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Abstract
The receptor tyrosine kinases MET and AXL have been implicated in tumorigenesis

and aggressiveness of multiple malignancies. We performed this study to evaluate the

antitumor impact of LY2801653, a dual MET and AXL inhibitor on gastric cancer

and to elucidate the underlying mechanisms. In the present study, tissue microarrays

containing gastric cancer tissues were stained with MET and AXL antibodies, which

showed the prognostic values of MET and AXL. Administration of LY2801653 inhib-

ited cell proliferation, migration, epithelial-mesenchymal transition, induced apopto-

sis, and cell cycle arrest. Xenograft mouse models showed suppressed cell prolifer-

ation of tumors in high MET and AXL expression cells. LY2801653 also inhibited

the growth of MET and AXL-independent cells at higher but clinically relevant doses

through decreased angiogenesis and M2 macrophages in the tumor microenvironment.

In conclusion, our study provides evidence for MET and AXL as prognostic biomark-

ers and potential therapeutic targets in gastric cancer. The dual MET/AXL inhibitor

LY2801653 represents a promising therapeutic strategy for the treatment of patients

with gastric carcinoma.

K E Y W O R D S
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1 INTRODUCTION

Gastric cancer is one of the most common malignancies and

the third leading cause of cancer-related death in males in
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the developing world.1,2 This disease accounts for more than

720 000 deaths annually, which imposes an enormous bur-

den on society.3 Platinum-based chemotherapy remains the

standard treatment strategy for the treatment of gastric cancer;
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however, treatment efficacy is often countered by the devel-

opment of resistance to chemotherapeutic agents, which con-

tributes to the high rates of death.4 The identification of new

prognostic and predictive biomarkers is needed to improve the

outcomes of these patients.

In recent years, targeted therapies have been developed,

such as HER2-targeted trastuzumab, VEGF-A-targeted beva-

cizumab, and VEGFR-2-targeted ramucirumab.2,5–7 These

small molecular targeting drugs, when used as either a single

agent or in combination with chemotherapy, were shown to

significantly extend survival. Several studies have suggested

the prognostic and predictive value of two receptor tyrosine

kinases (RTKs), MET and AXL, as biomarkers and potential

therapeutic targets in cancer treatment.8–11

MET (also known as mesenchymal-epithelial transition

factor, or C-MET) is a heterodimeric RTK activated by the

hepatocyte growth factor (HGF, or scatter factor) ligand.12,13

Binding to HGF leads to phosphorylation of the recep-

tor and the subsequent activation of MET.14 MET activa-

tion induces multiple signaling cascades associated with cell

proliferation, migration, invasion, survival, and branching

morphogenesis.15–17 Dysregulation of the HGF/MET signal-

ing axis has been described in a variety of malignant and pre-

malignant lesions, including lung cancer, gastroesophageal

cancer, hepatocellular carcinoma, breast cancer, ovarian can-

cer, multiple myeloma, and colorectal cancer18–24 and is

associated with tumor growth, angiogenesis, invasion, and

metastasis.25,26 MET gene amplification has been reported in

approximately 8% of patients with gastric cancer by fluores-

cence in situ hybridization (FISH) analysis,8,27–29 while poly-

merase chain reaction (PCR)-based assays showed that the

occurrence of MET gene copy number increases to approx-

imately 20%.30–32

AXL is a member of the tumor-associated macrophage

(TAM) subfamily that belongs to the RTKs. The TAM family

is comprised of TYRO-3, AXL, and MER.33 GAS6 serves as

a ligand for AXL with a high binding affinity.34 GAS6/AXL

signaling functions as an important pathway driving cancer

cell survival, proliferation, migration, and invasion.35

MET and AXL activate common downstream signal-

ing pathways, including PI3K/AKT and MAPK/ ERK

networks,12,36,37 leading to tumor growth, metastasis,

drug resistance, immune suppression, and the stem cell

phenotype.11,35,38 In addition, both MET and AXL have been

reported to be intrinsically linked to epithelial-mesenchymal

transition (EMT), promoting cell survival and cancer

metastasis.38–43 Previous studies have described differ-

ent therapeutic approaches for inhibiting HGF/MET or

GAS6/AXL signaling, such as small kinase inhibitors and

monoclonal antibodies targeting MET and/or AXL.12,44-46

In this study, we investigated the antitumor effects of

LY2801653 (merestinib), an oral ATP-competitive, dual

MET, and AXL tyrosine kinase inhibitor, on gastric

cancer. LY2801653 was reported to display both in vitro and

in vivo inhibitory effects on cholangiocarcinoma and nons-

mall cell lung cancer (NSCLC).39,47,48 A phase 1 clinical trial

has already been completed regarding LY2801653 in patients

with advanced cancer (NCT01285037) (results not reported

for now). In our study, LY2801653 demonstrated potent

antitumor effects on MET and AXL-dependent MKN45

gastric cancer cells as well as MKN45-derived xenograft

models by killing tumor cells directly. In addition, it also

inhibited the growth of MET and AXL-independent SNU719

cells at higher but clinically relevant doses through tumor

microenvironment. These findings indicate that the antitumor

activities of LY2801653 could provide potential therapeutic

applications in patients with gastric cancer.

2 RESULTS

2.1 MET and AXL expression in gastric
cancer cell lines and tissues

We evaluated the expression of MET and AXL in a panel

of seven gastric cancer cell lines by quantitative real-time

PCR (qPCR) and Western blot analyses. Three lines (MKN45,

SNU16, and GT39) showed increased mRNA expression of

MET. AXL expression was relatively lower in MKN28 and

GT39 than in other cell lines. In particular, remarkable and

prominent MET expression as well as high AXL expres-

sion was observed in MKN45 cells. Moderate MET and

AXL expressions were seen in SNU719 cells (Figure 1A

and 1B).

For gastric cancer patients, we calculated both positively

stained cells (0-25%= 1, 26-50%= 2, 51-75%= 3, > 75%= 4)

and the intensity of positive staining (negative = 0, weak = 1,

moderate = 2, or strong = 3) of tissue microarray. The mul-

tiplication of these two values resulted in the total score (val-

ues 0-12), of which scores ≥6 were defined as high expres-

sion and those < 6 were defined as low expression. Patho-

logic analysis indicated that MET was expressed in 57.8%

(52/90) of the gastric tissue microarray, and 42.2% (38/90)

of the samples were negative for MET expression. AXL was

expressed in 54.4% (49/90) of the microarray samples. Base-

line characteristics of gastric cancer patients are presented in

Table 1.

We further performed survival analyses to assess the prog-

nostic value of MET and AXL in patients with gastric adeno-

carcinoma. Pathologic analysis of MET staining patterns indi-

cated that MET expression was significantly associated with

reduced overall survival (OS) (log-rank P = 0.0012; hazard

ratio (HR) = 2.37; 95% confidence interval (CI), 1.41-3.89).

