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Abstract
Background Esophageal squamous cell carcinoma (ESCC) is one of the most common types of cancer in
China, with poor prognosis and lack of effective targeted therapy. It has been reported that ibrutinib
possesses anticancer activity in ESCC with MYC and/or ERBB2 ampli�ed. Here we explored the
synergistic antitumor effect of a novel multi-kinase inhibitor APG-2449 with ibrutinib in ESCC and clari�ed
the mechanism of the combination effect. Methods Cancer cells viability was determined by CCK-8
assay. Western blot was used to detect the expression of related proteins. Xenograft models in nude mice
were established to explore the roles of APG-2449 and ibrutinib. Results We found that APG-2449 exerted
antitumor effect in ESCC through FAK blocking. APG-2449 combined with ibrutinib showed synergistic
inhibition of cell viability in ESCC cell lines. APG-2449 combined with ibrutinib dramatically inhibited the
proliferation and migration of ESCC cells. Furthermore, we observed that ibrutinib combined with APG-
2449 could induce more cancer cells arrested in the G1/S phase and apoptosis. In terms of mechanism,
ibrutinib alone could inactive EGFR and its downstream signaling of MEK/ERK. The combination therapy
of APG-2449 and ibrutinib could signi�cantly down-regulate the phosphorylation level of MEK / ERK and
AKT. In ESCC xenotransplantation models, single therapy with either ibrutinib or APG-2449 was equivalent
in delaying tumor growth, while the combination therapy suppressed tumor growth more signi�cantly.
Conclusion Our data strongly suggest that the combination therapy of APG-2449 and ibrutinib can
provide an effective therapeutic strategy for treating ESCC, which deserved further clinical investigation.

Introduction
Esophageal squamous cell carcinoma (ESCC) is one of the most common subtypes of esophageal
cancer and is highly prevalent in China[1]. It is presently the fourth leading cause of cancer mortality[2–
4]. Currently, endoscopic resection, surgery and chemotherapy are the major treatments for ESCC[5].
However, as current therapies have limited e�cacy in advanced ESCC[6, 7], this warrants additional need
for novel therapeutic approaches.

Focal adhesion kinase (FAK) is a protein tyrosine kinase that is an important downstream effector of
integrin, regulating the adhesion, movement, proliferation and survival of various human cancer cells[8,
9]. Activated FAK promotes tumor development and metastasis by stimulating its downstream signaling
pathways such as PI3K/AKT, N-WASP[10]. Therefore, FAK has become a potential therapeutic target for
many cancers[11, 12]. Previous studies have found that FAK overexpression was tightly related to
esophageal cancer cell differentiation, tumor invasion and metastasis[13]. Approximately 60% of patients
with esophageal cancer have high expression of FAK, which is related to a low �ve-year survival rate[14].
However, there are still no successful FAK inhibitors available for the treatment of esophageal cancer.

Ibrutinib, an irreversible Bruton’s tyrosine kinase (BTK) inhibitor, was approved by the FDA for the
treatment of mantle cell lymphoma (MCL)[15], diffuse large B-cell lymphoma (DLBCL)[16]and chronic
lymphocytic leukemia (CLL)[17]. Recently, novel indications of BTK inhibitors beyond hematological
malignancies have been revealed[18]. For ESCC, Christopher J et al. showed that ibrutinib had a
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signi�cant antitumor effect on esophageal cancer patients with MYC and/or ERBB2 ampli�ed[19]. This
discovery provides a novel therapeutic strategy for esophageal cancer and is worthy of further in-depth
research and exploration of other reasonable combination with ibrutinib, which can broaden the
application of BTK inhibitors in esophageal cancer and other solid tumors. The previous researches have
demonstrated that ibrutinib elicited antitumor effect in multiple solid tumors, including non-small cell
lung cancer, breast cancer and so on[20, 21]. And the major action mechanism of ibrutinib in disease
mentioned above is suppressing the receptor tyrosine kinase EGFR or ERBB2. EGFR is considered as a
potential therapeutic target for ESCC, however, the e�cacy of current EGFR-targeting small-molecule
inhibitors for ESCC remain unfavorable. It has been reported that Src family kinases (SFK) and FAK
mediated resistance to EGFR tyrosine kinase inhibitors (TKI) by sustain AKT and mitogen-activated
protein kinase (MAPK) pathway signaling in EGFR -mutant lung cancer[22]. We hypothesized that the
antitumor effect of ibrutinib in ESCC may also through EGFR blocking, and combined with FAK inhibition
may exert better e�cacy.

