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Radiosensitizing effect of c-Met kinase inhibitor BPI-9016M in
esophageal squamous cell carcinoma cells in vitro and in vivo
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Background: c-Met is the receptor of hepatocyte growth factor (HGF) which plays a key role in inhibiting
apoptosis. BPI-9016M is a small-molecule c-Met inhibitor that can promote apoptosis and enhance the
cytotoxicity of various DNA-damaging agents. Here, we evaluated the radiosensitizing potential of BPI-
9016M in Ecal09 human esophageal squamous cell carcinoma (ESCC) cells iz vitro and in vivo.

Methods: Cell Counting Kit-8 (CCK-8) assay was used to measure cell viability. Clonogenic survival assay
and a murine tumor xenograft in male nude mice were used to evaluate the radiosensitizing effect of BPI-
9016M. Apoptosis was determined by the terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining and flow cytometry experiment. Apoptosis-related proteins were detected by western
blot. By evaluating the activation of the ATR-Chk1/ATM-Chk2 pathway to detect radiation-induced DNA
double-strand break and homologous recombination repair. BPI-9016M induced a radiosensitizing effect in
Ecal09 cells and reduced the survival rate of clone formation in vitro.

Results: The combination of BPI-9016M with irradiation (IR) significantly delayed the growth of ESCC
tumor xenografts than treatment alone (P<0.05). The radiosensitizing effects of BPI-9016M were due to
increased apoptosis, such as the up-regulation of cleaved-caspase 3 and 9, down-regulation of mutant P53
and Bcl-2, the decreased of phosphorylation of ATR and ATM, and the inhibition of y-H2AX accumulation
in vitro and in vivo.

Conclusions: These findings indicated that BPI-9016M exerts a radiosensitizing effect and enhances
apoptosis by inhibiting homologous recombination DNA repair in irradiated ESCC cells.
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Introduction however, the majority of patients with ESCC experience
regional or distant treatment failure and have a 5-year

Esophageal squamous cell carcinoma (ESCC) is the
survival rate of only 20-25% (2,3).

dominant histological type of esophageal cancer in Eastern

Europe and Asia, while 95% esophageal cancers in China Owing to increased knowledge of the molecular
are ESCC (1). Chemoradiotherapy and surgical resection mechanisms that lead to esophageal cancer, a variety
are the standard therapy for locally advanced ESCC; of molecular targeted agents have been developed.
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Numerous randomized trials have investigated the efficacy
of multimodality therapy combined with molecular
targeted agents, with the aim of improving safety without
compromising effectiveness, reducing local recurrence, and
prolonging survival (4-7).

The hepatocyte growth factor (HGF) receptor (MET,
or c-Met) is a potential therapeutic target in a number of
cancers, including esophageal cancer. The membrane-based
receptor tyrosine kinase c-Met mediate cell migration,
invasion and angiogenesis via binds to its ligand HGF.
c-Met is overexpressed in 34-54% of cases of esophageal
adenocarcinoma and is significantly associated with survival
(8,9). While c-Met is only overexpressed in approximately
7% of cases of ESCC and not associated with prognosis in
patients from Western countries, overexpression of c-Met
has been reported in up to 34% of cases of ESCC and is
associated with poor prognosis in patients from China
(10,11).

A number of agents have been developed to target c-Met,
including BPI-9016M, a novel small-molecule inhibitor that
simultaneously target both c-Met and AXL tyrosine kinases
(11-14). Basic and clinical studies of these targets have
been conducted in esophageal cancer, with most focusing
on esophageal adenocarcinoma, which may result the fact
esophageal cancer is mainly adenocarcinoma in western
countries (15-18). A recent trial reported that foretinib
could enhance radiosensitivity in ESCC by phosphorylating
c-Met (11). However, BPI-9016M was only reported on
the correlation between survival and prognosis in advanced
solid tumor (13) and few studies have investigated the
mechanism of action of BPI-9016M on c-Met signaling in
ESCC.

We thus investigated the radiosensitizing effect of the
c-Met inhibitor BPI-9016M in human ESCC Ecal09 cells
in vitro and in vive, and explored the associated mechanisms.

