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Abstract
Background: Aberrant MET tyrosine kinase signaling is known to cause cancer initiation and progression. While MET
inhibitors are in clinical trials against several cancer types, the clinical efficacies are controversial and the molecular
mechanisms toward sensitivity remain elusive.
Methods: With the goal to investigate the molecular basis of MET amplification (METamp) and hepatocyte growth
factor (HGF) autocrine-driven tumors in response to MET tyrosine kinase inhibitors (TKI) and neutralizing antibodies,
we compared cancer cells harboring M
 ETamp (MKN45 and MHCCH97H) or HGF-autocrine (JHH5 and U87) for their sen‑
sitivity and downstream biological responses to a MET-TKI (INC280) and an anti-MET monoclonal antibody (MetMab)
in vitro, and for tumor inhibition in vivo.
Results: We find that cancer cells driven by METamp are more sensitive to INC280 than are those driven by HGFautocrine activation. In METamp cells, INC280 induced a DNA damage response with activation of repair through the
p53BP1/ATM signaling pathway. Although MetMab failed to inhibit METamp cell proliferation and tumor growth, both
INC280 and MetMab reduced HGF-autocrine tumor growth. In addition, we also show that HGF stimulation promoted
human HUVEC cell tube formation via the Src pathway, which was inhibited by either INC280 or MetMab. These
observations suggest that in HGF-autocrine tumors, the endothelial cells are the secondary targets MET inhibitors.
Conclusions: Our results demonstrate that METamp and HGF-autocrine activation favor different molecular mecha‑
nisms. While combining MET TKIs and ATM inhibitors may enhance the efficacy for treating tumors harboring M
 ETamp,
a combined inhibition of MET and angiogenesis pathways may improve the therapeutic efficacy against HGF-auto‑
crine tumors.
Keywords: Hepatocyte growth factor, Met, Tyrosine kinase inhibitor, Neutralizing antibody, Targeted therapy,
Combination therapy
Background
Aberrant activation of MET signaling is significantly
correlated with cancer malignancy and poor clinical
outcomes [1–3]. While overexpression of hepatocyte
growth factor (HGF) by stromal or tumor cells may
result in ligand-dependent MET activation in a paracrine
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or autocrine manner [4, 5], focal amplification of the
MET receptor gene (METamp) [6, 7], its point mutation
(METmut) [8, 9], or alternative splicing of its mRNA [10,
11] also may cause a ligand-independent MET activation.
In addition, MET signaling can be cross-activated by
other signaling pathways such as EGFR [12], VEGF [13]
and WNT [14]. Upon stimulation, MET induces a cellular program known as invasive growth, which promotes
proliferation, motility, invasion, and morphogenesis
[1]. As MET activation is shown to drive cancer initiation, progression, and resistance to chemotherapeutics,
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targeting MET signaling has become a promising strategy
for cancer treatment [2].
Recent MET inhibitors under clinical development are
mainly tyrosine kinase inhibitors (TKIs) or neutralizing
antibodies. MET TKIs are classified further into selective
and non-selective inhibitors, or ATP and non-ATP competitors, while monoclonal antibodies are developed to
target either HGF or MET. Extensive studies have shown
that tumors with M
 ETmut [10, 11], METamp [4, 6], HGFautocrine [4, 12, 15] or paracrine activation [5] are sensitive to MET inhibitors; however, clinical trial results
with MET inhibitors are not consistent. In renal cancer,
phase II trial of savolitinib, a highly selective MET TKI,
has shown promising activity and tolerability in a subset
of patients with MET-driven advanced papillary renal
cell carcinoma (PRCC). Thus, MET is becoming a potential target across all papillary renal cell carcinomas [16,
17]. However, the efficacy of MET inhibitors remains
undocumented in other types of cancer. In non-small cell
lung cancer (NSCLC), MET-targeted therapeutics only
improves progression-free survival (PFS) but provides
no benefit for overall survival (OS) [18]. In glioblastoma
patients, while cabozantinib (XL184), a non-selective,
ATP competitor targeting MET, VEGFR2, and AXL
demonstrated encouraging clinical efficacy in a phase II
trial in glioblastoma (GBM) [19–21], rilotumumab, an
HGF antibody, showed a lack of efficacy, possibly due to
the selection of patients who were heavily pretreated by
other therapeutics [22]. With advanced hepatocellular
carcinoma (HCC), while tivantinib (ARQ 197) and cabozantinib show efficacy in phase II/III trials [23, 24], both
are multi-target Met inhibitors with unknown long-term
efficacy and toxicity. Other inhibitors in clinical trials also
include INC280, a selective TKI, and the antibody emibetuzumab [25, 26]. Given that many MET inhibitors are
entering clinical trials there is a critical need to develop
a patient stratification strategy for precisely selecting
patients who may benefit from MET-targeted therapies
and to explore the molecular basis of response to METtargeting therapeutics to improve efficacy [2, 27].
We previously reported that tumors harboring METamp
or HGF-autocrine activation are vulnerable to MET
inhibitors in HCC [4] and GBM [12]. In this study,
we further elucidated the distinct mechanisms defining these two types of MET oncogenic activation, and
their differential therapeutic responses to the specific
MET TKI, INC280 and the neutralizing antibody MetMab. We show that METamp is prone to INC280 inhibition through a DNA damage response (DDR) and repair
mechanism, likely due to a double-strand break (DSB).
In HGF-autocrine tumors, tumor-derived HGF may promote angiogenesis via promoting vasculature formation
by endothelial cells. As such, the endothelial cells are the
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second “hit” by either INC280 or MetMab (see summary
Fig. 6). Our results suggest that different MET oncogenic
activations may lead to differential therapeutic responses,
which warrants further evaluation in future clinical trials of MET inhibitors and in the design of combination
strategies.

