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Second-generation Src/Abl inhibitor bosutinib effectively induces apoptosis in
human esophageal squamous cell carcinoma (ESCC) cells via inhibiting Src/

Abl signaling
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Esophageal cancer is a prevalent type of cancer worldwide and is ranked sixth among cancer-associated mortalities.
Aberrant activation of the non-receptor tyrosine kinase Src and c-Abl contribute to the progression of ESCC. Thus, targeting
these kinases to treat ESCC is a promising strategy. In this paper, we report that the potent dual Src/Abl inhibitor bosutinib
exerts anti-tumor effects on ESCC. Bosutinib inhibits ESCC cell proliferation in a dose-dependent manner. Furthermore,
bosutinib suppresses the colony formation ability of ESCC cells. Mechanistically, bosutinib effectively inhibits c-Abl and Src
and its downstream signaling pathways, PI3K/AKT/mTOR and JAK/STAT3. In addition, bosutinib enhances the cytotoxic
effects of doxorubicin on ESCC cells. In summary, our results reveal that Src and Abl are potential therapeutic targets in
ESCC and that the novel Src/Abl inhibitor bosutinib alone or in combination with other chemotherapeutic agents may be a

viable option for treating ESCC patients.
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Esophageal cancer (EC) is sixth leading common cause
of cancer death and eighth most common cancer world-
wide. Nearly four out of five cases occur in non-industrial-
ized nations, with the highest rates in Asia and Africa. There
are two main subtypes of esophageal cancer, squamous cell
carcinoma (ESCC) and adenocarcinoma (EAC). ESCC is
the predominant histological type of esophageal cancer
in China, which accounts for more than 90% of esopha-
geal cancer cases. Less common types include esophageal
adenocarcinoma, melanoma and small-cell carcinoma
[1-3]. Despite the improvements in patient outcomes made
over the past decades, the overall survival rate for patients
with esophageal cancer remains unacceptably low, and the
5-year survival rate for these patients is still inadequate
at about 15-25%. Thus, there is a great need to discover
additional therapeutic strategies with minimal toxicity to
help patients with high-risk ESCC, including novel targeted
agents.

Src, one of the members of the non-receptor tyrosine
kinase family, is reported as a pivotal intermediate for
regulating intracellular signaling pathways and has been

frequently associated with cell migration, proliferation and
apoptosis [4, 5]. Aberrant activation of Src is frequently seen
in the malignancy of a variety of human cancers. Src serves
as the upstream signaling component of several important
pathways, including PI3K/AKT/mTOR, MAPK/ERK and
JAK/STAT3 signaling [6-8]. In prior studies, inhibition
of Src kinase activity led to a significant decrease in cell
proliferation and apoptosis induction in many cancer cells,
neuroblastoma cells (NB) [9, 10], triple-negative breast
cancer cells (TNBC) [11] and pancreatic ductal adenocarci-
noma (PDAC) [12]. Inhibition of Src-mediated downstream
signaling has been reported to exhibit anti-cancer efficacy
[13, 14]. Src-targeted chemotherapies has been shown to
downregulate PI3K/Akt and JAK/STAT3 signaling, leading
to cell apoptosis and inhibition of tumor growth in vivo.
The non-receptor tyrosine kinase c-Abl is a proto-
oncogene with multiple functions and it is associated with
cell migration, proliferation, oxidative stress and DNA
damage [15-17]. The role of Bcr-Abl is well-established
in chronic myeloid leukemia (CML), however its role in
solid tumors still remains unclear. It has been reported that
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abnormally activated c-Abl is associated with the invasion
of breast cancer [18]. In human breast cancer cells and
mouse fibroblasts, c-Abl is essential for Src-induced trans-
formation of those cells by facilitating the Src/Abl/Rac/
JNK/STAT3 signaling cascade, which has been considered
to be important in cell transformation [19]. In addition,
inhibition the activity of c-Abl sensitizes tumor cells to
apoptosis [20]. Particularly, inhibition of Src/Abl by dasat-
inib suppresses ESCC cell proliferation due to the upregula-
tion of MAD?2 [21], suggesting that Src and c-Abl may play
a role in the proliferation of ESCC cells.