In the present study, we found that APG-2449, a novel oral multi-kinase inhibitor developed by Ascentage
Pharma Group Inc (Taizhou, China), which is remain in preclinical investigation, could inhibit ESCC cells
by blocking FAK. And we further uncovered that the combination effect of ibrutinib with APG-2449 and
uncover the underlying mechanism for combination treatment is through EGFR and FAK signaling
pathways inhibition, therefore to provide a more effective strategies for ESCC treatment.

Materials And Methods
Cell lines and cell culture

Human ESCC cell lines TE-10, TE-1, YES-2, KYSE-520, KYSE-510, KYSE-150 were purchased from Cobioer
Biosciences Co.LTD (Nanjing, China). All these cell lines were identi�ed by genomic short tandem repeat
(STR) pro�le detection, which providing by Cobioer Biological Technology. All cells were cultured in RPMI-
1640 medium containing 10% fetal bovine serum, 100 IU/mL penicillin and 100 mg/mL streptomycin and
in a humidi�ed atmosphere containing 5% CO2 at 37 ℃. A test for mycoplasma in cells was carried out
before all experiments were performed.

Regents and antibodies

A novel multikinase inhibitor APG-2449 was kindly provided by Ascentage Pharma Group Inc (Taizhou,
China). BTK inhibitors Acalabrutinib and ibrutinib were purchased from Selleck Chemicals (Houston,
USA). All compounds were dissolved in dimethylsulfoxide (DMSO; Sigma Aldrich, MO, USA) at a stock
concentration of 40 mM, stored at -20 ℃. The �nal concentration of DMSO to dilute compound in culture
media did not exceed 0.1%. The antibodies against EGFR, p-EGFR (Tyr1068), FAK, p-FAK (Tyr397), AKT, p-
AKT (Ser473), p-c-myc, ERK, p-ERK and p-MEK were purchased from Cell Signaling Technology (MA,
USA). The antibody against BTK and β-tubulin were purchased from Immunoway (Texas, USA). The
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antibody against GAPDH was purchased from ABGENT (San Diego, USA). The secondary anti-mouse and
anti-rabbit antibodies were purchased from Santa Cruz Biotechnology.

Cell proliferation detection

Cell viability was determined using Cell Counting Kit-8 (Dojindo, Japan) according to the manufacturer's
instructions. Brie�y, ESCC cells were seeded at 3000 to 4000 cells/well in 96-well plates for 72 hours in
the presence of DMSO, APG-2449, ibrutinib or combination therapy of APG-2449 and ibrutinib. After 72
hours, CCK-8 reagent (10 μL/well) was added and incubated at 37 ° C for 1-2 hours and their absorbance
readings were taken at 450 nm. Their IC50 values were calculated by using GraphPad Prism version 6.0.0
(GraphPad Software, San Diego, California USA) for Windows.

Colony formation assay

ESCC cells were seeded in a 6-well plate at approximately 500 cells/well and were treated with a single
drug or combination of drugs, a negative control group was added with an equal volume of DMSO. Fresh
culture medium was replaced every 3-4 days. After 14 days, the cells were �xed in methanol and stained
with 0.5% crystal violet for 15 minutes at room temperature, after which the number of colonies were
counted.

Transwell assay

The ESCC cells (1 × 10 5 cells) were suspended in 200 μL medium containing no FBS with indicated
drugs and were then aspirated into a transwell chamber (PC membrane, pore size 8.0 μm, Corning, NY,
USA). The transwell chamber was placed in a 24-well plate containing 750 uL of 50% FBS culture
medium. After 24-30 hours, the chamber was taken out, �xed in methanol and stained with 0.5% crystal
violet for 15 minutes. Then, the chambers were dried at room temperature and imaged using a
microscope.

Wound healing assay

Wound healing assays were applied to test cell migration ability. ESCC cells were seeded in six-well plates
and fused to 100%. Then, a 200-μL pipette tube was used to create an arti�cial wound. Fresh medium
containing 1% FBS with indicated chemicals was added. The wound closure was photographed
immediately and 24 hours later under a microscope. The Image J software was used to calculate the
distance between cells

Cell cycle detection

For cell cycle analysis, ESCC cells were plated at 4 x 105 cells / well in 6-well plates and treated with
indicated chemicals for 24 hours. The cells were then harvested and �xed overnight in 70% ethanol at 4
°C and stained with propidium iodide (KeyGen Biotech, Nanjing, China). DNA content was analyzed using
an ACEA NovoCyteTM �ow cytometer (ACEA Biosciences Inc. China).
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Cell apoptosis assays

ESCC cells were plated at 1 x 105 cells/well in 12-well plates and treated with indicated chemicals for 72
hours. The cells were then collected and stained with Annexin V-FITC/PI according to the instructions of
the Apoptosis Detection Kit (Sizhengbo Biotechnology, Beijing, China). Cell apoptosis were detected using
an ACEA NovoCyteTM �ow cytometer (ACEA Biosciences Inc. China).