Methods
Cell lines and drugs

Human cancer cells MKN45 (gastric) and U87 (glioma)
were obtained from American Tissue Type Collection
(ATCC); JHH5 (hepatocellular carcinoma) was obtained
from the Japanese Collection of Research Bioresources
(JCRB). MHCC97H was provided by Fudan University Liver Cancer Institute [4]. Human endothelial cells
HUVEC were purchased from Lonza. Briefly, the MKN45
cell line was grown in RPMI-1640 supplemented with
10% FBS. MHCC97H, JHH5 and U87 cells were grown in
DMEM with 10% FBS. HUVEC cells were maintained in
EGM-2 medium and subjected to EBM-2 basal medium
prior to the tube formation assay (Lonza). INC280 is a
MET TKI provided by Novartis. MetMab (onartuzumab)
is produced in CHO cells at Novartis according to published patent US 2011/0262436 for research use only.
KU60019 is a specific ATM inhibitor purchased from
Abcam. INC280 and KU60019 compounds were dissolved in DMSO at 0.01 M and aliquots were stored at
− 80 °C until use. MetMab stock was in PBS and kept at
4 °C until use. To treat cells in vitro, stock solutions were
serially diluted using culture medium as indicated above.
CellTiter‑Glo assay

Cells were seeded into a 96-well plate at 5 × 103 cells/
well and grown overnight at 37 °C followed by treatment
with INC280 or MetMab at the indicated concentrations.
Triplicate wells were used for each concentration. After
an additional 72 h, CellTiter-Glo reagent was added into
each well and incubation continued for 10 min at room
temperature following the manufacturer’s instructions
(Promega). Luminescence signal intensity was measured
by a microplate reader (BioTek).
Cell cycle analysis

Cells were seeded at 5 × 104 cells/well in 6-well plates
and grown until 60–80% confluency. After serum starvation overnight, the medium was changed to DMEM with
10% FBS and the cells were treated by INC280 at different
concentrations for 24 h, followed by cell cycle analysis. To
examine the sustained cell cycle arrest effect in MKN45
cells, the cells were rinsed and allowed to recover in complete drug-free medium for an additional 24 or 48 h after
INC280 treatment. To analyze cell cycle transit, cells
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were trypsinized, washed by PBS, and fixed in cold 70%
ethanol for 18 h before rinsing in PBS and staining with
propidium iodide (50 µg/ml) for 10 min. Cell cycle distribution was determined in a flow cytometer (FACSCalibur, BD). The percentage of cells in each cell cycle phase
was analyzed using FlowJo software (FlowJo LLC).
Immunofluorescent staining

Cells were seeded at 5000 cells/well in 6-well chamber
slides (Lab-Tek) and grown to 60–80% confluency. After
INC280 treatment for 18 h, cells were washed with PBS,
fixed with 4% paraformaldehyde, permeabilized in 0.5%
Triton X-100 for 20 min, and blocked in 5% BSA for 1 h at
room temperature. To perform immunofluorescence (IF)
staining, cells were incubated with mouse anti-γH2AX
antibody (1:125 in 5% BSA, BioLegend) and rabbit anti53BP1 antibody [1:100 in 5% BSA, Cell Signaling Technology (CST)] overnight at 4 °C. After washing 3 times in
PBS cells were incubated with goat anti-mouse/Alexa488
and anti-rabbit/Alexa568 antibody (1:500 in PBST, Invitrogen) for 2 h. The nuclei were stained with DAPI (1 µg/
ml, Thermo). Images were captured using an EVOS fluorescence microscope (Thermal Fisher).
Signaling pathway analysis and western blot

Cells seeded in 10-cm dishes were grown until 80% confluent. To determine the MET downstream signaling
pathway, cells were serum starved overnight and treated
with INC280 or MetMab with or without HGF (100 ng/
ml) for 20 min at 37 °C. To determine which cell cycle
checkpoints and DNA damage repair pathways were
activated, cells were treated by INC280 or MetMab for
24 h at 37 °C without serum starvation. The cells were
washed twice with ice-cold PBS, and whole-cell lysates
were prepared using RIPA buffer (Fisher). The protein
concentrations were determined by the DC protein assay
(Bio-Rad). Equal amounts of total protein (30 µg) from
cell lysates were loaded on a 4–20% SDS-PAGE gel (Invitrogen), transferred to a polyvinylidene difluoride (PVDF)
membrane (Invitrogen), and antibody-protein complexes detected using an ECL Western Blotting Detection
System (Thermo). We used antibodies against human
Met (clone 25H2), phospho-Met (Y1234/1235), AKT,
phospho-AKT (S473), p42/44 MAPK, phospho-p42/44
MAPK (T202/Y204), Gab1, phospho-Gab1 (Y627),
CDK4 (D9G3E), CyclinD3 (DCS22), p27 (D69C12),
phospho-ATM (Ser1981), phospho-Chk2 (Thr68),
phospho-ATR (Ser468), phospho-Chk1 (Ser345), Src,
phosphor-Src (Tyr416), p85 (all from CST); γH2AX
(BioLegend); β-actin (clone AC-15, Abcam); and HGF
(Clone 7-2, Novus). Secondary antibodies used were
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goat anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP
(Santa Cruz Biotechnology).
Therapeutic efficacy of INC280 and MetMab against tumor
growth in SCID and SCIDhgf mice

Animal studies were approved by the IACUC and conducted at Van Andel Research Institute. Subcutaneous
tumor initiation was performed as previously described
[4]. Briefly, 5 × 105 cells in 100 μl PBS were injected into
the flank of the mice. Dosing with INC280 at 30 mg/kg
was delivered once daily by oral gavage for 3 weeks. The
vehicle was 0.5% MC 400 with 0.05% Tween 80. MetMab dosing (5, 30 mg/kg) was delivered using a one-time
intraperitoneal injection with PBS as vehicle. Tumor
growth was measured by caliper twice a week. To determine the effectiveness of treatment, the average tumor
size of each group from the last measurement was analyzed with the Student’s t test (p < 0.05).
Tube formation assay

Human umbilical vein endothelial cells (HUVECs) were
first cultured in EGM-2 medium and then serum starved
in EBM-2 basal medium for 24 h to eliminate the effects
of growth factors (Lonza). To perform the tube formation
assay, HUVEC cells were trypsinized, re-suspended in
EBM-2 basal medium and seeded into a Matrigel-coated
24-well plate at a density of 6000 cells/well [28]. Immediately after seeding the HUVEC cells, INC280 or MetMab
was added into each well for 30 min, followed by HGF
(100 ng/ml) addition. Each treatment has three replicates. After incubating for another 16 h, phase-contrast
images of tube formation were captured on the EVOS
microscope. Five images were randomly taken from each
well. The number of tube formation was quantified using
Image J software and is calculated as mean ± SD of the 15
images.