Bosutinib (SKI-606), an orally bioavailable compound,
is a second-generation tyrosine kinase inhibitor, which
selectively inhibits the kinase activity of Src/Abl [22, 23].
Bosutinib, the dual inhibitor of Src and Abl, was approved
by the US Food and Drug Administration (FDA) for treat-
ment of CML [24]. However, the potential anti-tumor
efficacy of the bosutinib in ESCC has not been tested.

In our study, we investigated the antitumor activity of
bosutinib in ESCC cell lines. We found that bosutinib inhib-
ited cell proliferation, induced tumor cell apoptosis in vitro
and blocked the activation of Src, c-Abl as well as PI3K/
AKT/mTOR, JAK/STATS3 signaling pathways in ESCC cell
lines tested. Moreover, bosutinib sensitized ECSS cells to
the treatment of traditional chemotherapeutic drug like
doxorubicin (Dox). Taken together, our results suggest that
Src and Abl are potential therapeutic targets in ESCC, and
that novel small molecule inhibitors like bosutinib, alone
or in combination with chemotherapeutic agents, should be
developed for patients with ESCC.

Materials and methods

Cell lines. ECA109 and KYSE450 cell lines (purchased
from the Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) were cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Zhejiang Tianhang Biological Technology Co.,
Zhejiang, China), penicillin (100 U/ml) and streptomycin
(100 mg/ml) (Gibco; Thermo Fisher Scientific, Inc.). All
cells were maintained in humidified incubator at a constant
temperature of 37 °C and 5% CO,.

Antibodies and reagents. Bosutinib was purchased from
LC Laboratory (B-1788, Woburn, MA, USA). Doxorubicin
(dox, D1515) and anti-p-Actin antibody (A2228) were
purchased from Sigma (Sigma-Aldrich, St. Louis, USA).
ZVAD-FMK was from Adooq Bioscience (CA, USA).
The antibodies against p-Src (Y416, 6943S), Src (2108S),
p-c-Abl (Y245, 2868S), c-Abl (sc-56887), p-STAT3 (Y705,
4904S), STAT3 (4904S), p-S6 (Ser235/236) ribosomal
protein (4858S), S6 ribosomal protein (2217S), Caspase 3
(9662S), PARP (9532S), and anti-mouse (7076S) or anti-
rabbit (7074S) IgG were purchased from Cell Signaling
Technology (Danvers, MA, USA).

Cell viability assay. Cell viability experiments were
performed with the Cell Counting Kit-8 (CCK-8, Dojindo
Laboratories, Rockville, MA, USA) according to the manufac-
turer’s instructions. Briefly, cells were seeded in 96-well plates
at the density of 1x10* cells per well. After 24 h of culture at
37°C, cells were either treated with increasing concentration
of bosutinib and Dox, or a combination of bosutinib with
Dox for 24 or 48 h, depending on the experiments. Then a
mixture of 10 ul of CCK-8 and 190 pl of RPMI with 10% FBS
was added to each well and incubated for one hour. The absor-
bance at 450 nm of each well was measured by the Synergy™ 4
Hybrid Microplate Reader (Biotek). The ICs, value based on
the cell viability data was calculated with Prism 5 (Graphpad
Software Inc., La Jolla, CA). Annexin V and PI staining kit
(Beyotime Biotechnologies, Jiangsu, China) was applied to
quantify the cell death. After treatment, cells were washed
with PBS, resuspended in 200 pl binding buffer, incubated
with 5pl Annexin V-FITC and 10pl PI for 20 min at room
temperature in the dark. The stained cells were quantified by
flow cytometer (BD Bioscience, USA).

Colony formation assay. Cells were seeded in 12-well
plates at 2 x 10° cells per well. After 24 or 48 h, cells were
incubated with bosutinib at 3uM, or 5uM for 72 h and then
cultured in drug-free medium for about 2 weeks. After that,
cells were fixed and stained with methanol/crystal violet for
10 min and photographed. Each experiment was performed
in triplicate.

Anchorage-independent growth assay. Cell anchorage-
independent growth abilities were evaluated by soft agar
assays as described [25, 26]. Briefly, in six-well plates, the
bottom layer was made by mixing 2 ml of 0.5% agar and
media solution and added to each well until semi-solid.
The 1.5 ml top agar layer was made of 0.3% agar and media
solution, and each ESCC cell line was counted and added to
the mixture at the density of 1x10* cells/well along with the
indicated concentrations of bosutinib. Cells were grown at
37°C for 2-3 weeks and subsequently stained with 500 ul of
5 mg/ml Thiazolyl Blue Tetrazolium Bromide (MTT, M5655,
Sigma). After 4 h, images were captured by the microscope
and colonies were counted. Each assay was performed in
triplicates.