Western blot analysis

Cells were treated with DMSO and indicated dose of drugs for 24h, and then harvested and washed once
with pre-cooled PBS. The cells were lysed on ice using a 1x cell lysis buffer containing 1% protease
inhibitor (PMSF), 1% phosphokinase inhibitor for 30 minutes, centrifuged at 12000 rpm for 15 minutes at
4 °C, and the supernatant protein lysate was collected. Protein concentration was measured by a BCA kit.
Cellular protein lysates were separated using 8-12% SDS-PAGE gel and then transferred to a PVDF
membrane. The PVDF membrane was blocked with 5% BSA buffer for 1 hour at room temperature and
then incubated with indicated primary antibody at 4 °C overnight. 1xTBST (washing buffer) washing the
membrane 3 times with 10 minutes each time. The protein membrane was incubated with secondary
antibody for 1 hour at room temperature and washed with 1xTBST for 3 times for 10 minutes each time.
Signal generation and detection were performed using an ECL chemiluminescence hypersensitive
colorimetric kit and a chemiluminescent imaging system

Proteome profiler analysis

The Human Phospho-Kinase Array Kit (#ARY003B, R&D Systems, Wiesbaden-Nordenstadt, Germany) was
applied to detect the levels of 43 speci�c kinase phosphorylation sites in KYSE-150 cells with different
treatments. For the preparation of total protein extracts, 1x106 /mL KYSE-150 cells were seeded in 6 cm
dish. After 24 h, the cells were treated DMSO, 2μM APG-2449, 1μM ibrutinib and combination treatment
for 24 h. The preparation of cellular extracts and the proteome pro�ling were carried out according to the
manufacturer’s instructions. Brie�y, the membranes were incubated with blocking buffer before the
experiment. The cell lysates were diluted in blocking buffer with a total protein amount of 600 μg then
incubated overnight with detected membranes. After several washing steps, the membranes were
incubated in the provided detection antibody cocktail for 2 h, then washed again and incubated for 30
minutes in streptavidin-horseradish peroxidase (HRP). The unbound HRP antibody was washed away,
and then the signal is analyzed with a chemiluminescent substrate and detected with an X-ray array. For
quanti�cation, the signal was analyzed using ImageJ.

Animal experiment

KYSE-150 and KYSE-520 xenograft models were used to evaluate the anti-tumor effects of APG-2449 in
vivo. Four-week-old female BALB/c athymic nude mice were purchased from Beijing Vital River
Laboratory Technology Co. Ltd. KYSE-150 and KYSE-520 cells (5 × 106) suspended in 100 μL. Cold PBS
were subcutaneously injected into the dorsal �ank of the mice. When the tumor volume reached
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approximately 100 mm3, the mice were randomly assigned into different groups. For APG-2449 single
agent in vivo experiment, the mice were subjected to treatment with APG-2449 (delivered orally at 50
mg/kg, 100 mg/kg, once a day) or vehicle control (20%PG/80%NaH2PO4) for two weeks.

For the combination experiment, KYSE-150 xenograft models were used. Seven mice per group were
assigned to administrate with vehicle control, APG-2449 (100 mg/kg/day; by oral), ibrutinib
(25mg/kg/day; intraperitoneally), or both for two weeks. Tumor sizes and animal weights were recorded
two times per week and tumor volumes were calculated as V (mm3) =1/2 × (length × width2). All animal
experiments were performed under the guidance of Sun Yat-Sen University Committee for Use and Care of
Laboratory Animals and were approved by the animal experimentation ethics committee.

Statistical analysis

Statistical analyses were performed in GraphPad Prism version 6.0.0 for Windows (GraphPad Software,
San Diego, California USA). Unless indicated, all results were presented as the mean ± SD of three
independent experiments. Differences between two groups were analyzed using unpaired sample t-test.
Comparison among more than two groups was analyzed by One-way ANOVA and Two-way ANOVA.
Combination Index (CI) was calculated using the CalcuSyn software (BIOSOFT, MO, USA). p<0.05 was
considered as statistically signi�cant.