Results

Differential response to INC280 and MetMab in METamp
cells

Previous studies have shown that MKN45 and
MHCC97H cells propagate chromosomal focal amplification in the Met region as determined by FISH analysis
[4, 6], and that U87 and JHH5 cells overexpress endogenous HGF and MET accompanied by p-MET, forming
an autocrine loop activation [4, 15]. Functionally, both
METamp and HGF-autocrine loop drive MET oncogenic
activation and these cells are sensitive to MET TKIs such
as PHA665752, SGX523, V-4084, and INC280 [4, 6, 12,
15, 29]. To compare the efficacy of a specific MET TKI
and neutralizing antibody in inhibiting cancer cells with
these two types of MET activation, MKN45, MHCC97H,
U87 and JHH5 cells were treated by INC280 or MetMab
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at various concentrations for 72 h and tested for cell
viability using the Cell-titer Glo assay (Fig. 1a, b). We
show that both INC280 and MetMab inhibit JHH5 and
U87 dose dependently at comparable concentrations
(Fig. 1a). When examining downstream signaling, both
JHH5 and U87 cells had endogenous MET activation as
indicated by p-MET expression. HGF stimulation further activates p-MET and downstream signaling proteins
including p-Gab1, p-AKT, and p-ERK. Phosphorylation
of each of these proteins was significantly inhibited by
either INC280 or MetMab (Fig. 1c).
In contrast, MKN45 and MHCC97H cells showed
significant differences in response to INC280 or MetMab. While INC280 inhibited MKN45 and MHCC97H
proliferation more efficiently than in JHH5 and U87,
MetMab showed no efficacy in either of these cell lines
(Fig. 1b). Western blot analysis of proteins activated in
the MET signaling pathway in response to HGF stimulation and MET inhibition by INC280 or MetMab confirm these proliferation assay results (Fig. 1d). We show
that both MKN45 and MHCC97H cells expressed a
high level of endogenous p-MET and downstream signaling molecules p-Gab1, p-AKT, and p-ERK and that
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cells, but not in MKN45 and MHCC97H cells suggest
a differential MET-targeting mechanism between TKIs
and ligand-blocking neutralizing antibodies. Because
the antibodies block the extracellular HGF/MET binding domain, they only inhibit HGF-dependent MET
activation and tumor growth. By contrast, small molecule TKIs like INC280 compete intracellularly for the
ATP binding site in the MET tyrosine kinase domain,
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of HGF stimulation.
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Fig. 1 The inhibitory effect of INC280 and MetMab in cancer cell proliferation and the MET signaling pathway. a, b HGF-autocrine cancer cells
JHH5 and U87 (a) and MET-amplified cancer cells MKN45 and MHCC97H (b) were treated with either INC280 or MetMab for 72 h at various
concentrations as indicated. Cell survival was measured using a Cell-titer Glo assay. Survival rate = Luminescence signal intensity of treated samples
at indicated concentration/untreated samples. Triplicates were used for each concentration. Vertical bar refers to standard deviation. c, d Western
blots of MET and downstream signaling pathway proteins and the inhibition by INC280 or MetMab in the presence or absence of HGF (100 ng/ml)
stimulation in either HGF-autocrine cancer cells (c) or MET-amplified cancer cells (d). Note that MetMab only inhibited the MET signaling pathway in
HGF-autocrine JHH5 and U87 cells regardless of HGF stimulation
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42.53%, p < 0.05, Fig. 2a). Because INC280 is a noncovalent inhibitor of MET, it is expected to fail to
inhibit p-MET after a 24 h washout due to its dissociation from MET proteins or the formation of newly
synthesized MET proteins that are not bound with
INC280. However, we show that INC280 induced G1
arrest in MKN45 cells is sustained even after INC280
was removed for 48 h (Fig. 2b). Thus, the prolonged
inhibitory activity did not likely result from the MET
kinase inhibition, but by an irreversible injury caused
by 24 h inhibition of MET signaling, i.e., DNA double
strand breaks (DSB). In support of this conclusion,
we found that INC280 up-regulated phosphorylation of histone 2A variant X (γH2AX), a hallmark of a
DNA damage response (DDR), especially of DNA DSB,
in a dose-dependent manner (Fig. 2a). In addition,
INC280 treatment resulted in decreased levels of
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cyclin D3 and cyclin-dependent kinase 4 (CDK4), and
increased expression of p27KIP1. In the cell cycle, the
cyclin D/CDK 4/6 complexes are the activated checkpoint kinases controlling the transition from G1 into S
phase [30]. The CDK inhibitory protein p27KIP1 binds
to the cyclin D/CDK 4/6 complexes in quiescent cells
(G0) to arrest them in the G1 phase [31]. In addition,
in response to DNA damage, p27KIP1 can arrest cells
in G1 and the other cell cycle phases by binding to the
respective cyclin/CDK complexes [32, 33].
Compared with MKN45 and MHCC97H cells, the
induction of G1 arrest by INC280 (1 µM) was less significant in JHH5 or U87 cells (JHH5 treated vs. control: 57.79% vs. 44.68%, p < 0.05; U87 treated vs. control:
40.58% vs. 31.62%, p > 0.05). Upregulation of γH2AX
and p27KIP1 or downregulation of cyclin D3 or CDK4
was not observed (Fig. 2c). Our results suggest that

a

b

c

Fig. 2 INC280 induces potent cell cycle arrest at G1 phase in MKN45 and MHCC cells. a MKN45 and MHCC97H cells were treated with INC280 (0,
0.1, 1 µM) for 24 h followed by cell cycle analysis using flow cytometry. Representative cell cycle phases before and after treatment are shown as
histograms. Percentage of cells in G0/G1, S or G2/M phases are displayed as bar graphs. Triplicates were used for each concentration. *Compared
with the control group, inhibition was statistically significant (Student t test, p < 0.05). The effect of INC280 on CDK4, cyclin D3, p27, and γH2AX
proteins was examined by western blot after cells were exposed to INC280 for 24 h at the indicated concentrations. b Sustained cell cycle arrest
by INC280 in MKN45 cells. MKN45 cells were treated with INC280 for 24 h. The INC280 was removed by three PBS washes and the cells cultured in
media without drug for another 24 or 48 h. At each time point, cells were harvested for cell cycle analysis using flow cytometry. Data is presented
using both histograms and bar graphs as described above. c JHH5 and U87 cells were treated with INC280 (0, 0.1, 1 µM) for 24 h followed by cell
cycle analysis using flow cytometry as described in a
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repair [36]. While both MKN45 and MHCC97H parental cells showed a basal level of foci, INC280 treatment
(1 µM) for 18 h significantly increased p53BP1/γH2AX
foci number in these cells (Fig. 3a, b, Chi square test
p < 0.05). Because the ATM pathway activates NHEJ to
initiate DNA repair in G1 phase cells, we tested whether
blocking ATM kinase activity may enhance the inhibitory efficacy of INC280 in cells with M
 ETamp. We show
that INC280 treatment alone induced p-ATM and downstream p-CHK1 and p-CHK2 in MHCC97H cells, which
was reversed by ATM kinase inhibitor KU00019, resulting in a sustained γH2AX expression. At higher concentration (10 µM), KU00019 further up-regulated γH2AX
expression, suggesting an enhanced DNA DSB effect
(Fig. 3c). While the ATM inhibitor KU00019 alone at 1
or 5 µM displayed minor inhibition to cell proliferation, a combination with INC280 (0.1, 1 µM) increased
inhibitory efficacy compared to INC280 alone (Fig. 3d).
These results suggest that MET TKIs induce severe DSBs
which undergo NHEJ repair in M
 ETamp tumors and that
a combination strategy of using MET TKIs plus ATM
inhibitors may enhance the therapeutic efficacy against
tumor growth. With MKN45 cells, INC280 treatment
induced up-regulation of p-ATM but not of downstream