Western blot analysis. For protein immunoblotting,
after the indicated treatments, cells were washed twice with
cold PBS and then lysed in RIPA buffer (150mM NaCl,
50mM Tris-HCl at pH7.4, 50mM sodium fluoride, 1 mM
EDTA, 1mM dithiothreitol, 1mM phenylmethylsulfonyl
fluoride, 1 mM benzamidine, 0.1 mM sodium orthovana-
date, 10 pg/mL leupeptin, 1% NP-40, 0.25% sodium deoxy-
cholate, and supplemented with phosphatase inhibitor
cocktail 2 and 3 (p5726 and p0044, Sigma). Protein concen-
tration was determined by Bio-Rad Bradford protein assay
and equal amounts of protein were loaded for immunoblot
analysis. Lysates (50ug protein) were separated by the
SDS-PAGE, and then transferred to PVDF (polyvinylidence
fluoride) membranes (BioRad). Membranes were blocked in



56

Y. N. E. HA, Y. DAL D. WUFUER, M. PIDAYI, G. ANASIHAN, L. CHEN

5% milk for 1 h at room temperature, and then incubated
with the indicated primary antibodies overnight at 4°C.
The membranes were then incubated with anti-mouse or
anti-rabbit IgG conjugated with horseradish peroxidase at
room temperature for 1h. Chemiluminescent visualization
was detected by the ECL-Plus Western detection system
(GE Health Care, Buckinghamshire, UK). Membranes were
re-probed with B-actin antibody as a loading control for all
experiments.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 5 software. All values are presented
as mean + standard deviation. p-values <0.05 were consid-
ered statistically significant. Student’s t-test (two-tailed)
and one way ANNOVA and analysis of variance (Dunnett’s
multiple comparison post-test) were used to analyze differ-
ences between the drug treatment groups and control group.

Results

Bosutinib suppresses the proliferation of ESCC cells. To
assess the antitumor effect of bosutinib on ESCC, we used
two ESCC lines ECA109 and KYSE450, which were treated
with bosutinib at the indicated concentrations of 0.05uM
to 10uM for 48 h, then subjected to CCK-8 assay. The
results demonstrated that cell viability was greatly reduced
by bosutinib in tested ESCC cell lines in a dose-dependent
manner (Figure 1A). Both ECA109 and KYSE450 cells
were relatively sensitive to the treatment of bosutinib with
ICs, ranged from 2.717uM to 3.122uM (Figure 1B). These
results indicate that bosutinib significantly inhibits ESCC cell
growth in a dose-dependent manner.
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Bosutinib inhibits colony formation of abilities of ESCC
cells. To further validate the inhibitory effect of bosutinib
on cell growth, we performed a cellular colony formation
assay. Cells were treated with bosutinib at concentrations of
OpM, 3uM, and 5 uM for 72 h and then cultured in drug-free
medium for about 2 weeks. Treatment with bosutinib remark-
ably inhibited tumor cell growth compared with control in
both cell lines tested (Figure 2A). The capability to form
colonies in an anchorage-independent manner in soft agar
is also one of the most distinctive characteristics of cancer
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Figure 1. Bosutinib suppresses the proliferation of ESCC cells. A) Two
ESCC cell lines, ECA109 and KYSE450, were treated with increasing con-
centration of bosutinib for 48 h. Cell viability was measured by perform-
ing the Cell Counting Kit-8 (CCK-8) assay. p-values <0.05 (*), or p<0.001
(***) (Student’s t-test, two-tailed) were indicated. B) The IC;, values of
bosutinib on each ESCC cell lines were calculated by using Graphpad
prism 5.0.
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Figure 2. Src inhibitor bosutinib inhibits colony formation of abilities of ESCC cells. A) Two ESCC cell lines were seeded in 12-well plates at 2x10?
per well, then incubated with bosutinib at 0 uM, 3 uM, or 5puM for 48 h and cultured in drug free medium for about 2 weeks. Cell colonies were fixed,
stained with crystal violet and photographed. B) ECA109 and KYSE450 cells were seeded in 6-well plates in soft agar with increasing concentrations of
bosutinib and allowed to grow for 2-3 weeks. Then, crystal violet staining was performed and the images were captured. C) Colony numbers from (B)
were presented as mean + S.D. p-values <0.001 (***) (Student’s t-test, two-tailed) were indicated.
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cells. To assess whether bosutinib impair the anchorage-
independent growth ability of ESCC cells, we performed soft
agar assays also. ECA109 and KYSE450 cells were cultured
with bosutinib at OuM, 3 uM or 5uM for three weeks and
then visible colonies were fixed and stained. Compared with
untreated control groups, the number of colonies were signif-
icantly reduced in all bosutinib-treated groups, indicating
that bosutinib inhibited colony formation in ESCC cell lines
tested (Figures 2B and 2C).