We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-6586).

Methods
Drugs, cell culture, and irradiation (IR)

BPI-9016M was prepared as a 10 mg/mL stock solution in
dimethyl sulfoxide (DMSO) and stored at -20 °C. Ecal09
cells were obtained from the Laboratory of Zhejiang Cancer
Institute. Cells were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 100 pg/mL of

© Annals of Translational Medicine. All rights reserved.

Jiang et al. BPI-9016M radiosensitizes esophageal carcinoma cells

streptomycin, and 100 of pg/mL penicillin. Ecal09 cells
were kept at 37 °C in a humid environment containing
5% CO,. X-ray radiation was delivered by a 6-MV linear
accelerator (Elekta, Stockholm, Sweden). The dose rate was
250 ¢Gy/min and the source-to-target distance was 100 cm.

Cell proliferation assay

Cell viability was assessed using Cell Counting Kit-8
(CCK-8) assay. Ecal09 cells were seeded in 96-well plates
(4,000 cells/well) 24 hours before drug treatment. BPI-
9016M was added at various concentrations to replicate
wells. After 48 hours, 10 pL of cell CCK-8 reagent
(Dojindo Laboratories, Kumamoto, Japan) was added and
incubated at 37 °C for 2 hours, with the absorbance being
measured at 450 nm using a spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Each experiment

was repeated 3 times.

Determination of radiosensitivity in vitro

Growing cells were treated with 3.0 pg/mL BPI-9016M
for 24 hours; irradiated with 0, 2, 4, 6, 8, 10 or 12 Gy using
6 MV X-rays; and then seeded into 96-well plates (Costar;
Corning Life Sciences, Glendale, AZ, USA) at various
cell numbers depending on the dose of IR. After 7 days of
culture in complete medium, the cells were stained with
crystal violet and survival colonies containing more than
50 cells were directly scored by an inverted microscope.
Cell survival was plotted using the IR dose as the abscissa
axis and the surviving fraction (SF) as the vertical axis. The
average lethal dosage of cell (D0) and the quasi-field dosage
(Dq), which indicates the ability of cells to repair sublethal

injury, and N were calculated. SF was calculated as follows:

SF:I—[I—exp(DO)} ;Dq:% [1]

The sensitization enhancement ratio (SER) was
calculated as follows: SER = control group DO0/treatment
group DO.

Cell cycle distribution

Cells were treated with 6 Gy IR, BPI-9016M (3.0 pg/mL,
48 hours) or both, with DMSO being used as a control. Cells
were harvested, fixed with 70% ethanol, stored overnight at
=20 °C, centrifuged at 300 g, washed twice with phosphate-
buffered saline (PBS), and then labeled with 50 mg/mL
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propidium iodide (PI), and after incubation for 30 minutes
in the dark, flow cytometry was used for analysis (CellQuest
version 3.1; Beckman Coulter, Inc., Brea, CA, USA).

Apoptosis assays

Apoptosis was assessed using Annexin V/PI double staining.
Cells were treated with 6 Gy IR, BPI-9016M (3.0 pg/mL,
48 hours) or both, with DMSO being used as a control.
Cells were stained with Annexin V-FITC and PI, and the
apoptotic fraction was mearused by flow cytometry (BD
FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis

Total proteins were extracted by radioimmunoprecipitation
assay (RIPA) buffer containing phenylmethanesulfonyl
fluoride (PMSF) and quantified by a bicinchoninic acid
(BCA) protein assay kit (Lianke, Hangzhou, China).
Proteins (40 pg) were isolated by 10% SDS PAGE
electrophoresis, transferred to polyvinylidene difluoride
(PVDF) membranes, blocked and incubated with primary
antibody, incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:2,000) and detected by
enhanced chemiluminescence (ECL).

