensions were seeded into six-well
plates at a density of 1x10° cells/well. Upon the cells reaching
90% confluence, a 10-ul pipette tip was used to scratch a
wound on the surface of the cell monolayer. After washing
with pre-warmed PBS, the cells were incubated with their
respective culture medium containing 1% FBS and R428 or
vehicle (DMSO). Images of the wells were obtained at 0 h, and
then again at 14 h for TE1 cells and 24 h for KYSE150 cells,
in the same position as that at O h under a light microscope at

x40 magnification. The images were analyzed using Imagel
software (version 1.52a; National Institutes of Health) to
obtain the area. The migration of cells towards the open gap
was determined as the area at 0 h-the area at 14 h for TE1 cells
and the area at O h-the area at 24 h for KYSE150 cells. The
assay was performed in triplicate, with three technical repeats.
The migratory rate of the control cells was set at 100% and
the migratory rate of the other plates was normalized to the
control cells.

Matrigel assay. To investigate cell invasion, 1x10° TE1 or
KYSEI50 cells in normal medium were pretreated with
R428 for 3 h at 37°C, then plated into the upper chambers of
Transwell plates (8-um pore size; 6.5 mm diameter; Corning
Life Sciences) precoated with 500 pg/ml Matrigel (Corning
Life Sciences) for 1 h at 37°C, in medium supplemented
with 0.3% FBS. Medium supplemented with 10% FBS was
plated into the lower chambers. Following incubation for
16 h (for TE1 cells) or 24 h (for KYSE150 cells), the inva-
sive cells were fixed with 100% methanol for 10 min at room
temperature, stained with 0.5% crystal violet for 30 min at
room temperature and washed with water to remove the excess
dye. Stained cells were visualized using an optical microscope
under x100 magnification in five randomly selected fields of
view. The invasive rate of the control cells was set at 100% and
the invasive rate of the other groups was normalized to the
control cells.

Western blotting. Western blotting was performed as previously
described (19). Briefly, total cellular protein was extracted from
cells using RIPA lysis buffer containing protease inhibitors
and phosphatase inhibitors. Extracted protein (20 ug per lane)
was separated via 10% SDS-PAGE and transferred onto PVDF
membranes. The membrane was blocked for 1 h in 5% non-fat
milk solution at room temperature and then incubated with
the indicated primary antibodies overnight at 4°C. Following
the primary antibody incubation, the membranes were incu-
bated with horseradish peroxidase-conjugated secondary
antibodies at room temperature for 1 h. Protein bands were
visualized using an ECL reagent (cat. no. CW0049; CoWin
Biosciences). GAPDH was used as the endogenous loading
control. Anti-AXL (cat. no. 8661; 1:1,000), anti-phosphorylated
(p)-AKT (cat. no. 4060; 1:1,000) and anti-AKT (cat. no. 4691;
1:1,000) primary antibodies were purchased from Cell
Signaling Technology, Inc. The anti-p-AXL antibody
(cat. no. AF2228; 1:200) was obtained from R&D Systems
China Co., Ltd. Anti-GAPDH antibody (Clone OT12DG;
cat. no. TA-08; 1:1,000) was purchased from OriGene
Technologies, Inc. Anti-ERKI+ERK?2 (cat. no. ab184699;
1:10,000) and anti-p-ERK1+ERK?2 (cat. no. ab76299; 1:10,000)
primary antibodies were purchased from Abcam.

Gelatin zymography to determine the activity of MMP2
and MMP9. MMP2 and MMP9 activity from the collected
samples was assayed using 0.05% gelatin zymography, as
previously described (20). Briefly, 5x10° cells were cultured
in six-well plates overnight, and then R428 was added to the
medium and incubated for 24 h at 37°C. Following incuba-
tion, the medium was changed to 700 ul serum-free medium
containing R428. Following incubation for 18 h, the medium
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was collected for analysis. The protein concentration of each
sample was measured using a bicinchoninic acid protein assay
kit (cat. no. PO0O10; Beyotime Institute of Biotechnology)
and equal amounts of total protein were separated via
10% SDS-PAGE gels co-polymerized with 0.05% gelatin. After
electrophoresis, the gels were washed in 2.5% Triton X-100
three times for 1.5 h at room temperature to remove the SDS
and regain activity. The washed gels were then bathed in
proteolysis buffer (50 mM CaCl,, 0.5 M NaCl, 50 mM Tris;
pH 7.8) and incubated at 37°C for 15 h. Following incubation,
the gels were rinsed in 2.5% Triton X-100 solution and stained
at room temperature with Coomassie blue (45% methanol,
44.75% H,0, 10% acetic acid, 0.25% Coomassie blue R-250)
for 1 h on a rotator. Gels were de-stained with a solution
containing 40% methanol, 7.5% acetic acid and 52.5% H,O
for a few hours until the bands became clear. The gelatin
inside the gel bound to the Coomassie blue, dyeing the gel blue
and leaving the MMP-digested regions white in color. Bands
were scanned using a Bio-Rad ChemiDoc™ imager (Bio-Rad
Laboratories, Inc.).