Bosutinib inhibits Src and c-Abl activity, as well as the
activation of PI3K/Akt/mTOR and JAK/STAT3 signaling
and induces apoptosis in ESCC cells. We aimed to deter-
mine the molecular mechanisms, which were responsible for
the cytotoxicity of bosutinib in ESCC cells. Both ECA109
and KYSE cells were treated with bosutinib for different time
points (0-12 h) and we measured the phosphorylation levels
of Src and its downstream effectors. As shown in Figure 3,
bosutinib significantly inhibited the phosphorylation level of
p-Src (Y416), p-c-Abl (Y245) and p-STAT3 (Y705) in the cells
tested. The ribosomal protein S6 kinase acts downstream of
the mammalian target of rapamycin (mTOR) and bosutinib
also effectively suppressed the activation of p-S6 (5235/236),
in the tested cell lines (Figures 3A and 3B). Furthermore,
bosutinib alone induced cell death via increasing PARP
cleavage in a dose dependent manner (Figure 3C). Collec-
tively, these data demonstrate that bosutinib induced cell
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Figure 3. Bosutinib inhibits Src and c-Abl activity, as well as the activa-
tion of PI3K/Akt/mTOR and JAK/STATS3 signaling and induces apopto-
sis in ESCC cells. A and B) ECA109 and KYSE450 cells were treated with
5uM of bosutinib for 0, 2, 4 and 8 h and the cells were lysed and subjected
to immunoblotting with the indicated antibodies. B-actin was used as a
loading control in all experiments. C) ECA109 and KYSE450 cells were
treated with increasing concentrations of bosutinib (0, 0.5, 1 and 3 uM)
for 12 h and the cells were lysed and subjected to immunoblotting with
indicated antibodies. - Actin was used as a loading control in all experi-
ments.
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Figure 4. Bosutinib significantly enhances the cytotoxic effect of Doxorubicin on ESCC cell lines. A and B) ECA109 and KYSE450 cells were seeded in
96-well plates and were incubated with the indicated concentrations of Dox plus DMSO or bosutinib (0.5 uM) for 24 h. Cell viability was assessed by
the CCK-8 assay. Results are represented as % vehicle + SD. p-values <0.05 (*), p<0.01 (**), or p<0.001 (***) (Student’s t-test, two-tailed) were indicated.
C and D) ECA109 and KYSE450 cells were treated with either Dox (1 utM), or bosutinib (0.5 uM) alone or in combinations for 12 h. All samples were
then collected, subjected to SDS-PAGE, and immunoblotted with PARP and Caspase 3 antibodies. f-Actin was used as a loading control for whole cell

extracts in all experiments.
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apoptosis by blocking the activation of Src, c-Abl, PI3/AKT/
mTOR and JAK/STAT3 pathways in ESCC cells.

Bosutinib significantly enhances the cytotoxic effect of
Doxorubicin on ESCC cell lines. Since ESCC cell prolifera-
tion was effectively inhibited by the treatment of bosutinib,
we reasoned that bosutinib may sensitize ESCC cells to the
treatment of conventional drug Dox. To test our hypothesis,
we treated the cells with either Dox alone or combined with
bosutinib at indicated concentrations for 48 h. We found that
the cytotoxic effects of Dox on both ESCC cells were signifi-
cantly enhanced when treated in combination with low doses
of bosutinib (Figures 4A and 4B). Consistently, immunob-
lotting analyses showed that bosutinib boosted Dox-induced
cell death by increasing Caspase-3 and PARP cleavages in the
combination treatment groups compared to the bosutinib or
Dox alone treatment groups (Figures 4C and 4D). Moreover,
Annexin V and PI staining showed that bosutinib combined
with Dox increased cell death (Figure 5A). Furthermore,
to determine whether the apoptosis induced by bosutinib
was caspase-dependent, the caspase inhibitor ZVAD-FMK
was co-administered and bosutinib-induced cell death was
significantly inhibited (Figure 5B).