In addition, we found that patients with high levels of AXL

gene expression also had a significantly shorter OS (log-rank

P = 0.0158; HR = 1.88; 95% CI, 1.14-3.13) (Figure 1C).
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F I G U R E 1 MET and AXL expression in human gastric cancer cell lines and gastric cancer patients’ tumors. Relative gene expression levels of

MET and AXL in seven gastric cancer cell lines were analyzed using qRT-PCR. Three cell lines (MKN45, SNU16, and GT39) showed

overexpression of the MET gene, especially MKN45 cells. AXL expression was relatively lower in MKN28 and GT39 than in other cell lines. Data

are presented as the mean ± SEM. All results are representative of three independent experiments. (B) Protein expression levels of MET and AXL

were detected by Western blot analyses in seven gastric cancer cell lines. Prominent MET expression was observed in MKN45 cells. GAPDH was

used as a loading control. (C) MET and AXL were differentially expressed in a 90-gastric cancer tissue microarray. Representative images of low-

and high-MET- or AXL-expressing microarrays are shown (20 ×). Both positively stained cells (0-25% = 1, 26-50% = 2, 51-75% = 3, > 75% = 4)

and the intensity of positive staining (negative = 0, weak = 1, moderate = 2, or strong = 3) were calculated. The multiplication of these two was the

total score (values 0-12), of which scores ≥6 defined high expression and < 6 defined low expression. High MET expression was associated with

poor prognosis in patients with gastric adenocarcinoma (log-rank P = 0.0012; HR = 2.37; 95% CI, 1.41-3.89 for OS). Likewise, high AXL

expression was related to short OS (log-rank P = 0.0158; HR = 1.88; 95% CI, 1.14-3.13)

2.2 LY2801653 inhibited cell proliferation
in gastric cancer cells harboring MET
overexpression

A panel of seven cancer cell lines (MKN45, SNU719,

MGC803, AZ521, GT39, SNU16, and MKN28) was

incubated with increasing concentrations of LY2801653

(1-10 000 nM) or vehicle for 48 or 72 h prior to performing

proliferation assays. Dose-dependent growth inhibition was

measured by CCK-8 assays. Overall, only MET-amplified

gastric cancer cells were susceptible to LY2801653 treatment.

Growth inhibition induced by LY2801653 was prominent in

MKN45 cells, with an estimated IC50 value of 24.83 nM

(range: 20.85-29.56 nM) for 48 h and 23.35 nM (range:

21.14-25.8 nM) for 72 h. In contrast, the proliferation of

other cell lines with low or moderate MET expression, even
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F I G U R E 2 LY2801653 inhibited cell proliferation in MET-overexpressing gastric cancer cells. (A) Cells were incubated with LY2801653 for

48-72 h, and the effects of LY2801653 on the proliferation of gastric cancer cells were determined using a Cell Counting Kit-8 (CCK-8) assay. The

IC50 of each treatment was calculated. Growth inhibition induced by LY2801653 was remarkable in MET-amplified MKN45 cells with an estimated

IC50 value of 24.83 nM (range: 20.85-29.56 nM) for 48 h and 23.35 nM (range: 21.14-25.8 nM) for 72 h, while other cell lines with low or moderate

MET expression were not susceptible to increasing doses of LY2801653 (representative results of MKN45 and AZ521 cells under LY2801653

treatment are shown). (B) The effects of LY2801653 on the expression of apoptosis-related proteins were detected by Western blot analysis. 𝛽-Actin

was used as an internal control. (C-D) MKN45 cells were treated with either vehicle (DMSO) or LY2801653 (10, 20, and 50 nM) for 24 h, collected,

stained with Annexin V-FITC and PI, and analyzed by flow cytometry. Histograms of Annexin V and PI are shown. Early apoptotic cells are in the

bottom right quadrant (Annexin V+/PI−), and late apoptotic or necrotic cells are in the top right and left quadrants (Annexin V/ PI+). The total

levels of apoptotic cells, including early apoptotic, late apoptotic, and necrotic cells, were calculated. The levels of apoptotic cells significantly

increased with LY2801653. All results are representative of three independent experiments. Data are shown as the mean ± SEM. *P < .05;
**P < .01; ***P < 0.001; ****P < 0.0001; ns: not significant
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T A B L E 1 Baseline characteristics of patients with gastric

carcinoma

Number Percentage
Age

Mean ±
SD

67.43 ± 11.22

(95% CI: 65.08-69.78)

Gender

Male 68 75.6

Female 21 23.3

Unknown 1 1.1

Histologic grade

I- II 29 32.2

III 61 67.8

Clinical stage

1 10 11.1

2 24 26.7

3 46 51.1

4 2 2.2

Unknown 8 8.9

T stage

T1 4 4.4

T2 12 13.3

T3 42 46.7

T4a 11 12.2

T4b 7 7.8

Unknown 14 15.6

N stage

N0 24 26.7

N1 14 15.6

N2 23 25.6

N3a 19 21.1

N3b 9 10.0

Unknown 1 1.1

M stage

M0 88 97.8

M1 2 2.2

with high AXL expression such as AZ521 cells, was not

significantly altered with increasing doses of LY2801653

(IC50 > 10 µM) (Figure 2A), indicating that MET might be a

driver of cell proliferation.

2.3 LY2801653 induced apoptosis and cell
cycle arrest in high MET and AXL expression
gastric cancer cell lines

We measured the effect of LY2801653 on the induc-

tion of apoptosis and cell cycle progression using flow

cytometry. High MET and AXL expression MKN45 cells

were treated with increasing concentrations of LY2801653

(10, 20, 50 nM) or diluent control for 24 h. The results showed

a dose-dependent increase in MKN45 cell death (early

and late apoptosis/necrosis), either by Annexin V/PI assays

(Figure 2C and 2D) or by cell cycle (sub-G1) analysis

(Figure 3B). In contrast, no significant effect on apoptosis

was observed in low/moderate MET and AXL expression

cells such as SNU719, even under 20 µM LY2801653 treat-

ment compared to the DMSO group (Supplementary figure

1A and 1C). Western blot analysis confirmed an increased

level of Cleaved caspase-3 and a decreased level of MCL-1

by concentrations of LY2801653 ranging from 10 to 500 nM,

while Procaspase-3, BCL-2, and BAX remained unchanged

(Figure 2B).

Additionally, upon incubation with LY2801653, high MET

and AXL expression MKN45 cells had lower proportions

of cells in S phase compared to the control group in a

dose-dependent manner, indicating cell cycle arrest at G1

phase (Figure 3A and 3B). Western blot analysis verified

the diminished expression of the cell cycle regulatory fac-

tor Cyclin A2 and Cyclin D1 (Figure 3C), which is known

to promote cell cycle G1/S transition.49 However, the effect

was not obvious in gastric cancer cells with moderate MET

and AXL expression SNU719 cells (Supplementary figure

1B and 1D).

2.4 Effects of LY2801653 on cell migration,
EMT, and downstream signaling

To assess the effect of LY2801653 on MET and AXL down-

stream signaling, high MET and AXL expression MKN45

cells were incubated with various doses of this agent

(10-500 nM) for a period of 24 h and evaluated by

Western blot analysis. Treatment with LY2801653 at a con-

centration of 10 nM completely abolished MET and AXL

autophosphorylation. A dose-dependent inhibition of MET

and AXL-mediated effector molecules was observed, includ-

ing p-AKT, p-ERK, and p-STAT3, which were responsible

for cell survival, cell proliferation, and transcriptional con-

trol, respectively (Figure 3D). The agent did not alter the total

expression of MET, AXL, AKT, ERK, or STAT3, ruling out

the possibility that variation in the phosphorylation status was

the result of differential expression levels of proteins. Interest-

ingly, SNU719 cells, which harbor moderate MET and AXL

expression, were originally insensitive to LY2801653 under

current treatment conditions. However, subsequent down-

stream signaling blockade was observed with the increasing

of drug concentration (0.1-20 µM) and action time (72 h)

(Figure 4A).