Tumor xenograft model

A protocol was prepared before the study without
registration. Animal treatments were performed
according to institution-approved protocols. The animal
experiments were approved by the Institutional Animal
Care and Use Committee of Zhejiang Cancer Research
Institute (Hangzhou, Zhejiang, China) (No. 2021-12-
005), in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (19).
Four-week-old male nude mice purchased from
Hangzhou Hangsi Biological Technology Company were
subcutaneously injected with 1x10°Ecal09 cells in 0.1 mL
PBS into the right leg. Nude mice were randomly allocated
to a control group, BPI-9016M group, IR group, or IR plus
BPI-9016M group, with 6 mice per group. After the nude
mice were numbered by one researcher, another researcher
took the numbers from the sealed, opaque envelope and
randomly divided them into four groups. The sample size
was based on published literature on radiation sensitization

(20,21). Daily administration of 37.5 mg/kg of BPI-9016M
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by gavage was started on day 11 (when the tumors exceeded
S mm in any direction; dosage was based on a clinical trial
NCT02478866). The nude mice of the IR and IR plus BPI-
9016M group received 8 Gy of IR on day 19 after drug
treatment had been completed. All nude mice were raised in
a specific pathogen-free environment.

Xenograft tumor IR was performed using a small animal
radiation research platform (SARRP; Gulmay Medical, Sugar
Hill, GA, USA) at 50 kVp and 0.8 mA using 10 mm of Cu
filtration in the imaging mode and at 200 kVp and 13 mA
using 10 mm of Cu filtration in the therapy mode. Mice were
anesthetized with 1% pentobarbital sodium (100 mg/kg)
and immobilized on the 4-axis robotic positioner. Xenograft
tumors were irradiated using a 20x20 mm collimator using
the image-guided micro-IR (IGMI) technique; dose exposure
calibration and isocenter selection for targeted radiotherapy
were performed using Xstrahl MuriSlice Software (Suwanee,
GA, USA). The dose rate was 3.69 Gy/minute.

The body weight of these mice and tumor diameter were
measured every 3 days, and tumor volume was determined
according to the formula: (width® x length) divided by the 2.
Growth delay (GD) was determined as the time for treated
tumors to double in volume minus the time for control
tumors to double in volume. The enhancement factor (EF)
was calculated as follows: EF = (GDyg , sprooiem = GDgprooiem)
divided by the GDIR.

The data collector did not participate in the
abovementioned experimental operation. Mice were
killed on day 28 or if the tumor volume of any nude mice
exceeded 2 cm’. Total proteins were extracted from tumor
samples using RIPA/PMSF buffer and quantified using
a BCA protein assay kit. Tumor specimens were fixed in
10% formalin. The paraffin-embedded were sectioned
5 pm thick for immunohistochemical (IHC) or terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay.

Immunobistochemistry

An esophageal carcinoma tissue chip which contain
samples of the 24 xenograft tumor tissues from the 6 nude
mice per group was created. [HC was performed according
to a method described previously (22). Light microscopy
was used to analyze the chip. The labeling index was equal
to the ratio of the number of cleaved caspase 3-positive
cells to the total number of nuclei (4 fields per 1,000 tumor
cells).
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Figure 1 BPI-9016M- and/or IR-inhibited Ecal09 cells. (A) BPI-9016M inhibited the proliferation of Ecal(09 cells in a concentration-
dependent manner. (B) Clonogenic survival assays of cells treated with IR alone compared to those treated with IR and BPI-9016M. IR,

irradiation.

Table 1 Effect of BPI-9016M on the radiobiological parameters of
Ecal09 cells

Group N Dg DO SF2 SER
IR 2.044 468 6.553 0.85 -
IR + BPI-9016M 1.217 1.25 4.953 0.71* 1.32

Calculated using the single-hit multitarget model. *P<0.05
compared to IR alone. N, extrapolation number; Dq, quasi-field
dosage; DO, average lethal dosage; SF2, survival fraction (2 Gy);
SER, sensitization enhancement ratio; IR, irradiation.

Immunofluorescent staining

Immunofluorescence (IF) was performed with a FITC
Immunofluorescence Detection Kit (Cell Signaling
Technology, Danvers, MA, USA). Images were captured
using a confocal laser scanning microscope (CLSM;

FV1200; Olympus, Tokyo, Japan).