INC280 preferentially induces a DDR in cells propagating METamp, leading to down regulation of cyclinD3
and CDK4 and up-regulation of p
 27KIP1, and ultimately
arresting the cell cycle in the G1 phase.
INC280‑induced DSBs activate the p53BP1/ATM pathway
for DNA repair in METamp cells

DSBs are the most harmful form of DNA damage and
can be repaired by two different mechanisms. Homologous recombination (HR) directs error-free DNA repair
by using an unbroken sister chromatid as template to
accurately restore the damaged DNA molecule. HR
mainly occurs in S-phase, when the homologous sister
chromatid is unwound for DNA replication. By contrast,
nonhomologous end-joining (NHEJ) provides flexibility
in repair by re-joining the broken ends together without
critically proof-reading the DNA sequence, which also is
a cause of chromosomal rearrangement [34]. An important regulator promoting NHEJ is p53-binding protein
1 (p53BP1) [34]. When DSBs occur, the ataxia telangiectasia mutated (ATM) signaling cascade is activated
and drives p53BP1 to accumulate at the DSB sites; there
it binds to γH2AX and forms foci [35]. The number of
p53BP1/γH2AX foci is therefore indicative of DNA DSB

a

b

c
d

Fig. 3 INC280 induces p53BP1 and γH2AX foci-formation in MKN45 and MHCC97H cells. MKN45 and MHCC97H cells were treated with vehicle or
INC280 (1 µM) for 18 h and fixed for IF staining with γH2AX (green) or 53BP1 (red) antibodies and DAPI (blue) for nuclear staining. Triplicates were
used for each concentration. Each co-localization of γH2AX and 53BP1 (yellow) is counted as one foci-formation at a DNA double-strand break. For
each treatment at least 100 nuclei were counted based on fluorescence images (60×) to quantify foci formation. a Representative images showing
the nuclei of cells with p53BP1 (red) and γH2AX (green) localization and foci formation (yellow) in MKN45 and MHCC97H cells. b The percentage of
cells with 0, 1, and 1+ foci after vehicle or INC280 (1 µM) treatment for 18 h. *Compared with the control group, the increase of foci formation in the
INC280-treated group was statistically significant (Chi square test, p < 0.05). c INC280 (1 µM) treatment for 24 h up-regulates the ATM/Chk1 pathway
in MHCC97H cells and this up-regulation can be inhibited by the specific ATM inhibitor KU00019 as shown by western blot analysis. d Combination
of INC280 and KU00019 treatment for 72 h results in a higher inhibitory efficacy in MHCC97H cells as measured by the CellTiter-Glo assay. Triplicates
were used for each concentration. Data represents the mean ± SD for each treatment. Vertical bar represents the standard deviation
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(Fig. 1) that MetMab only inhibit HGF-dependent MET
activation.
METamp cells are more sensitive to INC280 than
HGF-autocrine cells in vitro; however, MHCC97H
tumors showed similar growth inhibition as JHH5, when
treated with INC280 (30 mg/kg, Fig. 4) in mice. These
results raised two possibilities, either INC280 at high
concentration (i.e., 30 mg/kg) can sufficiently block HGFdependent MET activation in HGF-autocrine tumors
at the same level as it does with METamp tumors, or,
there are alternative targets other than the tumor cells
that responded to INC280 in HGF-autocrine tumors.
Because HGF is a potent angiogenic factor stimulating neovasculature formation by endothelial cells, we
tested the effect of HGF-mediated 3-D HUVEC tube
formation [28] for inhibition by either INC280 or MetMab (Fig. 5). We show that HGF at 100 ng/ml significantly stimulated HUVEC cell tube formation, which
was significantly inhibited by either INC280 or MetMab
(Fig. 5a, b). The Src tyrosine kinase signaling cascade is

p-CHK2. Because INC280 at low concentration (0.1 µM)
significantly inhibited cell proliferation, a combination of
INC280 and KU00019 did not further enhance inhibition
(Additional file 1: Figure S1).
Endothelial cells are the secondary targets
in HGF‑autocrine tumors

To characterize the inhibitory efficacy in vivo, we subcutaneously transplanted MHCC97H and JHH5 cells into
SCID mice and SCIDhgf, a human HGF-transgenic SCID
mouse strain with enhanced growth of human tumors
in mice [5, 37]. These mice were treated with INC280
(daily oral gavage) or MetMab (one-time intraperitoneal
injection). We show that both MHCC97H and JHH5
cells displayed similar tumor growth rate and responses
to INC280 and MetMab in the two mouse models; thus,
stroma cell-produced HGF does not play a significant
role in M
 ETamp or HGF-autocrine tumor growth. MetMab potently inhibited JHH5 but not MHCC97H tumor
growth, which is consistent with the in vitro results
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frequently activated during cancer progression, eliciting different cellular functions including—proliferation,
adhesion and angiogenesis. Elevated Src kinase activity
promotes endothelial cell tube formation which can be
inhibited by Src inhibitors [38]. Here, we show that HGF
stimulation upregulated Src/p85 signaling accompanied
by MAPK and AKT activation in HUVEC cells (Fig. 5c).