Since MKN45 cells were semisuspended, we used adherent

SNU719 cells to investigate the effect of LY2801653 on cell

migration and EMT. SNU719 cells were treated with 100 nM,
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F I G U R E 3 The MET/AXL inhibitor LY2801653 induced cell cycle arrest and inhibited downstream molecules in MKN45 cells. (A-B)

MKN45 cells were treated with either vehicle (DMSO) or increasing concentrations of LY2801653 (10, 20, and 50 nM) for 24 h, stained with PI

(DNA content) and analyzed using flow cytometry. Cell cycle arrest at G1 phase was observed in MKN45 cells with lower proportions of cells in S

phase as the doses of LY2801653 increased. Representative histograms are shown. All results are representative of three independent experiments.

Data are shown as the mean ± SEM. *P < .05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: not significant. (C) Western blot analysis for Cyclin A2

and Cyclin D1 expression in MKN45 cells after serial diluted concentrations of LY2801653 treatment. 𝛽-Actin was used as an internal control. (D)

MKN45 cells were treated with the indicated doses of LY2801653 (0, 10, 20, 50, 100, 500 nM) for 24 h. Basal levels of MET, AXL, and their

downstream molecules were determined by Western blot analysis. Data are representative of three independent experiments

500 nM LY2801653, or vehicle (DMSO) and subsequently

subjected to scratch wound healing assay. We found that cell

migration was significantly inhibited by 100 nM LY2801653

at 12 h (P < .001), and loss of migration ability was seen under

500 nM LY2801653 (P < .0001) (Figure 4B and 4C). West-

ern Blot analysis showed the changes of EMT-related proteins

induced by increasing doses of LY2801653, including mini-

mal impairment of Snail, Vimentin, and 𝛼-SMA and induction

of E-cadherin protein expression (Figure 4D).

2.5 MET/AXL inhibition halted tumor
growth in vivo with no obvious toxicities

To evaluate the effects of MET/AXL inhibition on the growth

of gastric cancers in vivo, high MET and AXL expression

MKN45 cells, as well as moderate MET and AXL expression

SNU719 cells were used to establish gastric cancer xenograft

models. Mice bearing established tumors were randomized

into control and experimental groups, and treatment was ini-

tiated after the tumor volume reached a mean of 150-200

mm3. A basal dose of 12 mg/kg LY2801653 was selected

based on previous studies.48,50,51 The results showed a strik-

ing antitumor efficacy of LY2801653 against MET and AXL

“high expression” model than “moderate expression” model.

SNU719 tumors in the LY2801653-treated group progressed

more slowly compared to vehicle-treated tumors (P < .05) at

the termination of the experiment (Figure 7A). In MKN45-

bearing nude mice, a dose of only 3 mg/kg LY2801653

halted tumor growth significantly. On the last day of treat-

ment, tumor volume differed between the control (670 ±
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F I G U R E 4 LY2801653 inhibited cell migration, EMT and downstream signaling in SNU719 cells. (A) SNU719 cells were treated with the

indicated concentrations (0, 0.1, 0.5, 1, and 10 µM) of MET/AXL inhibitor LY2801653 for 72 h. Downstream proteins were evaluated by Western

blot using specific antibodies. GAPDH was used as an internal control. (B-C) SNU719 cells were treated with 100 nM, 500 nM LY2801653 or

vehicle (DMSO), and subsequently subjected to scratch wound healing assay. Wound length was imaged and measured using imageJ after the wound

was first made (0 h) and at the indicated time points (12 and 24 h) postwound exposure. Typical pictures of cell migration were shown (4 ×). Charts

below shows that migration was significantly inhibited by 100 nM LY2801653 at 12 h (P < .001), and loss of migration ability was seen under

500 nM LY2801653 (P < .0001). Data are presented as mean ± SEM of three independent experiments, *P < .05; **P < 0.01; ***P < 0.001;
****P < 0.0001. (D) Western blot analysis of SNU719 cells showing the changes of EMT-related proteins induced by the C-MET/AXL inhibitor

LY2801653. 𝛽-Actin was used as an internal control

88.6 mm3), 12 mg/kg LY2801653 (84.27 ± 22.3 mm3)

(P < .0001), 6 mg/kg LY2801653 (225.8 ± 35.57 mm3)

(P < .0001), and 3 mg/kg LY2801653 (349.5 ± 41.43 mm3)

(P < .001) groups (Figure 5A), which could also be reflected

in tumor weight (Figure 5B). In addition, LY2801653-

treated mice showed virtually no weight loss throughout the

experiment in both models (Figure 5C and 7B). Notably,

no obvious abnormalities were found in hematoxylin-eosin

(HE) staining of the heart, liver, spleen, lung, and kidney

of MKN45-bearing nude mice in both the control group

and LY2801653-treated groups (n = 5 to 6 per group)

(Supplementary figure 2A). Serum biochemistry analy-

sis demonstrated no significant difference in fundamental

biochemical indexes between the control and experimental

groups (P > .05) except for 12 mg/kg LY2801653-treated

group which showed elevated liver enzymes (Supplementary

figure 2B). In all, treatment with LY2801653 was well toler-

ated and effective.

2.6 Effect of LY2801653 on MET and AXL
phosphorylation, angiogenesis, and tumor
proliferation in the MKN45-xenograft model

Xenograft tissues were removed the day after

the last dose of LY2801653, and we performed
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F I G U R E 5 The MET/AXL inhibitor LY2801653 inhibits tumor growth of high MET and AXL expression MKN45 cells in vivo. (A) 1 × 107

MKN45 cells were implanted subcutaneously into female Balb/c nude mice (6-8 weeks). Once-daily oral treatment with LY2801653 (3, 6, or

12 mg/kg) was given with vehicle solution as a negative control. Tumor length (L) and width (W) were measured with calipers every three days. TV

was calculated as [TV = (L × W2)/2], L: tumor length, and W: tumor width. Tumor volume was reported as the mean ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. N = 9 per group. (B) All xenograft tumor nodules from each mouse in the control group or treatment groups (3, 6, or

12 mg/kg LY2801653) were collected and weighed. Tumor weight was reported as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. N = 9 per group. (C) Body weight of each mouse throughout the experiment was measured. No significant difference in body weight

was observed between vehicle-treated mice (17.80 ± 0.74 g) and LY2801653-treated mice (12 mg/kg: 17.08 ± 0.73 g; 6 mg/kg: 16.74 ± 0.86 g;

3 mg/kg: 19.53 ± 1.09 g) at the termination of the experiment (P > .05). (D) Xenograft tumors were stripped the day after the last treatment.

