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MET, also known as hepatocyte growth factor receptor (HGFR), is a receptor tyrosine kinase with an
important role, both in normal cellular function as well as in oncogenesis. In many cancer types, abnor-
mal activation of MET is related to poor prognosis and various strategies to inhibit its function, including
small molecule inhibitors, are currently in preclinical and clinical evaluation. Autophagy, a self-digesting

Keywords: recycling mechanism with cytoprotective functions, is induced by cellular stress. This process is also
MET induced upon cytotoxic drug treatment of cancer cells and partially allows these cells to escape cell
:#g;phagy death. Thus, since autophagy protects different tumor cells from chemotherapy-induced cell death, cur-
MET inhibitors rent clinical trials aim at combining autophagy inhibitors with different cancer treatments. We found that
-Met in a gastric adenocarcinoma cell line GTL-16, where MET activity is deregulated due to receptor overex-

pression, two different MET inhibitors PHA665752 and EMD1214063 lead to cell death paralleled by the
induction of autophagy. A combined treatment of MET inhibitors together with the autophagy inhibitor
3-MA or genetically impairing autophagy by knocking down the key autophagy gene ATG7 further
decreased cell viability of gastric cancer cells. In general, we observed the induction of cytoprotective
autophagy in MET expressing cells upon MET inhibition and a combination of MET and autophagy inhi-
bition resulted in significantly decreased cell viability in gastric cancer cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction ence of activating point mutations in MET [4]. MET overexpression

with or without gene amplification is a prominent characteristic of

Signaling through MET, the tyrosine kinase receptor for hepato-
cyte growth factor (HGF), is crucial for embryonic development
and the HGF-MET axis plays an important role in adult tissue
regeneration. Moreover, MET is associated with anti-apoptotic,
anti-inflammatory and angiogenic functions [1]. In tumorigenesis,
the relevance of aberrant MET function in malignant cellular trans-
formation and in the pathogenesis of human cancers has been
firmly established. Deregulation of HGF/MET signaling is found in
several types of human malignancies, including gastric carcinoma
[2,3]. The aberrant MET activity in cancer is usually a result of
MET gene overexpression or less frequently it is due to the pres-
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several epithelial and mesenchymal cancers [5]. In gastric carci-
noma cells, MET silencing inhibits the invasion program and de-
creases tumor growth [6] pointing to a role for deregulated MET
in gastric tumor progression.

Cells expressing aberrantly activated MET can gain proliferative
advantage but the inhibition of MET in a subset of those cells will
induce cell death. Tumor cells that depend on the persistent activ-
ity of the MET oncogene for their continuous growth have been
termed ‘MET oncogene-addicted’ cells [4,7]. The phenomenon of
MET oncogene addiction was found in gastric carcinoma and
non-small cell lung cancer (NSCLC) cell lines but also in primary tu-
mors such as gastric and oesophagal carcinomas, colorectal cancer,
NSCLC, medulloblastomas and glioblastomas [4]. Thus, MET-ad-
dicted tumors represent promising candidates for the treatment
with specific MET inhibitors. Supporting this hypothesis, tyrosine
kinase inhibitors (TKIs) including the two prototypic MET targeting
small molecules SU11274 and PHA665752 developed by SUGEN
(Pfizer) show promising results by selectively suppressing growth,
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migration and survival in various cancer cell lines as well as tumor
growth in MET-driven xenograft models [5,8,9]. Furthermore, MET
inhibitors increase tumor cytotoxicity when combined with DNA
damaging agents indicating that therapeutic strategies combining
MET inhibitors with additional genotoxic treatments are beneficial
[10,11]. Currently, roughly 20 different small molecule TKIs of MET
have been reported, several of which (e.g., PF-04217903 (Pfizer),
EMD1214063 (Merck)) are at various stages of clinical trials [12].
As with other kinase inhibitors, one might anticipate that along
with the routine use of MET inhibitors in the clinics, treatment fail-
ure due to the acquisition of resistance mechanisms will arise in
some patients, similarly to the experience gained by using specific
kinase inhibitors such as imatinib or erlotinib in CML and lung can-
cer, respectively [13,14]. Resistance might evolve due to a second
mutation in the target gene or activation of other pathways to by-
pass the targeted pathway. On the other hand, tumor cells can acti-
vate survival pathways to escape drug-induced cell death, for
example by inducing autophagy.