Results

APG-2449 elicits antitumor effect on ESCC cell lines via
FAK signaling inhibition
APG-2449 is a novel oral multi-kinase inhibitor and the chemical structure of APG-2449 is showed in
Fig. 1A. Its main targets include ALK, ROS1, and FAK (Supplementary Table S1). However, as ALK and
ROS1 are hardly expressed in ESCC and are not driver genes for ESCC, we speculated whether APG-2449
could exert anti-esophageal cancer effect by inhibiting FAK. To analyze the antitumor effect of APG-2449
in ESCC cell lines, the cell viability of a panel of six ESCC cell lines after treatment with APG-2449 was
evaluated by CCK-8 assay. As shown in Fig. 1B and C, APG-2449 suppressed the cell viability of KYSE-
150 and KYSE-520 cells in a dose-dependent manner. Table 1 showed the IC50 values of six ESCC cell
lines after treatment with APG-2449 for 72 h, and the IC50 values ranging from 0.5-3 µM. Besides, colony
formation in KYSE-150 and KYSE520 cells were signi�cantly decreased after treatment with APG-2449
for 14 days (Fig. 1D, E). Wound healing assays demonstrated that APG-2449 could inhibit the cell
migration ability of ESCC cells (Fig. 1F, G).
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Table 1
The IC50 of APG-2449 in six ESCC cell

lines at 72 hours.
Cell lines IC50 of APG-2449 (µM)

YES-2

KYSE-150

KYSE-520

KYSE-510

TE-1

TE-10

0.96 ± 0.09

2.31 ± 0.17

0.83 ± 0.11

2.27 ± 0.40

2.21 ± 0.36

2.60 ± 0.51

To determine the mechanism of antitumor effect on ESCC cells by APG-2449, one of the most potential
targets, the FAK signaling pathway were analyzed by Western blot after treatment with APG-2449. In
KYSE-150 and KYSE-520 cells, which were treated with increasing concentration of APG-2449, the levels
of phosphorylated FAK decreased, as well as that of the downstream marker AKT (Fig. 1H). Collectively,
APG-2449 inhibited the ESCC cells proliferation and migration through the FAK blockade.

APG-2449 synergistically enhances the antitumor effect of ibrutinib in ESCC cells

Ibrutinib was reported to be a promising antitumor agent in ESCC patients with MYC and/or ERBB2
ampli�cation. We then asked if the combination therapy of APG-2449 and ibrutinib could achieve a better
antitumor effect in ESCC patients other than MYC and/or ERBB2 ampli�cation. In order to verify our
hypothesis, CCK-8 assays were carried out to test the cell viability after treatment with single-agent and
combination. We found that both APG-2449 and Ibrutinib showed some inhibitory effect of cell viability,
while the combination of APG-2449 and Ibrutinib signi�cantly suppressed cell viability compared with
single-agent in KYSE-150 and KYSE-520 cells for 24, 48 and 72 hours respectively (Fig. 2). The
combination index (CI) also indicated a synergistic effect with a value less than 1. Similar results were
obtained in a panel of other ESCC cell lines including YES-2, KYSE510 and TE-10 cells (Supplementary
Figure S1) This result suggested that APG-2449 could enhance the antiproliferation effect of ibrutinib in
ESCC cell lines.

Combination therapy of APG-2449 and ibrutinib inhibits ESCC cells proliferation and migration

We next intended to detect the enhanced antitumor in vitro effect of APG-2449 and ibrutinib combination
treatment in ESCC cells. First, we determined the colony formation of KYSE-150 and KYSE-520 cells after
treatment with DMSO, APG-2449, ibrutinib and combination therapy. Both APG-2449 and ibrutinib were
found to signi�cantly impair colony formation ability, while the combination therapy led to a more
dramatic decrease in colony numbers in KYSE-150 and KYSE-520 cells (Fig. 3A, B). Transwell assay
demonstrated that both APG-2449 and ibrutinib slightly hampered the migration ability of KYSE-150 and
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YES-2 cells, the combination treatment had a much better inhibitory effect (Fig. 3C, D). Taken together,
these results indicated that APG-2449 combined with ibrutinib signi�cantly inhibit ESCC cells proliferation
and migration.