Immunohistochemical analysis using MET, p-MET (Tyr1234/1235), AXL and p-AXL antibodies was performed in xenograft tumors treated with

vehicle or 6 mg/kg LY2801653. Inhibition of p-MET and p-AXL staining was observed in the LY2801653-treated xenograft tumors. Scale

bar = 25 µm

immunohistochemistry (IHC) to visualize the expres-

sion of MET and AXL and their downstream targets after

LY2801653 treatment. Inhibition of both p-MET and

p-AXL staining was observed in 6 mg/kg LY2801653-

treated MKN45-xenograft (Figure 5D). A dose-dependent

attenuation of CD31 staining was observed, which

implied decreased microvessel density in xenograft tumor

tissues. Ki67 LI of gastric tumors in mice receiving

LY2801653 (53.68 ± 2.51) was significantly lower than that

in the control group (81.68 ± 4.32) (P < .001), demonstrating

the induction of reduced proliferation in LY2801653-treated

tumors (Figure 6A-C).
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F I G U R E 6 The MET/AXL inhibitor LY2801653 exerts antitumor effects through decreased proliferation and angiogenesis in MKN45

xenograft tumors. (A) Ki67 staining was performed for the control group and the 6 mg/kg LY2801653 treatment group. Immunopositive cells were

counted in five arbitrarily selected fields, at 40× magnification in a blinded manner. The percentage of positive tumor cells was calculated as the

Ki67 labeling index (LI). Treatment with LY2801653 significantly reduced the Ki67 LI in xenograft gastric tumor samples compared to the control

(P < .001). Data are reported as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar = 50 µm. (B) Tumor tissues in the

control group and the 3, 6, or 12 mg/kg LY2801653 treatment group were stained with CD31. Treatment with LY2801653 decreased microvessel

density compared to the control group with dose-dependent effects. Scale bar = 25 µm. (C) Representative pictures of histopathology of xenograft

tumors treated with LY2801653 or vehicle using HE staining under a light microscope (20×). Scale bar = 50 µm

2.7 Effect of LY2801653 on tumor
microenvironment

The activity of LY2801653 against moderate MET and AXL

expression gastric cancer xenograft model, SNU719, was also

explored. IHC of xenograft tissues revealed inhibited MET

and AXL activation (Figure 7C); however, in vivo tumor cell

proliferation or apoptosis was not affected by LY2801653

(data not shown), which was in accordance with our in vitro

results, suggesting the antitumor mechanism might be related

to tumor microenvironment.

Apart from suppressed tumor angiogenesis (Figure 7D),

we found that the percentage of M2 TAMs (CD45+
CD11b+ F4/80+ CD206+ cells) were significantly fewer in

LY2801653 treatment group (28.82 ± 1.76) compared with

control group (53.96 ± 6.62) (P < .01) (Figure 7E). qRT-

PCR of RNA from xenografts revealed a decrease in M2

markers in LY2801653-treated tumors, including immuno-

suppressive IL-1𝛽, IL-10, Arg-1, and Fizz-1 (Figure 7F).

Other cells in the tumor microenvironment, such as myeloid-

derived suppressor cells, dendritic cells, neutrophils, and

monocytes in xenograft tumors were not significantly changed
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F I G U R E 7 LY2801653 inhibited tumor growth of moderate MET and AXL expression SNU719 cells in vivo. (A) 1 × 107 SNU719 cells were

implanted subcutaneously into female Balb/c nude mice (6-8 weeks). Once-daily oral treatment with LY2801653 (12 mg/kg, p.o.) was given with

vehicle solution as negative control. Tumor length (L) and width (W) were measured with caliper every three days. Tumor volume (TV) was

calculated as [TV = (L × W2)/2], L: Tumor length; W: tumor width. Tumor volume was reported as mean ± SEM. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. N = 10 per group. (B) The body weight changes in different groups throughout the experiment. Treatment with

LY2801653 was also well-tolerated in SNU719-bearing mice, with body weight for vehicle-treated mice weighing 19.81 ± 0.11 g vs 19.59 ± 0.16 g

in LY2801653-treated group (P = .26) at the termination of the experiment. (C) LY2801653 inhibited p-MET and p-AXL expression in

LY2801653-treated xenograft tumors. (D) Representative photographs of CD31 immunofluorescence staining in the control group and 12 mg/kg

LY2801653 treatment group. CD31-positive cells were stained with FITC-labeled antibody. DAPI-stained nuclei were shown in blue. Merged

pictures of CD31 and nuclei (right) showed cytoplasmatic colocalization of CD31. Treatment with LY2801653 decreased microvessel density

compared to the control group. Scale bar = 20 µm. (E) The representative flow cytometry shows the expression of positive percentage of M2

(F4/80+ CD206+ cells, gated on CD45+) in xenograft tumors between LY2801653 and vehicle treatment groups (n = 5). Data are expressed as

mean ± SEM and analyzed with Student’s t-test between two groups. ns, not significant, **P < 0.01. (F) mRNA expression of genes related to M2

tumor-associated macrophages was detected by qPCR in SNU719-derived xenografts. Compared to vehicle treatment, LY2801653 treatment of

SNU719 tumor-bearing mice decreases the production of immunosuppressive IL-1𝛽, IL-10, Arg-1, and Fizz-1 in the tumor microenvironment (n = 5

per group). Data were reported as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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between LY2801653 and vehicle treatment groups (data not

shown).

3 DISCUSSION

Despite substantial improvements in therapeutic strategies,

gastric cancer remains a major killer across the globe. Identi-

fication of specific prognostic biomarkers and drug treatable

therapeutic targets is critical for gastric cancer management.

The present findings established that both MET and AXL

were independent predictors of gastric cancer prognosis. High

MET expression was associated with poor prognosis with sta-

tistical significance based on the gastric cancer tissue microar-

ray. Meanwhile, AXL could also serve as a survival predictor

with detrimental OS in gastric cancer patients.

At present, the potential effects of MET and/or AXL tar-

geting have been reported in renal cell carcinoma,37 lung

cancer,36 and triple-negative breast cancer.52 However, few

reports are available regarding the combinatorial targeting of

MET and AXL in gastric cancer. Our study demonstrated

that the dual MET/AXL-targeting compound LY2801653

has prominent antitumor activity at low doses for the treat-

ment of high MET and AXL expression gastric cancer cells,

LY2801653 inhibited proliferation, blocked phosphorylation

of downstream AKT, ERK, and STAT3 proteins, and induced

apoptosis and cell cycle arrest in high MET and AXL-

expressing MKN45 gastric cancer cells in vitro at nanomo-

lar concentrations. In gastric cancer xenograft models, admin-

istration of LY2801653 significantly halted MKN45 tumor

growth with inhibited MET and AXL phosphorylation activ-

ities, decreased cell proliferation and microvessel densities,

and increased apoptosis in tumors. In addition, LY2801653

also inhibited the in vivo growth of MET and AXL-

independent cells at higher but clinically relevant doses

through decreasing M2 macrophages in the tumor microen-

vironment. Taken together, our data indicated that the dual

MET/AXL inhibitor LY2801653 successfully targeted MET

and AXL by killing tumor cells or affecting tumor microenvi-

ronment, representing a promising strategy for the treatment

of gastric cancer.