Autophagy (referring to macroautophagy) is a proteolytic self-
degradation process. At base level activity it mainly functions as
a homeostatic mechanism to prevent accumulation of defect
metabolites and organelles. Autophagy is also induced as a re-
sponse to cellular stress such as starvation allowing for prolonged
cell survival. Thus, autophagy is mostly a prosurvival process with
cytoprotective functions [15,16]. On the other hand, few reports
point to a direct role for autophagy in caspase-independent cell
death [17-19]. Furthermore, tumor cells seem to have a higher
dependency on autophagy than normal cells due to increased
stress caused by the unfavorable cellular environment [20]. Thus,
drugs that inhibit autophagic activity may particularly target can-
cer cells [15,21]. Additionally, genotoxic cancer drugs frequently
induce autophagy in tumor cells as a cytoprotective stress re-
sponse to the induced damages. Therefore, blocking autophagy in
combination with other treatments might enhance cytotoxicity
[20]. Indeed, several ongoing clinical trials in patients with solid
or hematopoietic tumors interrogate if inhibition of autophagy in
combination with chemotherapy would be beneficial (reviewed
in [20]).

We thus investigated if autophagy might be involved in resis-
tance of gastric cancer cells to MET-inhibitors. We found that
MET inhibition in gastric carcinoma cells caused a marked induc-
tion of autophagy. Importantly, inhibition of autophagy by chemi-
cal and genetic means in combination with MET-inhibitor
treatment significantly enhanced cytotoxicity.

2. Materials and methods
2.1. Cell lines

Human gastric adenocarcinoma cell lines GTL-16 and MKN45
were obtained from Paolo Comoglio (Medical School University
of Torino, Torino, Italy) and from Silvia Giordano (Torino, Italy),
respectively. Both cell lines were grown in RPMI medium (GIBCO,
Invitrogen Corp.) supplemented with 5% FCS (Sigma) and antibi-
otic—antimycotic (penicillin 100 U/ml, streptomycin sulfate
100 U/ml, amphotericin B as Fungizone 0.25 pg/ml; GIBCO).

2.2. Reagents

MET small molecule tyrosine kinase inhibitors PHA665752
(Pfizer, La Jolla, CA) and EMD1214063 (Merck, Darmstadt,
Germany) were dissolved in DMSO and used at indicated concen-
trations. Bafilomycin A1 (dissolved in DMSO, Alexis biochemicals)
was used at 50 nM, 3-methyladenine (3-MA dissolved in H,O,
Sigma-Aldrich) at 5 mM, Chloroquine (CQ dissolved in H,0, Sig-

ma-Aldrich) and lithium chloride (LiCl, dissolved in H,0, Sigma-
Aldrich) at 25 mM.

2.3. Western blotting

Whole cell extracts were prepared using RIPA lysis buffer sup-
plemented with 8 M UREA according to the protocol given by
www.abcam.com, and 40-60 g protein was loaded on 10% dena-
turing polyacrylamide gels. Blots were incubated with the primary
antibodies in TBS 0.05% Tween-20/5% milk overnight at 4 °C, incu-
bated with secondary anti-mouse or -rabbit antibodies at
1:5-10,000 for 1 h at room temperature, and analyzed using the
Infrared Fluorescent Imaging system Odyssey (LI-COR Biosciences).
Primary antibodies used were anti-LC3B (Novus Biological) 1:500,
anti-phospho-MET (Tyr1234/1235, Cell Signaling Technology)
1:1000, anti-ATG7 (Sigma) 1:500 and anti-GAPDH (Millipore)
1:5000.

2.4. Real-time quantitative reverse transcription-PCR (qPCR)

Total RNA was extracted using the RNeasy Mini Kit and the
RNase-Free DNase Set according to the manufacturer’s protocol
(Qiagen, Hombrechtikon, Switzerland). Total RNA was reverse
transcribed using random primers (Roche Diagnostics) and M-
MLYV reverse transcriptase (Promega). PCR and fluorescence detec-
tion were performed using the ABI PRISM® 7500 Sequence Detec-
tion System (Applied Biosystems, Rotkreuz, Switzerland).