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. First-strand cDNA was synthesized
from 0.5 g RNA using a PrimeScript™ RT Master mix
(cat. no. RRO36A, Takara Biotechnology Co., Ltd.), by incuba-
tion at 37°C for 15 min and then 85°C for 5 sec, according
to the manufacturer's instructions. gPCR was subsequently
performed in triplicate using the SYBR Green PCR Master
mix (CoWin Biosciences) on a QuantStudio™ 5 Real-Time
PCR system (Thermo Fisher Scientific, Inc.). The following
primer pairs were used: MMP2 forward, 5"-TACAGGATCATT
GGCTACACACC-3' and reverse, 5-GGTCACATCGCTCCA
GACT-3'; MMP9 forward, 5-GGGACGCAGACATCGTCA
TC-3" and reverse, 5S-TCGTCATCGTCGAAATGGGC-3"; and
GAPDH forward, 5-GGAGCGAGATCCCTCCAAAAT-3'
and reverse, 5'-GGCTGTTGTCATACTTCTCATGG-3'. Each
qPCR reaction was performed in a final volume of 20 pl,
containing 10 u1 SYBR Green Master mix (2X), 0.5 ul forward
and reverse primers (10 M), 8 ul DEPC treated water and 1 ul
cDNA. The following thermocycling conditions were used for
the qPCR: 95°C for 10 min, 40 cycles of 95°C for 15 sec and
60°C for 1 min. Data were normalized to GAPDH expression
levels, the housekeeping gene. The relative expression of target
genes was calculated by the comparative 2224 method (21).

Statistical analysis. Statistical differences between experi-
mental and control groups were analyzed using an unpaired
two-tailed Student's t-test (2 groups) or a one-way ANOVA
(>2 groups) followed by a multiple post hoc comparisions test
(Dunnett's test) using GraphPad Prism 8 software (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results
AXL is activated in ESCC cells and R428 suppresses AXL

activation. To determine the effect of R428 on ESCC tumor
cells, the expression levels of AXL in TE1 and KYSE150 cells
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Figure 1. R428 suppresses the activation of AXL in esophageal squamous
cell carcinoma cells. (A) Expression levels of t-AXL and p-AXL in KYSE150
and TELl cells. (B) R428 treatment inhibited AXL activation, in addition to
AKT and ERK activation, in a dose-dependent manner in KYSEI150 cells.
(C) Semi-quantitative analysis of the expression levels of p-AXL, p-AKT and
p-ERK. (D) R428 inhibited AXL activation, in addition to AKT and ERK
activation in a dose-dependent manner in TE1 cells. (E) Semi-quantitative
analysis of the expression levels of p-AXL, p-AKT and p-ERK. “P<0.05,
“P<0.01, “"P<0.001. AXL, tyrosine-protein kinase receptor UFO; t, total;
p, phosphorylated.

were determined using western blotting. Both cell lines were
found to express AXL and activated AXL (AXL phosphory-
lated at tyrosine residue 779; Fig. 1A). It was also confirmed
that R428 treatment suppressed AXL activation in both TE1
and KYSE150 cells in a dose-dependent manner (Fig. 1B-E).
AKT and ERK signaling are two major branches of AXL
signaling (4,22,23), thus their responses to R428 were deter-
mined; it was identified that R428 treatment suppressed AKT
and ERK signaling activation in a dose-dependent manner
(Fig. 1B-E).

R428 treatment reduces cell proliferation in ESCC cells
in vitro. The effects of R428 treatment on cell proliferation
were subsequently investigated. The results of the MTT assay
revealed that R428 treatment reduced cell viability in a time-
and dose-dependent manner in both cell lines (Fig. 2A and B).
Furthermore, the colony formation assay demonstrated
that R428 treatment suppressed cell colony formation in a
dose-dependent manner (Fig. 2C and D), suggesting that AXL
signaling may enhance ESCC proliferation.

R428 treatment inhibits ESCC cell migration and invasion.
The effects of R428 treatment on ESCC cell migration and
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Figure 2. R428 reduces cell proliferation in esophageal squamous cell carcinoma cells. (A) KYSE150 and (B) TE1 cells were treated with R428 at the indicated
concentration for 24,48 and 72 h, and the viability was determined using an MTT assay. Cell proliferation in response to R428 was determined using a colony
formation assay in (C) KYSE150 and (D) TEI cells. "P<0.05, ““P<0.001.
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Figure 3. R428 suppresses invasion and migration of esophageal squamous cell carcinoma cells. Wound healing assay revealed that the migratory abilities of
(A) KYSEI50 and (B) TEI cells were reduced following treatment with 1 M R428. The Matrigel assay revealed that the invasive abilities of (C) KYSE150
and (D) TEL1 cells were reduced by R428 treatment. “P<0.05, ““P<0.001.
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Figure 4. R428 reduces the expression of MMP2 and MMP9. MMP2 and MMP9 expression levels were downregulated by R428 treatment in (A) KYSE150
and (B) TEI cells, as determined by gelatin zymography. (C) MMP2 and (D) MMP9 mRNA expression levels in KYSE150 and TE1 cells were determined by
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reverse transcription-quantitative PCR. "P<0.05,