Both MET and AXL have been implicated in tumor cell

survival, antiapoptosis, and tumorigenesis13,26,36,53-56; how-

ever, constitutively activated MET signaling is required for

cell survival. MET gene amplification has been reported

to exhibit constitutive ligand-independent MET activation

through receptor dimerization,57,58 which acts as a primary

“oncogenic driver” that might indicate poor prognosis in

patients with gastric cancer.28,30,31,59,60 Smolen et al61 found

that only a fraction of gastric cancer cell lines appeared to

be extraordinarily vulnerable to the selective MET inhibitor

PHA-665752, and these cells were found to have high-level

amplification of wild-type MET. In our study, analysis of a

panel of seven gastric cancer cell lines using qPCR-identified

increased MET gene copy number only in MKN45 cells,

which was further validated at the protein level by West-

ern blot analysis. Treatment with the MET/AXL inhibitor

LY2801653 led to a selective dramatic reduction in cell

viability of MKN45 cells. In contrast, other cell lines were

unaffected by the presence of LY2801653. Moreover, the

induction of apoptosis and cell cycle arrest exclusively existed

in MKN45 cells, which demonstrated the exquisite ability of

MET to drive tumor cell proliferation and mitogenesis.

MET and AXL were shown to regulate cancer cell

growth, migration, invasion, and drug resistance via alter-

ing MAPK/ERK, PI3K/AKT, and STAT3 signaling.62–65 Our

data suggested that inhibition of MET and AXL phosphoryla-

tion activities through LY2801653 in turn led to marked sup-

pression of downstream oncogenic signaling pathways, which

might play important roles in proliferation and angiogenesis-

related behaviors of cancer.

In tumor xenograft models, although a dose of 12 mg/kg

LY2801653 has been shown to repress growth and progres-

sion in acute myeloid leukemia, gastric cancer, glioblastoma,

pancreatic cancer, NSCLC, and colon cancer cells,48,51,66,67

we found that a significant tumor growth delay was observed

in high MET and AXL expression MKN45 gastric can-

cer model at a dose of only 3 mg/kg. LY2801653 showed

robust antitumor activity by causing a reduction of prolif-

eration and an increase in MKN45 cancer cell apoptosis.

Moreover, LY2801653 did not directly eradicate tumor cells

that moderately express MET and AXL, but act on tumor

microenvironment. TAMs are a basic part of the tumor-

infiltrating immune cells which play an important role in

immune system, leading to tumor escalation, angiogene-

sis, metastasis, and immunosuppression.68 In our study, we

found that the immunoregulatory M2 macrophages, known

to be involved in angiogenesis, tissue remodeling, and tumor

progression,69 were significantly reduced after LY2801653

treatment. The underlying determinant of the in vivo sen-

sitivity of SNU719 cells to LY2801653 remains under

investigation.

4 CONCLUSIONS

In an era of personalized/precision medicine, searching for the

right patient that best responds to certain RTK-targeted ther-

apies with tolerable adverse events is of utmost importance.

Blockage of MET and AXL signaling might contribute to the

antitumor effects in gastric cancer by inducing growth arrest

and apoptosis in gastric cancer cell lines and suppressing cell

growth in immunocompromised mice with no obvious toxici-

ties. Our results suggested that LY2801653 might be a promis-

ing molecular inhibitory agent for combating human gastric

cancers.
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5 MATERIALS AND METHODS

5.1 Cell lines and reagents

Seven human gastric cancer cell lines, MKN45, SNU719,

MGC803, AZ521, GT39, SNU16, and MKN28, were

obtained from the American Type Culture Collection

(ATCC). SNU719, MGC803, AZ521, GT39, and MKN28

cells were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 10% (v/v) fetal bovine serum (FBS)

and 1% (w/v) penicillin-streptomycin (Gibco). MKN45 and

SNU16 cells were grown in RPMI 1640 supplemented with

10% (v/v) FBS and 1% (w/v) penicillin-streptomycin (Gibco).

All cells were cultured in a humidified incubator at 37◦C

in a 5% (v/v) CO2 atmosphere. All human cell lines were

mycoplasma-free and have been authenticated using short

tandem repeat (or single nucleotide polymorphism) profiling

within the last three years.

5.2 Antibodies and reagents

All antibodies used are indicated below: MET, phos-

phorylated MET (p-MET) (Tyr1234/1235), phosphorylated

AXL (p-AXL) (Tyr702), p-AKT (S473), STAT3, p-STAT3,

Procaspase-3, Cleaved caspase-3, BCL-2, MCL-1, Cyclin D1,

E-cadherin, Snail, 𝛼-SMA, Vimentin, 𝛽-Actin, GAPDH (Cell

Signaling Technology, Inc., Danvers, MA, USA); AXL, AKT,

ERK, phosphorylated ERK (p-ERK), Ki67, CD31 (Abcam,

Cambridge, UK); BAX and Cyclin A2 (HuaAn Biotechnol-

ogy Co., Ltd., Hangzhou, China). LY2801653 was obtained

from WuXi AppTec Group (Shanghai, China). For in vitro

experiments, the compound was dissolved in DMSO (Sigma)

to an initial concentration of 20 mM and further diluted to

appropriate final concentrations in the relevant assay media.

DMSO in the final solution did not exceed 0.1% (v/v). For in

vivo studies, LY2801653 was formulated in 5% (v/v) DMSO,

40% (v/v) PEG-400, 10% (v/v) solutol, and 45% (v/v) water

and used at a concentration of 12, 6, and 3 mg/kg of body

weight. Animals were treated with LY2801653 or vehicle con-

trol once daily by oral gavage.

5.3 Cell viability assay

Cell viability was determined using the Cell Counting Kit-

8 (Dojindo, Kumamoto, Japan) assay. Cells were seeded in

a 96-well plate at a density of 5000 cells/well. After seed-

ing, cells were treated with vehicle or serial dilutions of

LY2801653 for 48-72 h. At the end of the experiments,

10% v/v CCK-8 solution was added into each well per the

manufacturer’s protocol, and the cells were further incu-

bated at 37 ◦C for 1 h. Absorbance was measured at 450 nm

using a microplate reader. All experiments were performed in

triplicate.

5.4 Western blot analysis

Cells were harvested and disrupted in a radioimmunopre-

cipitation assay (RIPA) lysis buffer (50 mM Tris (pH 7.4),

150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,

0.1% sodium dodecyl sulfate) with protease inhibitor cock-

tail. Equal amounts of whole cell lysates were resolved

on a 10% sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS–PAGE) gel (Bio-Rad) and electrotrans-

ferred to a polyvinylidene difluoride membrane. The mem-

brane was incubated with primary antibodies overnight at

4◦C followed by incubation with secondary immunoglobu-

lin G (IgG) and horseradish peroxidase linked antibody in

TBS-T for 1 h at room temperature. Enhanced chemilumi-

nescent reagents were used to visualize the immunoreac-

tive protein bands. The relative band density ratio was ana-

lyzed using ImageJ software (National Institutes of Health,

Bethesda, MD, USA). The results were indicative of three

independent studies.

5.5 Apoptosis assay and cell cycle analysis

Cells were collected with trypsin, washed three times with

precooled PBS, resuspended in 300 µL of 1 × binding buffer,

labeled with 2 µL FITC Annexin V, and 1 µL propidium iodide

(PI) (BD Biosciences, CA) and analyzed by a NovoCyte Flow

Cytometer (ACEA Biosciences, China).

For cell cycle analysis, cells were trypsinized, fixed, and

then incubated with PI and RNase A (Sigma, St. Louis, MO,

USA). Stained cells were then analyzed by flow cytometry.