For quantification of ATG7 and LC3B mRNA Tagman® Gene
Expression Assays Hs00197738_m1, and Hs00797944_m1, (Ap-
plied Biosystems) were used, respectively. HMBS primers and
probes have been described [22]. N-fold changes were calculated
using the AACt method of relative quantification.

2.5. Lentiviral vectors

Lentiviral vectors expressing shRNAs targeting ATG7 were pur-
chased from Sigma-Aldrich (SHGLY-NM_014326). An Cherry-LC3
lentiviral vector was kindly provided by Dr. Maria S. Soengas
(CNIO, Molecular Pathology Program, Madrid, Spain). All vectors
contain a puromycin resistance gene for selection of transduced
mammalian cells. Lentivirus production and transduction were
done as described [22]. Combinations of pLKO.1-puro lentiviral
vectors targeting ATG7 NM_006395.1-491s1c1 (TRCNO000007585)
and NM_006395.1-2173s1c1 (TRCN0000007584) were used to
knockdown ATG7 in GTL-16 cells. Cell populations were selected
with 1.5 pg/ml puromycin for 4 days and knock-down efficiency
was assessed by qPCR.

2.6. Cell viability assay

Cells were seeded in flat-bottom 96-well culture plates at a den-
sity of 2 x 10% cells/well. Cells were treated with MET inhibitors
(PHA 100 nM or 300 nM, EMD 10 nM or 50 nM) alone or in combi-
nation with 3-MA (5 mM), CQ (25 uM) or LiCl (25 nM). The plates
were incubated at 37 °C and 5% CO, for 24 h. Ten microliters of Ala-
mar Blue was then added to each well and the plates were incu-
bated for 2 h before absorbance was measured at 590 nm and
630 nm. Growth medium was used as a reference (Abs0O). Data
were obtained using the following formulas: viabil-
ity = Abs(590)—(Abs  (630) x (Abs0(590) — Abs0(630))). Values
were normalized to non-treated control cells.

2.7. Fluorescence microscopy

mCherry-LC3 expressing GTL-16 cells were treated with
PHA665752 (300 nM) or EMD1214063 (50 nM). mCherry-LC3 dot
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formation was detected using Nikon Eclipse E800 microscope (Ni-
kon), magnification sections were viewed through a 10x eyepiece
using a 60x objective (NA =0.13, Nikon). Color balance and con-
trast were adjusted using Image ] software.

2.8. Statistical analysis

Nonparametric Mann-Whitney-U tests were applied to com-
pare the difference between two groups using Prism software. p-
values <0.05 were considered to be statistically significant.

3. Results
3.1. MET inhibition induces autophagy in gastric cancer cells

Since autophagy is often induced upon cellular stress, we aimed
at investigating if MET inhibition will modulate autophagy in GTL-
16 gastric adenocarcinoma cells that overexpress the MET recep-
tor. To this end, GTL-16 cells were treated with the specific MET
small molecule inhibitors EMD1214063 (10nM or 50 nM) or
PHA665752 (100 nM or 300 nM). To evaluate the autophagic flux,
co-treatment with Bafilomycin A1 (Baf A1) was performed during
24 h in order to block autophagy. Baf Al prevents maturation of
the autophagosome by inhibiting the fusion between the autopha-
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autophagy induction was measured before and after the treatment
by Western blotting. We observed an accumulation of LC3-II upon
combined treatment of GTL-16 cells by MET inhibitor and Baf A1l
and the conversion from LC3-I to LC3-II in single treatments with
both MET inhibitors (Fig. 1A). A prolonged treatment with either
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additional markers for the activation of autophagy we measured
the induction of LC3B and ATG7 mRNA levels. Both MET inhibitors
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microscopy. We were able to confirm the enhanced autophagic
activity upon treatment with MET inhibitors by the occurrence of
mCherry-LC3 dots in treated cells as compared to untreated cells
(Fig. 1D). In addition, we observed a similar increase in autophagic
activity after MET inhibition in a second gastric carcinoma cell line,
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Fig. 1. MET inhibition induces autophagy in gastric carcinoma cells. (A) Western blot analysis of phospho-MET (Tyr1234/1235) and LC3B expression in GTL-16 cell line
treated with the MET inhibitors EMD1214063 (10 nM or 50 nM) or PHA665752 (100 nM or 300 nM) and co-treated with Bafilomycin A1 for 24 h. Total protein was extracted
from GTL-16 cells and submitted to immunoblotting using anti-phospho-MET (Tyr1234/1235) and anti-LC3B antibodies. GAPDH is shown as a loading control. (B) Time-
course of autophagy induction upon MET inhibition. GTL-16 cells were treated with PHA665752 or EMD1214063 for 24 h and 48 h. Western blot analysis as in A. (C) ATG7
and LC3B mRNA expression levels in GTL-16 cells treated with EMD1214063 (50 nM) or PHA665752 (300 nM) for 24 h and 48 h. Values are normalized to the housekeeping
gene HMBS and are given as n-fold increase relative to non-treated cells. (D) GTL-16 cells were transduced with mCherry-LC3 and were treated with EMD1214063 (50 nM) or
PHA665752 (300 nM) for 24 h. Treated cells were fixed and mounted, and mCherry signals were analyzed by fluorescence microscopy. Representative images from two