TUNEL assay

According to the manufacturer’s instructions, we used In
Situ Cell Death Detection Kit-POD and In Situ Cell Death
Detection Kit-Fluorescein (Roche Molecular Biology,
Mannheim, Germany) to quantify TUNEL-positive cells of
the xenograft tumor tissues through light and fluorescence
microscopy, respectively. The apoptosis percentage was
considered to be the ratio of the number of TUNEL-
positive cells to the total number of nuclei (4 fields of view
per 1,000 tumor cells) and the number of nuclei in 1 drop
of PBS by CLSM at 488 nm excitation.

© Annals of Translational Medicine. All rights reserved.

Statistical analysis

All data are presented as the mean = SD of three
experiments. Differences between groups were determined
using one-factor analysis of variance using SPSS 21.0
software (IBM Corp., Armonk, NY, USA) or the unpaired
Student’s ¢-test. Differences were considered statistically
significant with P value <0.05.

Results

BPI-9016M inbhibited cell proliferation and bad a
radiosensitizing effect in Ecal09 cells

Ecal09 cells were exposed to different concentrations (0.391,
0.781, 1.563, 3.125, 6.250, 12.50, 25, and 50 pg/mL) of BPL-
9016M for 48 hours. BPI-9016M reduced the viability of
Ecal09 cells in a concentration-dependent manner (Figure
14). Cells were pretreated with 3.0 pg/mL BPI-9016M
for 24 hours and then irradiated at 0, 2, 4, 6, 8, 10, or
12 Gy. Surviving colonies were counted and plotted using
a multitarget click mathematical model (7zble 1 and Figure
IB). The SER value was 1.32. Compared IR alone, BPI-
9016M decreased the average lethal dosage of IR, indicating
BPI-9016M reduced the ability of sublethally injured cells to
repair radiation-induced damage.

BPI-9016M did not significantly affect cell cycle
distribution in irradiated Ecal09 cells

Flow cytometry was performed to explore the effect of the
c-Met inhibitor on cell cycle distribution in irradiated Ecal09

Ann Transl Med 2021;9(24):1799 | https://dx.doi.org/10.21037/atm-21-6586
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Figure 2 BPI-9016M slightly affected cell distribution but enhanced apoptosis and inhibited DNA damage repair pathway in irradiated
Ecal09 cells. (A) BPI-9016M slightly increased the accumulation of S phase cells with a concomitant rise in the G2/M fraction. (B)

Flow cytometry analysis of apoptotic cells after Annexin V/PI double staining. (C) Representative western blot analysis of apoptosis-

related proteins. (D) Representative western blot analysis of homologous recombination repair-related proteins. PI, propidium iodide; IR,

irradiation; PE, phycoerythrin; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase (was used as a

loading control).

cells. BPI-9016M (3.0 pg/mL, 48 hours) slightly increased
the accumulation of S phase cells with a concomitant rise in
the G2/M fraction (Figure 24 and Table 2). However, these

changes were not significant.

BPI-9016M significantly enhanced apoptosis in irradiated
Ecal09 cells

Annexin V-FITC and PI dual staining revealed that 6 Gy
IR plus BPI-9016M (3.0 pg/mL) synergistically induced

© Annals of Translational Medicine. All rights reserved.

apoptosis (Figure 2B). The differences between the
combined treatment and single treatments were statistically
significant (P<0.05; Table 2).

Western blotting revealed lower levels of c-Met, mutant
P53, and Bcl-2, and higher levels of cleaved caspase 3 and
cleaved caspase 9 in cells treated with 6 Gy IR plus BPI-
9016M compared to cells treated with BPI-9016M or
IR alone (Figure 2C), confirming that BPI-9016M had a
radiosensitizing effect by enhancing radiation-induced
apoptosis in Ecal09 cells.