APG-2449 combined with ibrutinib synergistically induces ESCC cells cycle arrest and apoptosis

The cell cycle distribution detection assays showed that ibrutinib caused a slight G1/G0 phase arrest
compared to treatment with DMSO. APG-2449 could enhance ibrutinib to induce a more dramatic
increase in G1/G0 phase arrest in KYSE-150 and KYSE-520 cells (Fig. 4A, B). APG-2449 and ibrutinib
treatment alone for 72 hours could induce a slight increase in apoptosis in both KYSE-150 and KYSE-520
cells. However, the percentage of apoptosis cells in combination therapy were signi�cantly increased
compared to either agent alone (Fig. 4C, D). Considering that the apoptosis rate seems to be low detected
in 72 hours after treatment, we also increased the duration of drug treatment to 5 days, but the proportion
of cell apoptosis is still not high (data was not shown here), which indicated that combined effect of
APG-2449 and ibrutinib does not mainly work by inducing apoptosis.

APG2449 and ibrutinib combination treatment mediates AKT and MAPK pathways inhibition

We found that the KYSE-520 cell, which harbors EGFR ampli�cation but not MYC and/or ERBB2
ampli�cation and reported to be resistant to EGFR-TKI, was sensitive to ibrutinib. First, we detected the
basic protein expression of EGFR, p-EGFR and BTK in six ESCC cell lines. We found that KYSE-150 and
KYSE-520 which had high level of EGFR expression and medium level BTK expression were more
sensitive to ibrutinib than the TE10 and TE-1 cells which had higher BTK expression (Fig. 5A and
Supplementary Fig. S2). And then we tested the cell cytotoxicity of two kinds of BTK inhibitor with
ibrutinib and Acalabrutinib in KYSE-150 and KYSE-520 cells for 72 h. We found that both KYSE-150 and
KYSE-520 cells were less sensitive to Acalabrutinib compared to ibrutinib with the IC50 values higher than
15 µM (Fig. 5B). We wondered why the sensitivity of ESCC cells to the two kinds of BTK inhibitors was so
different. We next evaluated the EGFR and its downstream pathway protein expression in KYSE-520 cells
treated with ibrutinib and Acalabrutinib respectively. We observed that the protein expression of
phosphorylated EGFR, AKT, and ERK were nearly completely diminished after treatment with Ibrutinib at
1 µM, while slightly decreased in acalabrutinib treatment at 2 µM (Fig. 5C). In order to con�rm that
ibrutinib mediated inhibition of EGFR signaling, we performed the knockdown of EGFR in KYSE-520 cells
by siRNA interference. The data revealed that the knockdown of EGFR could attenuated the sensitivity of
KYSE-520 cells to Ibrutinib treatment, with the IC50 value increased up to 4-fold compared to the siNC
(Fig. 5D-E). These results indicated that ibrutinib may also exert an antitumor effect by inhibiting EGFR
signaling in ESCC.

To further illustrate the underlying mechanisms of APG-2449 and ibrutinib combination therapy, we
performed a kinase proteome pro�le array which included 43 kinase phosphorylation sites in KYSE-150
cells with APG-2449 and ibrutinib treatment. The result indicated multiple kinases were active or inactive
follow APG-2449, ibrutinib and combination treatment (Fig. 5F). Take into consideration the kinases that
had the most signi�cant changes and were more pivotal in esophageal cancer, we then focus on the
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effect on the downstream signaling of FAK and EGFR in KYSE-150 and KYSE-520 cells by western
blotting. Our results demonstrated that the combination of ibrutinib and APG-2449 could dramatically
downregulate the phosphorylated MEK, ERK and AKT expression compared to the single agents (Fig. 5G).
And these changes were occurred within 3 hours after treatment (Supplementary Fig. S3). We also
detected the expression of phosphorylated STAT3, but there was no signi�cant change (data was not
shown here). The above results indicated that underlying mechanism of the combination therapy of APG-
2449 and ibrutinib on ESCC may be through inhibiting the AKT and MAPK pathways.

APG-2449 combined with ibrutinib signi�cantly suppresses the growth of ESCC cells xenograft models

To evaluate the antitumor effect of APG-2449 in vivo, KYSE-150 and KYSE-520 tumor cells xenograft
models were established. Respective mice were treated with vehicle control or APG-2449 (50 mg/kg
and100 mg/kg) via oral gavage once a day for 2 weeks. APG-2449 signi�cantly suppressed tumor growth
in both KYSE-150 and KYSE-520 models at 100 mg/kg compared to the vehicle control group, while the
inhibitory effects of 50 mg/kg were limited (Fig. 6A, C). In addition, with the administration of APG-2449,
no weight loss or any other sign of toxicity were observed in the two animal models, indicating that APG-
2449 was well-tolerated (Fig. 6B, D).