These HGF stimulatory effects were blocked by INC280
or MetMab. To verify the endothelial cells are secondary targets of MET inhibitors in HGF-autocrine tumors,
we analyzed CD31 positive area using IHC staining with
JHH5 tumors collected at day 3 of treatment (n = 3). We
did not observe a statistical difference between the control and the treatment groups (data not shown), likely
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due to the time point being too early for changes in
endothelial cells. Unfortunately, we were unable to analyze tumors collected at end point (day 21 of treatment)
because at time of necropsy the tumors in treatment
groups were too small to harvest. While we suggest that
in HGF-autocrine tumors, both MET TKIs and neutralizing antibodies target not only tumor growth, but also
HGF-mediated neovascularization via the Src signaling
pathway in endothelial cells, further analysis of HGFautocrine tumors from late stage treatment is necessary to validate the proposed “double hit” mechanism of
inhibition.

Discussion
We previously characterized two types of MET signal amplification in association with the MET pathway
activities. Gain of an extra intact chromosome 7, which
includes MET (MET7gain), is not biologically related to
MET pathway activity. In contrast, cells with METamp,
which have amplified copies of MET gene, are sensitive
to MET inhibition [4, 15]. We also showed that the total
MET (tMET) expression level is not correlated with MET
phosphorylation, and, therefore, may not be a sufficient
marker for MET pathway activity [4, 15]. Here we show
that INC280 but not MetMab significantly inhibits proliferation of METamp cells MKN45 and MHCC97H in vitro
(Fig. 1) and tumor growth in vivo (Fig. 4). We previously
reported that MHCC97H cells contain 25–100 copies
of the MET gene per cell, together with MET translocations from chr.7 to chr.1 and chr.9 [4], likely resulting
from DSBs and NHEJ repair. Notably, MET mutation
and chromosomal rearrangement is a leading cause of
MET oncogenic activation and malignant transformation [39, 40]. Both MKN45 and MHCC97H cell lines
responded to INC280 but not MetMab, suggesting that
METamp-mediated MET overexpression, receptor dimerization, and signaling activation is more dependent on the
intracellular tyrosine kinase domain than on the HGF/
MET binding domain. Although we did not test whether
increasing MetMab to higher concentrations may saturate MET binding, preventing its dimerization and signaling, resulting in inhibition of M
 ETamp cell proliferation
and tumor growth, our results do suggest the use of neutralizing antibodies to inhibit HGF-dependent tumor
growth. Note that one-time injection of MetMab at
5 mg/kg inhibited JHH5 tumor growth at the same level
as INC280 daily oral dosing for 3 weeks, suggesting that
neutralizing antibodies are a better choice than METTKIs in inhibiting HGF-autocrine tumors (Fig. 4). This
also echoes the clinical trial results that MetMab, in combination with EGFR inhibitor erlotinib, failed to improve
efficacy in a phase III lung cancer trial. After a phase II
trial showing prolonged PFS and OS in MET-positive
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NSCLC patients [41], the phase III trial mainly used levels of tMET as a biomarker for patient selection. Taken
together, we propose that METmut and METamp, as well as
HGF expression levels deserve evaluation in future clinical trials with MET inhibitors [27].
Previous studies with PHA665752 demonstrated that
MET TKI alone or in combination with ionizing radiation induced DNA DSBs and apoptosis in tumor cells
[42]. As a key regulator in DNA repair following DSBs,
p53BP1 binds to γH2AX at DSB ends and acts as a
molecular scaffold that recruits additional DSB-response
proteins. Mechanistically, p53BP1 amplifies ATMdependent checkpoint signaling, especially at low levels
of DNA damage, and promotes DNA repair through the
NHEJ mechanism. NHEJ offers efficient rejoining of DSB
ends but is an error-prone repair process as it may lead
to chromosomal rearrangements [34, 43]. We show that
INC280 treatment inhibited DNA synthesis, induced
G1 phase arrest, upregulated γH2AX in MKN45 and
MHCC97H (Figs. 1 and 2). These data indicate that MET
amplification or translocation is sensitive to MET TKIinduced DNA double-strand break. While the increased
number of γH2AX/p53BP1 foci indicates a repair mechanism employing NHEJ (Fig. 3), it also raises the speculation whether the frequency of rejoining DNA ends by
NHEJ may become a cause of resistance. As evidenced
in lung cancer studies, secondary METamp is found in
EGFR T790M tumors that are resistant to the EGFR TKIs
erlotinib or gefitinib [44], demonstrating that long-term
treatment with TKI alone may allow NHEJ-mediated
chromosomal rearrangement, leading to acquired resistance through alternative pathway activation (Fig. 6a). In
our study, we show that INC280 treatment alone activates ATM signaling and that a combination of INC280
and KU00019 increased inhibitory efficacy more than
INC280 alone (Fig. 3d). The combination failed to
improve the inhibitory efficacy in MKN45 cells, suggesting a strong MET oncogenic addiction and that INC280
alone is sufficient in inducing G1 arrest followed by
apoptosis, at least at an early stage of treatment. As such,
it would be worthwhile to induce resistance to INC280
in MKN45 and further analyze the ATM activation and
inhibition. Interestingly, as part of the DDR, activated
ATM phosphorylates p27KIP1 at Ser140 in the G1 phase
and stabilizes p
 27KIP1, thus enhancing G1 arrest [32]. This
is consistent with our results that INC280 increased levels of p27KIP1 as seen in Fig. 2 and, perhaps, also explains
the decreased levels of CDK4 and cyclin D3 to which the
p27KIP binds. Thus, stabilizing p
 27KIP1 or adding CDK4
inhibitors also may improve the efficacy of INC280 in
METamp cells. Taken together, our results suggest that
the combination of MET and ATM inhibitors may
enhance the therapeutic efficacy and prevent resistance
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extracellular ligand–receptor binding. In these tumors, constitutive inhibition of the MET signaling pathway may cause DSBs (i.e., via generation of
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are driven by endogenous HGF stimulation and are sensitive to both MET TKIs and neutralizing antibodies. Tumor-derived HGF further stimulates
endothelial cells for neovasculature, which are the secondary targets in addition to the tumor cells. Acquired resistance may occur through MET
signaling by-pass via other receptor tyrosine kinases, such as EGFR [48]; the micro-environmental response also plays an essential role. Combination
with angiogenic inhibitors may enhance the therapeutic efficacy