Ann Transl Med 2021;9(24):1799 | https://dx.doi.org/10.21037/atm-21-6586
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Table 2 Effect of BPI-9016M on cell cycle distribution and apoptosis in irradiated Ecal09 cells

Group G0/G1 S G2/M Apoptosis
Control 66.2+2.7 27.6+2.2 6.2+1.1 3.3+0.9
BPI-9016M 67.2+2.4 24.1+£3.0 8.7+£2.8 6.1+£0.8
IR 54.9+1.5 36.8+2.4 8.3+1.9 14.5+2.6*
BPI-9016M + IR 49.6+2.3 41.3+£2.2% 9.1+1.4 28.3+4.4*
*P<0.05 compared to control cells; **P<0.05 compared to IR alone. IR, irradiation.
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Figure 3 BPI-9016M increased the radiosensitivity of Ecal09 xenograft tumors. (A) Illustration of the treatment protocol. (B)

Representative images of excised tumor xenografts. (C) The growth curve of each group. (D) The body weight of each group. Data are
presented as mean = SD of the 6 mice per group. *P<0.05 for BPI-9016M + IR versus IR; **P<0.001 for BPI-9016M + IR versus BPI-

9016M. IR, irradiation.

BPI-9016M inhibited the ATM- and ATR-dependent
DNA damage bomologous recombination repair pathways
in irradiated RCA109 cells

Western blotting also revealed IR activated the ATM/Chk2
and ATR/Chk1 pathways, as indicated by increased levels of
phosphorylated ATM, Chk2, ATR, and Chkl. The H2AX
histone variant was also phosphorylated in response to IR,
suggesting proteins capable of stabilizing the replication
fork and repairing DNA DSBs were rapidly recruited
to damaged replication sites. However, the levels of
phosphorylated ATM, Chk2, ATR, and Chkl were lower in
cells exposed to IR and treated with BPI-9016M than were
cells exposed to radiation alone, while the level of H2AX
phosphorylation was significantly reduced (Figure 2D).

© Annals of Translational Medicine. All rights reserved.

Taken together, these findings indicate that BPI-9016M
inhibits the homologous recombination repair pathways in
irritated cells, likely by inhibiting activation of the ATM/
Chk2 and ATR/Chk1 pathways in response to radiation.

BPI-9016M radiosensitized Ecal 09 xenograft tumors

The treatment protocol was shown in Figure 3A. Figure 3B
shows images of representative Ecal09 xenograft tumors.
BPI-9016M combined with IR significantly delayed tumor
growth compared with that observed with BPI-9016M
(P<0.05) or IR alone (P<0.001; Figure 3C). Notably, the
combination therapy significantly prolonged the time it
took for the tumor volume to double compared to radiation
alone. However, complete tumor regression was not

Ann Transl Med 2021;9(24):1799 | https://dx.doi.org/10.21037/atm-21-6586
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Table 3 Radiosensitizing effect of BPI-9016M in Ecal09 xenograft tumors
Group Doubling time (days) Absolute GD (days) Normalized GD (days) EF
Control 1.27+0.14 - - -
BPI-9016M 1.38+0.18 0.11+0.18 - -
IR 1.70+0.18 0.43+0.18 - -
IR + BPI-9016M 2.03+0.16 0.76+0.16 0.65+0.16 1.51

Data are based on tumor volume on day 28. Absolute GD was calculated by subtracting the doubling time of the treatment groups from
that of the control group. Normalized GD was calculated by dividing the absolute GD of the IR plus BPI-9016M group from that of the

BPI-9016M group. GD, growth delay; EF, enhancement factor; IR, irradiation.

observed for any treatment. The EF for BPI-9016M was
1.51 (Table 3). All treatments were well-tolerated with no
signs of systemic toxicity, such as weight loss (Figure 3D).

BPI-9016M enhanced caspase-associated apoptosis in
irradiated Ecal09 xenograft tumors

IHC revealed cleaved caspase 3 was located in the
membrane and cytoplasm of the tumor sections.
Quantification demonstrated that the expression of cleaved
caspase 3 was higher in the IR plus BPI-9016M tumors than
in tumors treated with BPI-9016M or IR alone although
these differences were not significant (P=0.1693 and
P=0.6171, respectively; Figure 4A).