To further investigate whether APG-2449 and ibrutinib combination therapy could induce an enhanced
antitumor effect in ESCC tumor in vivo, we established a KYSE-150 cells subcutaneous xenograft mouse
model. When the tumor volume reached approximately 50 mm3, the mice were randomly assigned into
four groups (n = 7) and received treatment with vehicle control, APG-2449, ibrutinib and combination of
both agents for two weeks. As a single agent, 100 mg/kg of APG-2449 or 25 mg/kg of ibrutinib elicited
similar partially inhibition on KYSE-150 tumor growth, whereas the combination of these agents produced
a vastly better growth inhibition (Fig. 6E). The treatment of APG-2449 or ibrutinib alone induced 43% and
39% inhibition of tumor growth, respectively, while the combination of APG-2449 with ibrutinib induced
76% tumor growth suppression compared with vehicle control (Fig. 6E). In addition, no signi�cant weight
loss or other signs of toxicity were observed in any of the treatment groups (Fig. 6F). These results
indicated that the combination of APG-2449 and ibrutinib has synergistic anticancer activity in vivo and
is well tolerated.

Discussion
In this study, we demonstrated for the �rst time that a novel multi-kinase inhibitor APG-2449 can exert an
effective antitumor effect in ESCC mainly through FAK signaling inhibition. In addition, APG-2449
combined with ibrutinib can achieve a potent antitumor effect in ESCC both in vivo and in vitro. The
mechanism of the synergistic effect of combination therapy is mainly through down-regulating the EGFR
and FAK signaling pathway.

As a single agent, APG-2449 could effectively inhibit the growth and migration of ESCC cells in vitro. In
vivo experiments also showed that APG-2449 could inhibit tumor growth without signi�cant toxic and
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side effects. However, the e�cacy of APG-2449 as a monotherapy remains limited. Therefore, we further
to verify the possible synergistic antitumor effect of APG-2449 in combination with another targeted drug,
ibrutinib, which has recently been found to have a potential antitumor role in esophageal cancer. We
found that the combination therapy of APG-2449 and ibrutinib could produce more effective antitumor
activity in ESCC cells, including enhanced inhibition of cell proliferation, induction of apoptosis and cell
cycle arrest. In exploring synergistic mechanisms, we con�rmed the roles of APG-2449 in inhibiting the
phosphorylation of FAK/AKT in both KYSE-150 and KYSE-520 cells. We also found that APG-2449 had no
obvious effects on the phosphorylation of the MEK/ERK pathways. Interestingly, the combination of APG-
2449 and ibrutinib drastically inhibited the phosphorylation of MEK/ERK and AKT, the major downstream
pathways of EGFR and FAK. Moreover, we found that the combination of APG-2449 and ibrutinib had a
synergistic antitumor effect in ESCC in vivo model. Previous research shows that MAPK reactivation
mediates resistance to EGFR inhibition, and CDK4 / 6 / MEK inhibition improves EGFR TKI in vivo
response[23]. In mechanism, similar results can be achieved by combining APG-2449 and ibrutinib. To
our knowledge, this is the �rst report to explore the combination therapy of FAK pathway blockade and
ibrutinib in ESCC. However, we only took body weight as a parameter for the toxicity of the combination
therapy. Whether the combination therapy would cause other toxicities still needs further evaluation. In
addition, the combination therapy in vivo activity was evaluated in only one tumor model and more
animal models or metastatic tumor models are still needed to verify the inhibitory effect of combination
therapy on ESCC tumor growth and metastasis. Whether the mechanism of action observed in vitro
would also be observed in in vivo remains to be investigated. FAK signaling is reported to be closely
involved in the regulation of MDSCs, TAMs, and Tregs within the TME[24, 25]. BTK can regulate B cell and
macrophage-mediated T cell suppression in pancreatic adenocarcinoma[26]. And ibrutinib can restore T-
cell-dependent antitumor immune responses, thereby inhibiting PDAC growth and improving
chemotherapy responsiveness[18].Therefore, further investigation of APG-2449 and ibrutinib combination
therapy in immunocompetent mouse tumor model may reveal possible interactions of APG-2449 and
ibrutinib on tumor-immune microenvironment in treatment of ESCC. In addition, some researches show
that FAK is closely related to the metastasis of esophageal cancer[13, 14, 27]. In our future experiments,
we may need to further verify the effect of APG-2449 as a single drug and combined with ibrutinib on
ESCC tumor metastasis.