independent experiments are shown.
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Fig. 2. Inhibiting autophagy in combination with MET inhibitors decreases cell viability. (A and B) GTL-16 cells were treated with PHA665752 (100 nM or 300 nM) or
EMD1214063 (10 nM or 50 nM) with or without the autophagy inhibitor 3-MA (5 mM). Viability assays were performed at 24 h. Results were normalized to non-treated cells.
(C and D) GTL-16 cells were treated with PHA665752 (100 nM or 300 nM) or EMD1214063 (10 nM or 50 nM) with or without CQ (25 pM). Assays were performed as in A. (E
and F) GTL-16 cells were treated with PHA665752 (100 nM or 300 nM) or EMD1214063 (10 nM or 50 nM) with or without LiCl (25 mM). Assays were performed as in A.
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Fig. 3. Knocking down ATG7 decreases cell viability upon MET inhibitor treatment. (A and B) GTL-16 cells were transduced with SHC002 scramble control or shATG7
lentiviral vectors. SHC002 and shATG7 GTL16 cells were treated with PHA665752 or EMD1214063 at concentrations indicated. Viability assays were performed at 24 h.
Results were normalized to non-treated cells. (C) Western blot analysis of phospho-MET, ATG7 and LC3-I LC3-II conversion. SHC002 and shATG7 GTL-16 cells were treated
with EMD1214063 (50 nM) or PHA665752 (300 nM) for 24 h. Total protein was extracted from SHC002 or shATG7 GTL-16 cells and submitted to immunoblotting using anti-
phospho-MET and anti-LC3B antibodies. GAPDH is shown as a loading control.
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demonstrate that inhibiting MET in gastric carcinoma cells acti-
vates autophagy.

3.2. Modulating autophagy in combination with MET inhibition affects
cell viability

To test if autophagy plays a role in protecting cells upon MET
inhibition, we investigated cell viability upon treatment with
MET inhibitors in combination with known modulators of auto-
phagic activity. We performed viability assay on GTL-16 treated
for 24 h with PHA665752 or EMD1214063 together with the auto-
phagic inhibitors (3-MA or CQ) or activator (LiCl). Co-treatment
with MET inhibitors and 3-MA, which inhibits early stages of
autophagy, resulted in significantly reduced cell viability as com-
pared to cells treated with MET inhibitors (p < 0.05) (Fig. 2A and
B). In addition, co-treatment of GTL-16 cells with MET inhibitors
and CQ, which impairs autophagy at late stage, showed similar ef-
fect (Fig. 2C and D). On the other hand, treatment with the autoph-
agy activator LiCl repressed MET inhibitor-induced cell death
(Fig. 2E and F). These results suggest that MET-induced autophagy
represents a cytoprotective process and that a combination of
MET- and autophagy inhibitors might be beneficial for future ther-
apeutical approaches.