Based on the IF and TUNEL assay, the mean apoptotic
index was 23.3% for control tumors, 44.2% for tumors
treated with BPI-9016M, 40.8% for tumors treated with IR,
and 62.5% for tumors treated with IR plus BPI-9016M. The
difference between the IR plus BPI-9016M tumors and IR
alone tumors was significantly different (P=0.0458; Figure 4A).

BPI-9016M enhanced radiation-induced DNA damage
repair in irradiated Ecal09 xenograft tumors

As shown in Figure 4B, the levels of phosphorylated DNA
damage repair proteins including ATM, ATR, Chk1, Chk2,
and H2AX were obviously increased in irradiated tumors
compared to control tumors. However, consistent with the
in vitro experiments, lower levels of these phosphorylated
proteins were detected in both the BPI-9016M tumors and
IR plus BPI-9016M tumors compared to irradiated tumors.

Discussion

This study demonstrates that the inhibition of c-Met using
BPI-9016M exerts a radiosensitizing effect associated with

© Annals of Translational Medicine. All rights reserved.

increased radiation-induced apoptosis and attenuation
of DNA damage repair mediated by homologous-
recombination in ESCC cells and xenograft tumors.

Due to the effects on malignant tumor growth, invasion
and metastasis, c-Met has attracted considerable interest
as a potential target. Literatures indicated that the protein
of overexpression and gene dysregulation of c-Met were
closely related to poor prognosis and survival of patients
with malignant carcinoma including ESCC (10,23,24). A
previous study showed that high levels of HGF/c-Met in
ESCC resist radiation by activating downstream PI3K/
Akt axis, regulating DNA damage repair, inducing G2/M
checkpoints and down-regulating the apoptotic signaling
pathway (11).

The resistance of both ionizing radiation and DNA-
damaging chemotherapeutic agents was previously found
to have an impact on the activation of c-Met signaling (25).
Fan er al. demonstrated that DNA fragmentation caused
by DNA-damaging agents can be decreased by pretreating
breast cancer cells with HGF (26) and subsequently showed
this effect to be mediated by c-Met via the PI3K/AKT
pathway (27). Our research revealed that the ATR-Chk1/
ATM-Chk2 pathways represent an alternative mechanism
of radiosensitization via a c-Met inhibitor in ESCC. These
data are in agreement with previous reports demonstrating
that inhibition of c-Met could reduce ATR and Chkl
phosphorylation level in gastric carcinoma cells (28). ATR
and Chkl1 are considered to be active at low levels, even
in the calm cell cycles and especially in S phase (29). The
persistence of unrepaired DNA DSBs during S phase and
apoptosis has been associated with the lack of homologous
recombination repair (30,31); these finding may explain why
BPI-9016M slightly improves the accumulation of S phase
cells when combined with IR. Radiation and genotoxins
potently activate ATM and Chk2 that induce DSBs, but only
weakly, which is mostly likely due to drugs preventing DNA

Ann Transl Med 2021;9(24):1799 | https://dx.doi.org/10.21037/atm-21-6586
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Figure 4 BPI-9016M enhanced apoptosis and inhibited radiation-induced DNA damage repair in irradiated Ecal09 xenograft tumors.

(A) Representative light microscope images of cleaved caspase 3 immunohistochemistry and laser scanning confocal microscopy images

of immunofluorescent TUNEL staining (both shown in green) in tumor xenograft sections. *P<0.05 (IR + BPI-9016M compared to IR

alone). (B) Western blot analysis of homologous recombination repair-related proteins in xenograft tumor tissues. TUNEL, terminal

deoxynucleotidyl transferase dUTP nick end labeling; IR, irradiation; IHC, immunohistochemical; IF, immunofluorescence; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase (was used as a loading control).

replication without causing damage (32). In undamaged
cells, ATM is considered to be inactive homodimer, which
is rapidly autophosphorylated in response to DSBs. This
phenomenon also leads to its dissociation to partially active
monomers (33). Once activated, Chk2 is considered to be

© Annals of Translational Medicine. All rights reserved.