Although the main role of BTK inhibitors is to block the B cell receptor pathway in malignant B cells, the
indications for BTK inhibitors are expanded into non-hematological malignancies[18]. In EGFR-mutant
NSCLC cells, ibrutinib can selectively inhibit cell growth and induce apoptosis by inhibiting EGFR
signaling pathway[20, 28]. Ibrutinib can potently inhibit the cell growth of ERBB2+ breast cancer cells via
suppressing the ERBB2 receptor phosphorylation, and enhance the antitumor effect of dual PI3K/mTOR
inhibitor BEZ235 in ERBB2 + breast cancer cells[21]. Besides, BTK has been identi�ed as a novel
candidate therapeutic target in esophageal cancer, and ibrutinib exerts a potent antitumor effect in
patients with MYC and/or ERBB2 ampli�ed advanced esophageal cancer[19, 29]. In our current study, we
were surprised to �nd that ibrutinib also effectively inhibited the cell growth of those ESCC cells that do
not have MYC and/or ERBB2 ampli�cation. We wonder if the antitumor effect of ibrutinib can also be
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achieved by another BTK inhibitor, we applied a second-generation BTK inhibitor, Acalabrutinib, to test the
antitumor effect in ESCC cell lines. However, we found that Acalabrutinib did not induce any growth
inhibition in ESCC cell lines like ibrutinib. In addition, ibrutinib was found to dramatically inhibit the
phosphorylation of EGFR, MEK/ERK and AKT in both KYSE-150 and KYSE-520 cells, while this
phenomenon was not observed with the treatment of Acalabrutinib. Since MAPK and AKT are two of
major EGFR downstream pathways, our results demonstrated that ibrutinib can induce anti-ESCC effect
also by inhibiting EGFR signal. Inhibiting EGFR by siRNA interference attenuated the sensitivity of ESCC
cell lines to ibrutinib treatment, further supporting the concept of ibrutinib-mediated EGFR-dependent
antitumor effects. ESCC frequently show EGFR gene ampli�cation and overexpression[30, 31]. However,
the EGFR tyrosine kinase inhibitor show limited e�cacy in ESCC treatment. Our �ndings may provide a
new treatment strategy for EGFR-positive ESCC patients.

Collectively, our �ndings may provide a preclinical evidence for combination therapy of APG-2449 and
ibrutinib in ESCC via inhibiting EGFR and FAK signaling, but still warrants further validation and clinical
investigations.
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Figure 1

APG-2449 inhibit ESCC cells proliferation and migration. A. The chemical structure of APG-2449. B. Cell
viability was measured by CCK-8 after incubated with the indicated dose of APG-2449 for 24, 48 and 72
hours in KYSE-150 cells. C. Cell viability was measured by CCK-8 after incubated with the indicated dose
of APG-2449 for 24, 48 and 72 hours in KYSE-520 cells. D. Representative images of colony formation of
the indicated cells cultured with APG-2449 at different concentrations for 14 days. E. Quanti�cation of
colony formation of the indicated cells cultured with APG-2449 at different concentrations for 14 days. F.
Representative images of migration by wound healing assay of the KYSE-150 cells treated with APG-
2449 at different concentrations for 24 hours. G. Quanti�cation of migration by wound healing assay of
the KYSE-150 cells treated with APG-2449 at different concentrations for 24 hours. H. Western blot
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analysis of FAK/AKT signaling change in KYSE-150 and KYSE-520 cells treated with APG-2449 at
indicated dose for 24 hours. GAPDH was used as a loading control. Data in (E) and (G) are presented as
mean ± SD. derived from three individual experiments with triplicate wells. **P < 0.01; ***P < 0.001.

Figure 2

Synergistic effect between APG-2449 and ibrutinib in KYSE-150 and KYSE-520 cells in vitro. A. Cell
viability of KYSE-150 cells after treated with APG-2449, ibrutinib, or the combination at indicated
concentration for 24 hours. B. Cell viability of KYSE-150 cells after treated with APG-2449, ibrutinib, or the
combination at indicated concentration for 48 hours. C. Cell viability of KYSE-150 cells after treated with
APG-2449, ibrutinib, or the combination at indicated concentration for 72 hours. D. Cell viability of KYSE-
520 cells after treated with APG-2449, ibrutinib, or the combination at indicated concentration for 24
hours. E. Cell viability of KYSE-520 cells after treated with APG-2449, ibrutinib, or the combination at
indicated concentration for 48 hours. F. Cell viability of KYSE-520 cells after treated with APG-2449,
ibrutinib, or the combination at indicated concentration for 72 hours. Data are presented as mean ± SD.
derived from three individual experiments with triplicate wells. Combination index (CI) value was
calculated by CalcuSyn software at ED50. If the CI value is less than 1, there is a synergistic effect
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Figure 3