The percentage of cells distributed in the different cell cycle

phases was quantified. Each experiment was repeated at least

three times.

5.6 Quantitative real-time PCR

The qPCR assay was carried out as described previously.70

In brief, total RNA was extracted using TRIzol (Invitrogen)

according to the manufacturer’s instructions. The RNA sam-

ples were then reverse-transcribed to cDNA with the TaqMan

Reverse Transcription Kit (Applied Biosystems, Foster City,

CA, USA).
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5.7 Scratch wound healing migration assay

Gastric cancer cells were plated in a six-well plate. After

overnight wounds were generated using a sterile 100 µL

pipette tip. Cells were then exposed to specified treatments

(vehicle or LY2801653). Multiple photographs of the wound

were taken at 0, 12, and 24 h under an Olympus microscope

at 4× magnification. The results were expressed as percent-

age of healing at indicated time points with respect to time 0

measured by ImageJ software.

5.8 In vivo studies

A total of 1 × 107 gastric cancer cells were mixed with

Matrigel (BD Biosciences) and implanted subcutaneously

into female BALB/c nude mice (6-8 weeks). The animal care

was in accordance with institution guidelines. Once-daily oral

treatment with LY2801653 (12, 6, or 3 mg/kg) was given with

vehicle solution as a negative control. Tumor length (L) and

width (W) were measured with calipers every 3 days. Tumor

volume (TV) was calculated as [TV = (L × W2)/2]. At the

end of the experimental period, mice were sacrificed by cer-

vical decapitation, and the whole tumor was dissected, parts

of which were used for HE, IHC, immunofluorescence stain-

ing and flow cytometry, and the rest was stored at −80◦C

for further studies. Vital organs of mice, including the heart,

liver, spleen, lung, and kidney, were also harvested, paraffin-

embedded, and stained with HE.

5.9 Immunohistochemistry staining of
xenograft tumor tissue and gastric cancer
tissue microarray

For IHC analyses,65,71,72 we used 5 µm acetone-fixed frozen

xenograft tissue sections. Per the manufacturer’s protocol,

slides were labeled with primary antibodies. The secondary

antibodies were biotinylated goat anti-rabbit IgG. Images

were taken with an Olympus microscope. Immunopositive

cells were counted in five arbitrarily selected fields at 40×
magnification in a blinded manner. The percentage of ki67-

positive tumor cells was then calculated as the Ki67 labeling

index (LI).

The gastric cancer tissue microarray (Shanghai Outdo

Biotech Co., Ltd.), which contained a total of 90 cases of

gastric adenocarcinomas and their adjacent normal tissues,

was stained for MET and AXL via IHC using the antibod-

ies described above. Informed consent was obtained from all

patients. Baseline levels of total MET and AXL were scored,

quantified, and interpreted by two qualified pathologists using

the Aperio imaging system (Leica).

5.10 Serum biochemistry analysis

The serum of mice in each group (n = 5–6) was obtained by

centrifugation at the end of the experiment and used for serum

biochemistry analysis with an automatic analyzer (Hitachi

High-Technologies Corp., Minato-ku, Tokyo, Japan). Total

bilirubin (TBIL), direct bilirubin (DBIL), alanine amino-

transferase (ALT), aspartate aminotransferase (AST), total

protein (TP), albumin (ALB), glucose (Glc), blood urea

nitrogen (BUN), serum creatinine (S-Cr), uric acid (UA),

triglyceride (TG), total cholesterol (T-CHO), high-density

lipoprotein (HDL), low density lipoproteins (LDL), alkaline

phosphatase (ALP), CK-MB, lactate dehydrogenase (LDH),

and amylase (AMY) were evaluated for comparison between

control and experimental groups.

5.11 Statistical analysis

Student’s t-test was used for data comparison between the

control and experimental groups, and one-way ANOVA was

used to evaluate the difference among multiple groups. Statis-

tical differences at P < .05 were considered significant.

ACKNOWLEDGEMENTS
This work is supported by the Natural Science Founda-

tion of China (No. 81602492), the National Key Research,

Development Program of China (No. 2016YFA0201402)

and the National Major Scientific and Technological Spe-

cial Project for “Significant New Drugs Development” (No.

2018ZX09733001).

CONFLICTS OF INTEREST
The authors declare no potential conflicts of interest.

ETHICAL APPROVAL AND CONSENT TO
PARTICIPATE
All procedures performed in studies involving human partic-

ipants were in accordance with the ethical standards of the

institutional and/or national research committee and with the

1964 Helsinki declaration and its later amendments or compa-

rable ethical standards. This study was approved by the Ethics

committee of Shanghai Outdo Biotech Co., Ltd, China; all

protocols for animal experimentation were approved by the

State Key Laboratory of Biotherapy Animal Care and Use

Committee of Sichuan University, China.

AVAILABILITY OF DATA AND MATERIAL
The datasets used and/or analyzed during the current study

are available from the corresponding author on reasonable

request.



116 ZHU ET AL.

AUTHORS/CONTRIBUTORS
WXW provided the idea and planned the study. ZCJ per-

formed the experiments and wrote the article. WYQ per-

formed the statistical analysis and helped with the final revi-

sion of the article. All authors reviewed the manuscript and

approved the final manuscript.

ORCID
Xiawei Wei https://orcid.org/0000-0002-6513-6422

R E F E R E N C E S
1. Torre LA, Bray F, Siegel Fig, Ferlay J, Lortet-Tieulent J, Jemal A.

Global cancer statistics, 2012. CA Cancer J Clin. 2015;65(2):87-

108.

2. Panarese I, De Vita F, Ronchi A, et al. Predictive biomarkers along

gastric cancer pathogenetic pathways. Expert Rev Anticancer Ther.

2017;17(5):417-425.

3. Lott PC, Carvajal-Carmona LG. Resolving gastric cancer aetiology:

an update in genetic predisposition. Lancet Gastroenterol Hepatol.
2018;3(12):874-883.

4. Han X, Zhang JJ, Han ZQ, Zhang HB, Wang ZA. Let-7b attenuates

cisplatin resistance and tumor growth in gastric cancer by targeting

AURKB. Cancer Gene Ther. 2018;25(11-12):300-308.

5. Ju C, Wen Y, Zhang L, et al. Neoadjuvant Chemotherapy based on

abraxane/human neutrophils cytopharmaceuticals with radiother-

apy for gastric cancer. Small;2018:e1804191.

6. Ohtsu A, Shah MA, Van Cutsem E, et al. Bevacizumab in com-

bination with chemotherapy as first-line therapy in advanced gas-

tric cancer: a randomized, double-blind, placebo-controlled phase

III study. J Clin Oncol. 2011;29(30):3968-3976.

7. Wilke H, Muro K, Van Cutsem E, et al. Ramucirumab plus pacli-

taxel versus placebo plus paclitaxel in patients with previously

treated advanced gastric or gastro-oesophageal junction adenocar-

cinoma (RAINBOW): a double-blind, randomised phase 3 trial.

Lancet Oncol. 2014;15(11):1224-1235.

8. Lennerz JK, Kwak EL, Ackerman A, et al. MET amplification iden-

tifies a small and aggressive subgroup of esophagogastric adenocar-

cinoma with evidence of responsiveness to crizotinib. J Clin Oncol.
2011;29(36):4803-4810.