isolated from the injured site and dispersed throughout
the nucleus in the form of monomers, acting on multiple
substrates (e.g., tumor suppressor P53) involved in cell
cycle progression, apoptosis, and gene transcription
(30,33,34). Through interacting with the MRE11/RAD50/
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NBS1 complex (MRN) sensor complex, AT'M monomers
are recruited to DSBs (33). AT Ms are activated and act
locally on multiple substrates at sites of damage. Local
substrates include the variant histone H2AX which is a
component of the y-H2AX histone marker associated
with DNA damage (35). We found that the level of
phosphorylated H2AX was obviously increased by IR, while
H2AX phosphorylation was inhibited in cells which were
exposed to BPI-9016M plus IR. This phenomenon indicated
that BPI-9016M plus IR can cause aberrant H2AX function.
However, in the further studies, other cells lines with known
H2AX status should be used to evaluate the influence of
H2AX on the c-Met-mediated abrogation of radiosensitivity
that is regulated by the ATM-Chk? signal pathway.

Caspases are essential mediators which play an
important role in both mitochondrial-initiated and death
receptor-initiated apoptosis. Specific cleavage of numerous
key cellular proteins is catalyzed by death protease caspase
3 (36). Compared to IR alone, BPI-9016M combined with
IR significantly improved the levels of cleaved caspase 3
and cleaved caspase 9 in Ecal09 cells. The Bel-2 family,
which comprises proapoptotic (including Bax and Bak) and
anti-apoptotic (including Bel-2 and Bcel-xI) members, is
the main medium of apoptosis (36). A high Bcl-2:Bax ratio
is considered to play an important role in apoptosis (37).
We discovered IR caused the expression of Bcl-2, whereas
BPI-9016M combined with IR significantly downregulated
the expression of Bel-2.

The multitarget click mathematical model formula (38)
revealed that BPI-9016M decreased the DO, Dq, and
extrapolation number (N) values of irradiated Ecal09 cells,
and enhanced radiosensitivity in vitro, with a SER value of
1.40. The EF in the tumor xenograft model was 1.51.

In the first clinical trial of radiation and c-Met inhibition
performed, the phase I safety portion demonstrated
that patients with newly diagnosed high-grade glioma
could generally tolerate administration of cabozantinib
at 40 mg daily with radiation plus temozolomide and
postradiation temozolomide, with cabozantinib not
showing pharmacokinetic interactions with concurrent
temozolomide (39). In China, a safety trial for BPI-
9016M in patients with advanced solid tumors is under way
(NCT02478866) (40). Given the encouraging preclinical
and clinical data, it is logical to further explore whether
inhibition of c-Met signaling can enhance the effects of
radiation therapy in ESCC.

The study has several limitations. First, additional
esophageal cancer cell lines should be tested to confirm the
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radiosensitizing effects of BPI-9016M. Second, we need to
confirm if suppression of c-Met downstream signaling results
in the same enhancement of radiosensitivity as that of BPI-
9016M. Third, BPI-9016M is a multi-target inhibits that
simultaneously inhibit c-Met and AXL, and article showed
that inhibition of AXL in TP53-deficient non-small cell
lung cancer cell lines increased DNA damage and induced
replication stress, further experiments are necessary to
evaluate the influence of BPI-9016M on the AXL signaling
pathway in Ecal09 cells. Finally, we are not yet clear
whether the c-MET inhibitor BPI-9016M also enhances the
radiosensitivity of the ESCC cell line Ecal09 by inhibiting
the nonhomologous end joining repair (NHE]) pathway.

In conclusion, the c-Met inhibitor BPI-9016M can
potently radiosensitize the ESCC cell line Ecal09. BPI-
9016M appears to inhibit the ATR-Chk2/ATM-Chkl
pathways to enhance tumor cell killing through both
colnventional pathways (for example, increasing apoptosis),
but also by triggering novel mechanisms, such as the
homologour recombination repair pathway that prevents
activation of ATM- and ATR-dependent DNA damage.
Clearly, the next challenge is to determine whether the
encouraging effects of novel c-Met inhibitors in preclinical
models can be replicated in the clinic.
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