for treating tumors with MET chromosomal rearrangements, such as amplification, translocation and/or mutation (Fig. 6a).
During cancer progression, tumor cells often produce cytokines and growth factors to remodel the host
tumor microenvironment to facilitate their growth.
In particular, endothelial cells perform a major role
in neovasculature formation, and are essential to satisfy the need for increased blood supply during rapid
tumor growth. Because HGF is a pleiotropic cytokine
that also promotes endothelial cell proliferation, migration, and capillary formation, tumor cell-derived HGF
in autocrine tumors may stimulate vascular formation
via paracrine activation. Previous studies have shown
that HGF can upregulate VEGF mRNA and protein
expression in endothelial cells, and that a combination of the two factors enhanced the anti-angiogenic
efficacy, either additively or synergistically [45, 46]. In
liver cancer, overexpression of HGF promotes carcinogenesis through an HGF-autocrine mechanism, resulting in high levels of neovascularization mediated by
dynamic interaction between the endothelial and tumor
cells [47]. When rapid tumor growth depletes local
blood supply, long-term adaptation to hypoxia occurs

through angiogenesis promoted by the HGF/MET axis
[48]. In addition, HGF also protects cells from hypoxiamediated endothelial damage and apoptosis by upregulating Bcl-2 and Bcl-xL [49]. Here we show that HGF
induces HUVEC tube formation which is inhibited by
either INC280 or MetMab through the MAPK/AKT
and Src signaling pathways. As such, in HGF-autocrine
tumors, MET inhibitors target both tumor cells and
endothelial cells. Given that vasculature formation is a
complex process involving variable growth factors and
cytokines, combination of angiogenesis inhibitors with
MET inhibitors may enhance the therapeutic efficacy
for treating HGF-dependent tumors (Fig. 6b).

Conclusion
After several clinical trial failures, application of MET
inhibitors needs to be guided by predictive biomarkers
to restore confidence in their use [27]. Understanding the
mechanism of MET inhibitors is, therefore, the key to the
development of patient stratification strategies and tailored combination therapeutics. Here, we characterized
tumors harboring METamp or HGF-autocrine activations
and sub-classified their therapeutic responses to MET
TKIs or neutralizing antibodies. We show that M
 ETamp
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indicates a predisposition to a DNA DSB response, by
which therapeutic efficacy may be enhanced by combination with inhibitors of ATM or other DNA repair
proteins. In fact, tumor heterogeneity further blunts the
drug response. In the case of multiple receptor tyrosine kinase amplifications within the same tumor, loss of
function of tumor suppressors may be the original cause
and a target of therapeutic combinations via the synthetic
lethal approach [7]. By contrast, HGF-autocrine tumors
are less sensitive to DNA damage but are more angiogenic due to HGF-mediated neovascularization. As such,
a combination with angiogenesis inhibitors should be
considered to improve the therapeutic efficacy of MET
inhibitors.
In addition to proliferation and angiogenesis, MET
activation is known to promote cancer invasion and
metastasis [3, 40]. Thus, it is worthwhile to determine
whether INC280 prevents MHCC97H metastasis at
similar level as it inhibits cell proliferation in vivo. Given
the recent breakthrough in cancer immunotherapy,
understanding the role of MET inhibition in tumor
immunology is essential toward future improvement of
MET-targeting therapeutics. As cabozantinib, a multitarget kinase inhibitor targeting MET and VEGFR2, has
shown positive clinical trial results in improving survival
in advanced HCC [24], combining MET inhibitors with
immune checkpoint inhibitors to improve therapeutic
efficacy are certainly the future directions.

Page 11 of 13

Author details
1
Department of Biomedical Sciences, Quillen College of Medicine, East Ten‑
nessee State University, Johnson City, TN 37614, USA. 2 Center of Excellence
for Inflammation, Infectious Disease and Immunity, Quillen College of Medi‑
cine, East Tennessee State University, Johnson City, TN 37614, USA. 3 Center
of Cell and Cancer Biology, Van Andel Research Institute, Grand Rapids, MI
49503, USA. 4 Department of Internal Medicine, Quillen College of Medicine,
East Tennessee State University, Johnson City, TN 37614, USA. 5 Liver Cancer
Institute, Zhongshan Hospital, Fudan University, Shanghai 200032, China.
6
Novartis Institutes for BioMedical Research, Cambridge, MA 02139, USA.
Acknowledgements
We thank Lisa Quinn and William Tschantz at Novartis Biologics Center for
producing MetMab used in this study. We thank Fudan University Liver Cancer
Institute for providing MHCC97H cells.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
All data are available in the manuscript or upon request to the authors.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Funding
This work was supported by the ETSU start-up funds and the Stephen M. Coff‑
man Charitable Trust (Q.X.); Van Andel Institute (G.V.W.); Novartis Sponsored
Research Agreement (Q.X. and G.V.W.). The funders had no role in study
design, data collection and analysis, or manuscript preparation.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
Received: 7 July 2018 Accepted: 5 September 2018

Additional file
Additional file 1: Figure S1. INC280 alone is sufficient in inhibiting
MKN45 proliferation. (A) INC280 (0.1, 1 µM) treatment for 72 hrs potently
inhibited MKN45 proliferation as measured by the CellTiter-Glo assay.
Further combination with ATM inhibitor Ku60019 did not improve efficacy.
Data represents for Mean ± SD. Vertical bar represents the standard devia‑
tion. (B) INC280 mediated ATM signaling pathway activity in MKN45 cells.
Abbreviations
ATM: ataxia telangiectasia mutated; CDK4: cyclin-dependent kinase 4; DDR:
DNA damage response; DSB: double stand break; GBM: glioblastoma; HCC:
hepatocellular carcinoma; HGF: hepatocyte growth factor; HR: homologous
recombination; HUVECs: human umbilical vein endothelial cells; METamp: MET
amplification; MetMab: Met monoclonal antibody; NHEJ: nonhomologous
end-joining; NSCLC: non-small cell lung cancer; OS: overall survival; PRCC: pap‑
illary renal cell carcinoma; PFS: progression free survival; p53BP1: p53-binding
protein 1; γH2AX: histone 2A variant X; TKI: tyrosine kinase inhibitor.
Authors’ contributions
JK, BS, YQ, AT and QX performed molecular and cellular studies. LK and QX
performed the in vivo efficacy study and data analysis. BZ and WZW provided
material and discussion. PRM, ZQY, AH, HH, GVW, and QX performed study
design and data interpretation. PRM, HH and QX wrote the paper. All authors
read and approved the final manuscript.