3.3. Genetic inhibition of autophagy decreases cell viability upon MET
inhibition

To exclude non-autophagy effects of the autophagy inhibitors
3-MA and CQ, we genetically impaired autophagy. To this end we
knocked down ATG7, a key player in autophagy using lentivirally
delivered shRNA targeting ATG7. We treated GTL-16 SHC002 con-
trol and GTL-16 shATG7 autophagy-deficient cells with different
concentration of MET inhibitors and measured cell viability. Simi-
lar to pharmacological inhibition of autophagy, knocking down
ATG7 markedly decreased cell viability upon MET inhibitor treat-
ment (Fig. 3A and B). ATG7 knockdown efficiency and decreased
autophagic activity in ATG7 knockdown cells was confirmed by de-
creased LC3 I/LC3 II conversion (Fig. 3C). The efficiency of MET
inhibitors was confirmed by p-MET Western blotting (Fig. 3C).
Our autophagy knockdown data further support the hypothesis
that autophagy is a prosurvival process during MET inhibition.

4. Discussion

In this study we found that the inhibition of the MET receptor in
human gastric carcinoma cell lines GTL-16 and MKN45 induced
autophagy. Pharmacological modulation of autophagy showed that
MET inhibition-induced autophagy is cytoprotective in gastric car-
cinoma cells. To further support our data, we genetically blocked
autophagy by generating ATG7 knockdown cells. We observed a
decrease in cell viability in autophagy knockdown cells similar to
cells were autophagy was blocked pharmacologically.

In general, MET deregulation in human cancer leads to several
tumor-supportive mechanisms such as proliferative advantage, tu-
mor cell dissemination, tumor invasion metastasis progression
[1,23] as well as potentially providing resistance against DNA dam-
aging modalities that are commonly used in cancer therapy
[11,24]. Currently, MET is an attractive target in cancer therapy
and, due to the potency of small molecule tyrosine kinase inhibi-
tors in other receptor tyrosine kinase systems (e.g., Gleevec target-
ing the BCR-ABL fusion protein and the KIT receptor), small
molecule inhibitors that would interfere with MET oncogenic
activity represent a promising therapeutic strategy for many hu-
man cancers. However, since preclinical studies show that MET
inhibition induces different cellular responses and resistance

depending on the origin and type of tumor cells, it seems to be
of a high importance to evaluate the impact of MET inhibition on
particular cancer types [9].

In general, anti-cancer treatments induce stress in tumor cells,
and these cells can respond by inducing autophagy allowing them
to persist the chemotherapeutic insult. In such a case, inhibiting
the autophagic stress response in parallel with conventional ther-
apy would allow to inflict more cell death [20]. In contrast, autoph-
agy could contribute to cell death upon treatment with genotoxic
drugs. The majority of studies shows that autophagy is promoting
cell survival upon therapy in many cellular systems [25-28].
Underlining the benefit of combining tyrosine kinase inhibitors
with autophagy inhibitors stem from several studies. For example,
combining the autophagy inhibitors 3-MA or CQ with the small
molecule Src inhibitors (PP2 or saracatinib) increased the sensitiv-
ity of prostate cancer cells to the treatment [28]. In hepatocellular
carcinoma cells, the anti-tumor potential of sorafenib, an inhibitor
of several tyrosine protein kinase and Raf kinases inhibitor, is in-
creased by co-treatment with the autophagy inhibitor chloroquine
[29]. Moreover, Baf A or CQ enhance cell death in chronic myeloid
leukemia (CML) cell lines and primary CML cells upon treatment
with the abl kinase inhibitor imatinib [26]. We now add MET inhi-
bition of gastric carcinoma cells to the list of therapies that could
benefit from autophagy inhibition.

Anti-MET therapy combined with autophagy inhibitors has the
potential to increase not only the cell toxicity but may also allow
the use of lower concentration of MET inhibitors, hence decreasing
the risk for unspecific toxicity in gastric cancer. Although in vivo
data are needed to support our observations, our findings strongly
suggest that autophagy is a cytoprotective process in gastric ade-
nocarcinoma cells and that combining MET together with autoph-
agy inhibitors has the potential to improve anti-MET therapies.
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