Discussion

The non-receptor tyrosine kinase Src has been involved in
multiple cancer-related process including proliferation and

survival through Src-mediated PI3K/AKT/mTOR, MAPK/
ERK and JAK/STAT3 signaling [27-29], therefore it has
been recently indicated as a promising therapeutic target
in the treatment of solid tumors including ESCC [30]. In
addition, it has been reported that Src is not only involved
in tumor progression but also associated with the resistance
to anticancer drugs in traditional and targeted therapies
[31]. Other studies have shown the influence of inhibition
of Src activity by dasatinib on cisplatin sensitivity in ESCC
cells [32]. Our results indicate that the novel dual Src/Abl
inhibitor bosutinib, inhibited the proliferation of ESCC cells
in a time-dependent manner, attenuated colony forming
ability and increased apoptosis in tested ESCC cells. Also,
we found that bosutinib suppressed the activities of Src and
Src-mediated PI3K/AKT/mTOR and JAK/STAT3 signaling
pathways in ESCC cells.

Chemoresistance has frequently been seen as one of the
main clinical obstacles, which cause the relapse in patients,
especially in high-risk ESCC patients. Thus, clarifying the
molecular mechanisms that are responsible for chemoresis-
tance is of vital importance. In the present study, we demon-
strated that although bosutinib alone exerted cytotoxicity in
ESCC cells by suppressing the activation of its targeted Src
and c-Abl, cells showed further sensitivity to the treatment
with combination of bosutinib and Dox. It is notable that
bosutinib may sensitize ESCC to Dox chemotherapy and
thus lessen Dox resistance and toxicity. Consistent with these
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Figure 5. Bosutinib significantly enhances the cytotoxic effect of Doxorubicin on ESCC cell lines. A) Cell apoptosis of ECA109 was detected by flow
cytometry 12h after bosutinib (0.5 uM) treatment with or without Dox (1 pM). B) ECA109 and KYSE450 cells were treated with indicated concentra-
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B-Actin was used as a loading control in all experiments.
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findings, it has been reported that some bosutinib exacer-
bates Dox-induced cytotoxicity in neuroblastoma (NB) and
sensitizes NB cells to Dox [9]. Collectively, these findings
suggest that bosutinib could be beneficial as an addition to
conventional drug Dox and it might be an effective strategy
for treating ESCC patients, enabling the use of lower doses of
Dox and reducing side effects.

Multiple Src/Abl inhibitors have been studied in the
laboratory and clinic. Imatinib, the first generation Bcr-Abl
inhibitor, has shown activity in patients with CML and
gastrointestinal stromal tumors and was approved for the
treatment of these patients [33, 34]. However, there is a
demand to treat patients with imatinib-resistant Bcr-Abl
mutants, which gave rise to the development inhibitors
like dasatinib, nilotinib and bosutinib that are the second-
generation tyrosine kinase inhibitors. As a second generation
Src/Abl inhibitor, bosutinib has a much broader therapeutic
index than imatinib and bosutinib targets the active kinase
domain of c-Abl and inhibits both c-Abl and Bcr-Abl fusion
protein at a lower IC,, than imatinib [35]. Another advan-
tage of bosutinib is that it might be safe and effective first-line
treatment for patients with chronic phase CML [36]. Despite
the fact that bosutinib as a single agent has been approved
by United States Food and Drug Administration (FDA) for
treating patients with CML [24], its efficacy in ESCC and
other diseases including survival rate, relapse rate of the
patients after bosutinib treatment remains to be determined.

In summary, by studying two ESCC cell lines, we provide
compelling evidence that bosutinib alone could suppress
proliferation and induce apoptosis in ESCC cells by blocking
Src, c-Abl and downstream signaling pathways. Promising
combinatorial effects are also seen with traditional chemo-
therapeutic agents. Our data suggest that Src and c-Abl
are promising therapeutic targets in ESCC, and our study
offers the possibility for rational use of Src/Abl inhibitors
like bosutinib as a new approach for the treatment of ESCC
patients.
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