References
1. Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met, metastasis,
motility and more. Nat Rev. 2003;4(12):915–25.
2. Gherardi E, Birchmeier W, Birchmeier C, Vande Woude G. Targeting MET in
cancer: rationale and progress. Nat Rev Cancer. 2012;12(2):89–103.
3. Thewke D, Kou J, Fulmer M, Xie Q. The HGF/MET signaling and therapeu‑
tics in cancer. In: Shinomiya N, Kataoka H, Xie Q, editors. Regulation of
signal transduction in human cell research. Singapore: Springer Nature;
2018. p. 155–82.
4. Xie Q, Su Y, Dykema K, Johnson J, Koeman J, De Giorgi V, Huang A,
Schlegel R, Essenburg C, Kang L, et al. Overexpression of HGF promotes
HBV-induced hepatocellular carcinoma progression and is an effective
indicator for met-targeting therapy. Genes Cancer. 2013;4(7–8):247–60.
5. Gao CF, Xie Q, Zhang YW, Su Y, Zhao P, Cao B, Furge K, Sun J, Rex K,
Osgood T, et al. Therapeutic potential of hepatocyte growth factor/scat‑
ter factor neutralizing antibodies: inhibition of tumor growth in both
autocrine and paracrine hepatocyte growth factor/scatter factor: c-Metdriven models of leiomyosarcoma. Mol Cancer Ther. 2009;8(10):2803–10.
6. Smolen GA, Sordella R, Muir B, Mohapatra G, Barmettler A, Archibald
H, Kim WJ, Okimoto RA, Bell DW, Sgroi DC, et al. Amplification of MET
may identify a subset of cancers with extreme sensitivity to the selec‑
tive tyrosine kinase inhibitor PHA-665752. Proc Natl Acad Sci USA.
2006;103(7):2316–21.
7. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, Davidson CJ,
Akhavanfard S, Cahill DP, Aldape KD, Betensky RA, et al. Mosaic amplifica‑
tion of multiple receptor tyrosine kinase genes in glioblastoma. Cancer
Cell. 2011;20(6):810–7.

Kou et al. J Transl Med (2018) 16:253

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.
22.

23.

24.

25.

Peschard P, Fournier TM, Lamorte L, Naujokas MA, Band H, Langdon
WY, Park M. Mutation of the c-Cbl TKB domain binding site on the Met
receptor tyrosine kinase converts it into a transforming protein. Mol Cell.
2001;8(5):995–1004.
Schmidt L, Duh FM, Chen F, Kishida T, Glenn G, Choyke P, Scherer SW,
Zhuang Z, Lubensky I, Dean M, et al. Germline and somatic mutations in
the tyrosine kinase domain of the MET proto-oncogene in papillary renal
carcinomas. Nat Genet. 1997;16(1):68–73.
Frampton GM, Ali SM, Rosenzweig M, Chmielecki J, Lu X, Bauer TM, Aki‑
mov M, Bufill JA, Lee C, Jentz D, et al. Activation of MET via diverse exon
14 splicing alterations occurs in multiple tumor types and confers clinical
sensitivity to MET inhibitors. Cancer Discov. 2015;5(8):850–9.
Paik PK, Drilon A, Fan PD, Yu H, Rekhtman N, Ginsberg MS, Borsu L, Schultz
N, Berger MF, Rudin CM, et al. Response to MET inhibitors in patients with
stage IV lung adenocarcinomas harboring MET mutations causing exon
14 skipping. Cancer Discov. 2015;5(8):842–9.
Johnson J, Ascierto ML, Mittal S, Newsome D, Kang L, Briggs M, Tanner K,
Marincola FM, Berens ME, Vande Woude GF, et al. Genomic profiling of a
hepatocyte growth factor-dependent signature for MET-targeted therapy
in glioblastoma. J Transl Med. 2015;13:306.
Lu KV, Chang JP, Parachoniak CA, Pandika MM, Aghi MK, Meyronet D,
Isachenko N, Fouse SD, Phillips JJ, Cheresh DA, et al. VEGF inhibits tumor
cell invasion and mesenchymal transition through a MET/VEGFR2 com‑
plex. Cancer Cell. 2012;22(1):21–35.
Vermeulen L, De Sousa EMF, van der Heijden M, Cameron K, de Jong JH,
Borovski T, Tuynman JB, Todaro M, Merz C, Rodermond H, et al. Wnt activ‑
ity defines colon cancer stem cells and is regulated by the microenviron‑
ment. Nat Cell Biol. 2010;12(5):468–76.
Xie Q, Bradley R, Kang L, Koeman J, Ascierto ML, Worschech A, De Giorgi
V, Wang E, Kefene L, Su Y, et al. Hepatocyte growth factor (HGF) autocrine
activation predicts sensitivity to MET inhibition in glioblastoma. Proc Natl
Acad Sci USA. 2012;109(2):570–5.
Choueiri TK, Plimack E, Arkenau HT, Jonasch E, Heng DYC, Powles T, Frig‑
ault MM, Clark EA, Handzel AA, Gardner H, et al. Biomarker-based phase II
trial of savolitinib in patients with advanced papillary renal cell cancer. J
Clin Oncol. 2017;35(26):2993–3001.
Albiges L, Guegan J, Le Formal A, Verkarre V, Rioux-Leclercq N, Sibony M,
Bernhard JC, Camparo P, Merabet Z, Molinie V, et al. MET is a potential tar‑
get across all papillary renal cell carcinomas: result from a large molecular
study of pRCC with CGH array and matching gene expression array. Clin
Cancer Res. 2014;20(13):3411–21.
Ye S, Li J, Hao K, Yan J, Zhou H. The efficacy and risk profile of c-Met inhibi‑
tors in non-small cell lung cancer: a meta-analysis. Sci Rep. 2016;6:35770.
Schiff D, Desjardins A, Cloughesy T, Mikkelsen T, Glantz M, Chamberlain
MC, Reardon DA, Wen PY. Phase 1 dose escalation trial of the safety and
pharmacokinetics of cabozantinib concurrent with temozolomide and
radiotherapy or temozolomide after radiotherapy in newly diagnosed
patients with high-grade gliomas. Cancer. 2016;122(4):582–7.
Zhang Y, Guessous F, Kofman A, Schiff D, Abounader R. XL-184, a MET,
VEGFR-2 and RET kinase inhibitor for the treatment of thyroid cancer,
glioblastoma multiforme and NSCLC. IDrugs. 2010;13(2):112–21.
Wen PY. American Society of Clinical Oncology 2010: report of selected
studies from the CNS tumors section. Expert Rev Anticancer Ther.
2010;10(9):1367–9.
Wen PY, Schiff D, Cloughesy TF, Raizer JJ, Laterra J, Smitt M, Wolf M, Oliner
KS, Anderson A, Zhu M, et al. A phase II study evaluating the efficacy and
safety of AMG 102 (rilotumumab) in patients with recurrent glioblastoma.
Neuro-oncol. 2011;13(4):437–46.
Basilico C, Pennacchietti S, Vigna E, Chiriaco C, Arena S, Bardelli A,
Valdembri D, Serini G, Michieli P. Tivantinib (ARQ197) displays cytotoxic
activity that is independent of its ability to bind MET. Clin Cancer Res.
2013;19(9):2381–92.
Abou-Alfa G, Meyer T, Cheng A, El-Khoueiry A, Rimassa L, Ryoo B, Cicin
I, Merle P, Park J, Blanc J, et al. Cabozantinib (C) versus placebo (P) in
patients (pts) with advanced hepatocellular carcinoma (HCC) who have
received prior sorafenib: results from the randomized phase III CELESTIAL
trial. J Clin Oncol. 2018;36(4_suppl):207.
Qi XS, Guo XZ, Han GH, Li HY, Chen J. MET inhibitors for treatment of
advanced hepatocellular carcinoma: a review. World J Gastroenterol.
2015;21(18):5445–53.