9. Schmidt L, Duh FM, Chen F, et al. Germline and somatic muta-

tions in the tyrosine kinase domain of the MET proto-oncogene in

papillary renal carcinomas. Nat Genet. 1997;16(1):68-73.

10. Engelman JA, Zejnullahu K, Mitsudomi T, et al. MET amplification

leads to gefitinib resistance in lung cancer by activating ERBB3

signaling. Science. 2007;316(5827):1039-1043.

11. Lai AZ, Abella JV, Park M. Crosstalk in Met receptor oncogenesis.

Trends Cell Biol. 2009;19(10):542-551.

12. Clemenson C, Chargari C, Liu W, et al. The MET/AXL/FGFR

inhibitor S49076 impairs aurora B activity and improves the antitu-

mor efficacy of radiotherapy. Mol Cancer Ther. 2017;16(10):2107-

2119.

13. Bradley CA, Salto-Tellez M, Laurent-Puig P, et al. Targeting c-MET

in gastrointestinal tumours: rationale, opportunities and challenges.

Nat Rev Clin Oncol. 2018;15(3):150.

14. Ho-Yen CM, Jones JL, Kermorgant S. The clinical and functional

significance of c-Met in breast cancer: a review. Breast Cancer Res.

2015;17:52.

15. Cen B, Xiong Y, Song JH, et al. The Pim-1 protein kinase is an

important regulator of MET receptor tyrosine kinase levels and sig-

naling. Mol Cell Biol. 2014;34(13):2517-2532.

16. Cecchi F, Rabe DC, Bottaro DP. Targeting the HGF/Met sig-

naling pathway in cancer therapy. Expert Opin Ther Targets.

2012;16(6):553-572.

17. Matsumoto K, Umitsu M, De Silva DM, Roy A, Bottaro DP. Hepa-

tocyte growth factor/MET in cancer progression and biomarker dis-

covery. Cancer Sci. 2017;108(3):296-307.

18. Matsumoto K, Kataoka H, Date K, Nakamura T. Cooperative inter-

action between alpha- and beta-chains of hepatocyte growth fac-

tor on c-Met receptor confers ligand-induced receptor tyrosine

phosphorylation and multiple biological responses. J Biol Chem.

1998;273(36):22913-22920.

19. Stamos J, Lazarus RA, Yao X, Kirchhofer D, Wiesmann C. Crystal

structure of the HGF beta-chain in complex with the Sema domain

of the Met receptor. EMBO J. 2004;23(12):2325-2335.

20. Venepalli NK, Goff L. Targeting the HGF-cMET axis in hepatocel-

lular carcinoma. Int J Hepatol. 2013;2013:341636.

21. Moschetta M, Basile A, Ferrucci A, et al. Novel targeting of

phospho-cMET overcomes drug resistance and induces antitumor

activity in multiple myeloma. Clin Cancer Res. 2013;19(16):4371-

4382.

22. Sun W, Song L, Ai T, Zhang Y, Gao Y, Cui J. Prognostic value of

MET, cyclin D1 and MET gene copy number in non-small cell lung

cancer. J Biomed Res. 2013;27(3):220-230.

23. Preusser M, Streubel B, Berghoff AS, et al. Amplification and

overexpression of CMET is a common event in brain metastases

of non-small cell lung cancer. Histopathology. 2014;65(5):684-

692.

24. Sakr HI, Coleman DT, Cardelli JA, Mathis JM. Characterization of

an oncolytic adenovirus vector constructed to target the cMet recep-

tor. Oncolytic Virother. 2015;4:119-132.

25. Mesteri I, Schoppmann SF, Preusser M, Birner P. Overexpression

of CMET is associated with signal transducer and activator of tran-

scription 3 activation and diminished prognosis in oesophageal ade-

nocarcinoma but not in squamous cell carcinoma. Eur J Cancer.

2014;50(7):1354-1360.

26. Zagouri F, Bago-Horvath Z, Rossler F, et al. High MET expression

is an adverse prognostic factor in patients with triple-negative breast

cancer. Br J Cancer. 2013;108(5):1100-1105.

27. Kawakami H, Okamoto I. MET-targeted therapy for gastric can-

cer: the importance of a biomarker-based strategy. Gastric Cancer.

2016;19(3):687-695.

28. An X, Wang F, Shao Q, et al. MET amplification is not

rare and predicts unfavorable clinical outcomes in patients with

recurrent/metastatic gastric cancer after chemotherapy. Cancer.

2014;120(5):675-682.

29. Liu YJ, Shen D, Yin X, et al. HER2, MET and FGFR2 oncogenic

driver alterations define distinct molecular segments for targeted

therapies in gastric carcinoma. Br J Cancer. 2014;110(5):1169-

1178.

30. Shi J, Yao D, Liu W, et al. Frequent gene amplification predicts

poor prognosis in gastric cancer. Int J Mol Sci. 2012;13(4):4714-

4726.

31. Lee J, Seo JW, Jun HJ, et al. Impact of MET amplification on gastric

cancer: possible roles as a novel prognostic marker and a potential

therapeutic target. Oncol Rep. 2011;25(6):1517-1524.

https://orcid.org/0000-0002-6513-6422
https://orcid.org/0000-0002-6513-6422


ZHU ET AL. 117

32. Graziano F, Galluccio N, Lorenzini P, et al. Genetic activation of

the MET pathway and prognosis of patients with high-risk, radically

resected gastric cancer. J Clin Oncol. 2011;29(36):4789-4795.

33. Myers SH, Brunton VG, Unciti-Broceta A. AXL Inhibitors

in cancer: a medicinal chemistry perspective. J Med Chem.

2016;59(8):3593-3608.

34. Rankin EB, Giaccia AJ. The receptor tyrosine kinase AXL in cancer

progression. Cancers (Basel). 2016;8(11):103.

35. Dransfield I, FarnworthS. Axl and Mer receptor tyrosine kinases:

distinct and nonoverlapping roles in inflammation and cancer?. Adv
Exp Med Biol. 2016;930:113-132.

36. Rho JK, Choi YJ, Kim SY, et al. MET and AXL inhibitor NPS-

1034 exerts efficacy against lung cancer cells resistant to EGFR

kinase inhibitors because of MET or AXL activation. Cancer Res.

2014;74(1):253-262.

37. Zhou L, Liu XD, Sun M, et al. Targeting MET and AXL overcomes

resistance to sunitinib therapy in renal cell carcinoma. Oncogene.

2016;35(21):2687-2697.

38. Antony J, Huang RY. AXL-driven emt state as a targetable conduit

in cancer. Cancer Res. 2017;77(14):3725-3732.

39. Barat S, Bozko P, Chen X, et al. Targeting c-MET by

LY2801653 for treatment of cholangiocarcinoma. Mol Carcinog.

2016;55(12):2037-2050.

40. Gao CF, Vande Woude GF. HGF/SF-Met signaling in tumor pro-

gression. Cell Res. 2005;15(1):49-51.

41. Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF.

Met, metastasis, motility and more. Nat Rev Mol Cell Biol.
2003;4(12):915-925.

42. Debruyne DN, Bhatnagar N, Sharma B, et al. ALK inhibitor

resistance in ALK(F1174L)-driven neuroblastoma is associ-

ated with AXL activation and induction of EMT. Oncogene.