APG-2449 combined with ibrutinib signi�cantly inhibited ESCC cells proliferation and migration. A.
Representative images of colony formation of cells treated with 1μM APG-2449, 0.1μM (KYSE-520) to
0.5μM (KYSE-150) ibrutinib or both for 14 days. B. Quanti�cation of colony number of colony formation
assay in KYSE-520 and KYSE-150 cells. C. Representative images of migration assays in KYSE-150 and
YES-2 cells treated with APG-2449 (1μM), ibrutinib (1μM) or both for24 h. D. Quanti�cation of migration
assays in KYSE-150 and YES-2 cells. Data in (B) and (D) are presented as mean ± SD. derived from three
individual experiments with triplicate wells. ***P < 0.001.



Page 18/21

Figure 4

APG-2449 combined with ibrutinib signi�cantly induced ESCC cells cycle arrest and apoptosis. A.
Representative images of cell cycle distribution after treatment with 1μM APG-2449, 0.1μM (KYSE-520) to
0.5μM (KYSE-150) ibrutinib or both for 24 hours. B. Quanti�cation of cell cycle distribution in KYSE-520
and KYSE-150 cells. C. Representative images of cell apoptosis detected by Annexin-V/PI assays of
KYSE-150 and KYSE-520 cells treated with APG-2449 (1μM), ibrutinib (1μM) or both for 72 hours. D.
Quanti�cation of cell cycle distribution in KYSE-520 and KYSE-150 cells. Data in (D) are presented as
mean ± SD. derived from three individual experiments with triplicate wells. **P < 0.01; ***P < 0.001; ****P
< 0.0001.
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Figure 5

Effects of APG-2449 and ibrutinib on FAK and EGFR downstream signaling pathways. A. Basic protein
expression of EGFR, p-EGFR and BTK in ESCC cell lines. Β-tubulin was used as a loading control. B. Cell
viability was measured by CCK-8 after incubated with the indicated dose of ibrutinib and Acalabrutinib for
72 hours in KYSE-150 and KYSE-520 cells. C. Western blot analysis of EGFR/ERK/AKT signaling change
in KYSE-520 cells treated with ibrutinib or Acalabrutinib at indicated dose for 24 hours. D. Western blot
analysis of the EGFR knockdown effect in KYSE-520 cells by siRNA assay. E. Cell proliferation was
measured by CCK-8 in KYSE-520 cells with EGFR knockdown after incubated with ibrutinib at indicated
dose for 72 hours. F. The Kinase Proteome Pro�le was performed to detect the effects of APG-2449,
ibrutinib and combination treatment on downstream kinases in KYSE-150 cells. G. Western blot analysis
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of proteins level on FAK and EGFR downstream signaling pathways in KYSE-150 and KYSE-520 cells
treated with DMSO, APG-2449, ibrutinib, or both for 24 hours. GAPDH was used as a loading control. Data
in (B) and (E) are presented as mean ± SD. derived from three individual experiments with triplicate wells.

Figure 6

APG-2449 suppress ESCC cells in vivo and enhance the antitumor effect of ibrutinib in vivo A. KYSE-150
cells were subcutaneously inoculated into the dorsal �ank of nude mice before they were treated with a
vehicle or APG-2449 (50mg/kg and 100mg/kg) via daily oral gavage for 2 weeks. Tumor volumes were
measured at indicated days. Data are shown as mean ± SEM. of �ve mice in each group. B. Weight of the
mice was recorded. Data are shown as mean ± SEM of �ve mice in each group. C. KYSE-520 cells were
subcutaneously inoculated into the dorsal �ank of nude mice before they were treated with vehicle or
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APG-2449 (50mg/kg and 100mg/kg) via daily oral gavage for 2 weeks. Tumor volumes were measured at
indicated days. Data are shown as mean ± SEM of four mice in each group. D. Weight of the mice was
recorded. Data are shown as mean ± SEM of four mice in each group. E. KYSE-150 cells were
subcutaneously inoculated into the dorsal �ank of nude mice before they were treated with vehicle, APG-
2449 (100 mg/kg/day; by oral), ibrutinib (25 mg/kg/day; by intraperitoneal), or both. Tumor volumes were
measured at indicated days. Data are shown as mean ± SEM. of seven mice in each group. F. Mice
weight of four separate groups was recorded. Data are shown as mean ± SEM. of seven mice in each
group. * p < 0.05, **p < 0.01 and ****P < 0.0001. versus corresponding control. NS, no signi�cant.
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