invasion were subsequently investigated. The results of the
wound healing assay revealed that R428 treatment inhibited
the migration of both KYSE150 and TEI cells (Fig. 3A and B).
In addition, the Matrigel assay also demonstrated that both
1 and 3 uM R428 treatment suppressed tumor cell invasion
(Fig. 3C and D). These results suggested that R428 treatment
may significantly inhibit tumor migration and invasion.

R428 treatment downregulates MMP2 and MMP9 expression
levels. MMP2 and MMP9 are important regulators of tumor
invasion, and both have been previously revealed to be involved
in AXL-mediated tumor cell invasion (24-27). Thus, the
present study aimed to determine whether MMP2 and MMP9
were also involved in the R428-induced suppression of ESCC
invasion. Gelatin zymography demonstrated that R428 treat-
ment suppressed both MMP2 and MMP?9 activity in TE1 cells.
In KYSEI150 cells, MMP?2 activity was also inhibited, whereas
MMP?9 activity was not detected (Fig. 4A and B). Furthermore,
the mRNA expression levels of MMP2 and MMP9 were
analyzed in both cell lines; R428 treatment downregulated the
expression levels of both MMP2 and MMP9 (Fig. 4C and D).

Discussion

ESCC is a cancer with high mortality rates, for which no
targeted therapies have been approved. R428 treatment is
currently under phase I or II clinical trials in several types
of cancer (28). Previous immunohistochemistry studies have
revealed that AXL was overexpressed in ESCC tumors (9,10).
Thus, the aim of the present study was to investigate the effect
of R428 treatment on ESCC cancer cells in vitro.

The present study revealed that the two ESCC cell lines,
KYSE150 and TEl, expressed AXL in the activated form.
AXL can be activated by its ligand GAS6 or by other molecules

P<0.001. MMP, matrix metalloproteinase.

via atypical activation (23,29). For example, epidermal growth
factor (EGF), which activates the EGF receptor, was discov-
ered to subsequently transactivate AXL (17). In addition,
hepatocyte growth factor (HGF) was reported to activate AXL
by promoting the formation of HGF receptor MET and AXL
complexes (30). However, the pathway involved in the activa-
tion of AXL in the two cell lines requires further investigations.
AXL has been elucidated to be involved in the proliferation
of cancer cells (4,16,31,32). Consistent with these results, the
present study also revealed that R428 treatment suppressed
ESCC proliferation. Of note, Hsieh er al (9) revealed that
ESCC cells were more sensitive to the AXL inhibitor foretinib
compared with the HER?2 inhibitor lapatinib, suggesting that
AXL seems a better target in the treatment of ESCC than
HER?2.

Patients with solid tumors primarily succumb to mortality
due to metastatic lesions, rather than from the primary
tumor (33). AXL has been identified to be highly associated
with cancer EMT and invasion (22). Our previous study also
revealed that ESCC tumors expressing high levels of AXL
displayed enhanced EMT properties and the invasive ESCC
cells expressed increased levels of AXL (12). Thus, it is not
surprising that targeting AXL with R428 suppressed ESCC
cancer cell migration and invasion in the present study, which
is also consistent with the study of Yang et al (16). However,
in the wound healing assay 1% FBS was used, which may be
a limitation. Mechanistically, MMP9 and MMP2 have been
reported to mediate, at least partially, the effect of AXL on
cell invasion. In previous studies, AXL was discovered to
upregulate the expression levels of MMP9 and MMP2 (24-27),
which promoted tissue remodeling and cancer invasion. The
present study confirmed the association between MMP2,
MMP9 and AXL by observing that R428 decreased the
expression of MMP2 and MMP9. MMP9 was detected by
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real-time PCR, but not detected by gelatin zymography in
KYSEI150 cells, this may be because gelatin zymography is
not a sensitive enough technique for the detection of MMPs.
It would be useful to study whether GAS6, the ligand of AXL,
could promote the proliferation and invasion of ESCC, and
whether R428 could suppress the effects of GAS6, which
will further confirm the role of AXL in ESCC progression.
However, these experiments were not performed, which is a
limitation in the present study.

In conclusion, ESCC is a common type of cancer with
a poor prognosis, of which there are currently no targeted
therapies approved for the treatment of this disease. The find-
ings of the present study suggested that R428 treatment may
suppress ESCC tumor cell proliferation and invasion, therefore
representing a potential therapeutic strategy for the treatment
of ESCC.
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