2016;35(28):3681-3691.

43. Balaji K, Vijayaraghavan S, Diao L, et al. AXL inhibition sup-

presses the DNA damage response and sensitizes cells to PARP

inhibition in multiple cancers. Mol Cancer Res. 2017;15(1):45-58.

44. Sierra JR, Tsao MS. c-MET as a potential therapeutic target and

biomarker in cancer. Ther Adv Med Oncol. 2011;3(1 Suppl):S21-

35.

45. Goyal L, Muzumdar MD, Zhu AX. Targeting the HGF/c-

MET pathway in hepatocellular carcinoma. Clin Cancer Res.

2013;19(9):2310-2318.

46. Leconet W, Chentouf M, du Manoir S, et al. Therapeutic activ-

ity of anti-AXL antibody against triple-negative breast can-

cer patient-derived xenografts and metastasis. Clin Cancer Res.

2017;23(11):2806-2816.

47. Kawada I, Hasina R, Arif Q, et al. Dramatic antitumor effects of the

dual MET/RON small-molecule inhibitor LY2801653 in non-small

cell lung cancer. Cancer Res. 2014;74(3):884-895.

48. Yan SB, Peek VL, Ajamie R, et al. LY2801653 is an orally bioavail-

able multi-kinase inhibitor with potent activity against MET,

MST1R, and other oncoproteins, and displays anti-tumor activi-

ties in mouse xenograft models. Invest New Drugs. 2013;31(4):833-

844.

49. Harada M, Sakai S, Ohhata T, et al. Homeobox transcription factor

NKX2-1 promotes cyclin D1 transcription in lung adenocarcino-

mas. Mol Cancer Res. 2017;15(10):1388-1397.

50. Wu W, Bi C, Credille KM, et al. Inhibition of tumor growth

and metastasis in non-small cell lung cancer by LY2801653, an

inhibitor of several oncokinases, including MET. Clin Cancer Res.

2013;19(20):5699-5710.

51. Yan SB, Um SL, Peek VL, et al. MET-targeting antibody (emi-

betuzumab) and kinase inhibitor (merestinib) as single agent or in

combination in a cancer model bearing MET exon 14 skipping.

Invest New Drugs. 2018;36(4):536-544.

52. Shen Y, Zhang W, Liu J, et al. Therapeutic activity of DCC-2036, a

novel tyrosine kinase inhibitor, against triple-negative breast cancer

patient-derived xenografts by targeting AXL/MET. Int J Cancer.

2019;144(3):651-664.

53. Dent P. Crosstalk between ERK, AKT, and cell survival. Cancer
Biol Ther. 2014;15(3):245-246.

54. Huang H, Liu H, Yan R, Hu M. PI3K/Akt and ERK/MAPK sig-

naling promote different aspects of neuron survival and axonal

regrowth following rat facial nerve axotomy. Neurochem Res.

2017;42(12):3515-3524.

55. Sen T, Tong P, Diao L, et al. Targeting AXL and mTOR pathway

overcomes primary and acquired resistance to WEE1 inhibition in

small-cell lung cancer. Clin Cancer Res. 2017;23(20):6239-6253.

56. Kariolis MS, Miao YR, Diep A, et al. Inhibition of the GAS6/AXL

pathway augments the efficacy of chemotherapies. J Clin Invest.
2017;127(1):183-198.

57. Frazier NM, Brand T, Gordan JD, Grandis J, Jura N.

Overexpression-mediated activation of MET in the Golgi promotes

HER3/ERBB3 phosphorylation. Oncogene. 2019;38(11):1936-

1950.

58. Bergstrom JD, Hermansson A, Diaz de Stahl T, Heldin NE. Non-

autocrine, constitutive activation of Met in human anaplastic thy-

roid carcinoma cells in culture. Br J Cancer. 1999;80(5-6):650-

656.

59. Gelsomino F, Facchinetti F, Haspinger ER, et al. Targeting the MET

gene for the treatment of non-small-cell lung cancer. Crit Rev Oncol
Hematol. 2014;89(2):284-299.

60. Peng Z, Zhu Y, Wang Q, et al. Prognostic significance of MET

amplification and expression in gastric cancer: a systematic review

with meta-analysis. PLoS One. 2014;9(1):e84502.

61. Smolen GA, Sordella R, Muir B, et al. Amplification of MET may

identify a subset of cancers with extreme sensitivity to the selective

tyrosine kinase inhibitor PHA-665752. Proc Natl Acad Sci U S A.

2006;103(7):2316-2321.

62. Linger RM, Keating AK, Earp HS, Graham DK. TAM receptor

tyrosine kinases: biologic functions, signaling, and potential ther-

apeutic targeting in human cancer. Adv Cancer Res. 2008;100:

35-83.

63. May CD, Garnett J, Ma X, et al. AXL is a potential therapeutic tar-

get in dedifferentiated and pleomorphic liposarcomas. BMC Can-
cer. 2015;15:901.

64. Zhang YW, Wang LM, Jove R, Vande Woude GF. Requirement

of Stat3 signaling for HGF/SF-Met mediated tumorigenesis. Onco-
gene. 2002;21(2):217-226.

65. You H, Ding W, Dang H, Jiang Y, Rountree CB. c-Met represents

a potential therapeutic target for personalized treatment in hepato-

cellular carcinoma. Hepatology. 2011;54(3):879-889.

66. Kosciuczuk EM, Saleiro D, Kroczynska B, et al. Merestinib

blocks Mnk kinase activity in acute myeloid leukemia progeni-

tors and exhibits antileukemic effects in vitro and in vivo. Blood.

2016;128(3):410-414.

67. Bell JB, Eckerdt FD, Alley K, et al. MNK inhibition disrupts mes-

enchymal glioma stem cells and prolongs survival in a mouse model

of glioblastoma. Mol Cancer Res. 2016;14(10):984-993.

68. Siveen KS, Kuttan G. Role of macrophages in tumour progression.

Immunol Lett. 2009;123(2):97-102.



118 ZHU ET AL.

69. Yin Y, Huang X, Lynn KD, Thorpe PE. Phosphatidylserine-

targeting antibody induces M1 macrophage polarization and pro-

motes myeloid-derived suppressor cell differentiation. Cancer
Immunol Res. 2013;1(4):256-268.

70. Xu S, Wu Y, Chen Q, et al. hSSB1 regulates both the stability

and the transcriptional activity of p53. Cell Res. 2013;23(3):423-

435.

71. Wang Q, Ma J, Lu Y, et al. CDK20 interacts with KEAP1 to acti-

vate NRF2 and promotes radiochemoresistance in lung cancer cells.

Oncogene. 2017;36(37):5321-5330.

72. Huang Y, Hu K, Zhang S, et al. S6K1 phosphorylation-dependent

degradation of Mxi1 by beta-Trcp ubiquitin ligase promotes

Myc activation and radioresistance in lung cancer. Theranostics.

2018;8(5):1286-1300.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Zhu C, Shi H, Wu M, Wei

X. A dual MET/AXL small-molecule inhibitor exerts

efficacy against gastric carcinoma through killing

cancer cells as well as modulating tumor

microenvironment. MedComm. 2020;1:103–118.

https://doi.org/10.1002/mco2.11

https://doi.org/10.1002/mco2.11