Page 12 of 13

26. Okuma HS, Kondo S. Trends in the development of MET inhibitors for
hepatocellular carcinoma. Future Oncol. 2016;12(10):1275–86.
27. Garber K. MET inhibitors start on road to recovery. Nat Rev Drug Discov.
2014;13(8):563–5.
28. Xue M, Yao S, Hu M, Li W, Hao T, Zhou F, Zhu X, Lu H, Qin D, Yan Q, et al.
HIV-1 Nef and KSHV oncogene K1 synergistically promote angiogenesis
by inducing cellular miR-718 to regulate the PTEN/AKT/mTOR signaling
pathway. Nucleic Acids Res. 2014;42(15):9862–79.
29. Kawakami H, Okamoto I, Arao T, Okamoto W, Matsumoto K, Taniguchi
H, Kuwata K, Yamaguchi H, Nishio K, Nakagawa K, et al. MET amplifica‑
tion as a potential therapeutic target in gastric cancer. Oncotarget.
2013;4(1):9–17.
30. VanArsdale T, Boshoff C, Arndt KT, Abraham RT. Molecular pathways:
targeting the cyclin D-CDK4/6 axis for cancer treatment. Clin Cancer Res.
2015;21(13):2905–10.
31. Denicourt C, Dowdy SF. Cip/Kip proteins: more than just CDKs inhibitors.
Genes Dev. 2004;18(8):851–5.
32. Cassimere EK, Mauvais C, Denicourt C. p27Kip1 is required to mediate a
G1 cell cycle arrest downstream of ATM following genotoxic stress. PLoS
ONE. 2016;11(9):e0162806.
33. Cuadrado M, Gutierrez-Martinez P, Swat A, Nebreda AR, FernandezCapetillo O. p27Kip1 stabilization is essential for the maintenance
of cell cycle arrest in response to DNA damage. Cancer Res.
2009;69(22):8726–32.
34. Panier S, Boulton SJ. Double-strand break repair: 53BP1 comes into focus.
Nat Rev. 2014;15(1):7–18.
35. Kleiner RE, Verma P, Molloy KR, Chait BT, Kapoor TM. Chemical proteomics
reveals a gammaH2AX-53BP1 interaction in the DNA damage response.
Nat Chem Biol. 2015;11(10):807–14.
36. Mariotti LG, Pirovano G, Savage KI, Ghita M, Ottolenghi A, Prise KM, Schet‑
tino G. Use of the gamma-H2AX assay to investigate DNA repair dynam‑
ics following multiple radiation exposures. PLoS ONE. 2013;8(11):e79541.
37. Merchant M, Ma X, Maun HR, Zheng Z, Peng J, Romero M, Huang A, Yang
NY, Nishimura M, Greve J, et al. Monovalent antibody design and mecha‑
nism of action of onartuzumab, a MET antagonist with anti-tumor activity
as a therapeutic agent. Proc Natl Acad Sci USA. 2013;110(32):E2987–96.
38. Im E, Kazlauskas A. Src family kinases promote vessel stability by antago‑
nizing the Rho/ROCK pathway. J Biol Chem. 2007;282(40):29122–9.
39. Jackson SP, Bartek J. The DNA-damage response in human biology and
disease. Nature. 2009;461(7267):1071–8.
40. Shinomiya N, Xie Q, Vande Woude G. Met activation and carcinogenesis.
In: Shinomiya N, Kataoka H, Xie Q, editors. Regulation of signal transduc‑
tion in human cell research. Singapore: Springer Nature; 2018. p. 129–54.
41. Spigel DR, Ervin TJ, Ramlau RA, Daniel DB, Goldschmidt JH Jr, Blu‑
menschein GR Jr, Krzakowski MJ, Robinet G, Godbert B, Barlesi F, et al.
Randomized phase II trial of onartuzumab in combination with erlotinib
in patients with advanced non-small-cell lung cancer. J Clin Oncol.
2013;31(32):4105–14.
42. Medova M, Aebersold DM, Blank-Liss W, Streit B, Medo M, Aebi S, Zimmer
Y. MET inhibition results in DNA breaks and synergistically sensitizes
tumor cells to DNA-damaging agents potentially by breaching a
damage-induced checkpoint arrest. Genes Cancer. 2010;1(10):1053–62.
43. Lieber MR. The mechanism of double-strand DNA break repair by
the nonhomologous DNA end-joining pathway. Annu Rev Biochem.
2010;79:181–211.
44. Turke AB, Zejnullahu K, Wu YL, Song Y, Dias-Santagata D, Lifshits E, Toschi
L, Rogers A, Mok T, Sequist L, et al. Preexistence and clonal selection of
MET amplification in EGFR mutant NSCLC. Cancer Cell. 2010;17(1):77–88.
45. Xin X, Yang S, Ingle G, Zlot C, Rangell L, Kowalski J, Schwall R, Ferrara N,
Gerritsen ME. Hepatocyte growth factor enhances vascular endothelial
growth factor-induced angiogenesis in vitro and in vivo. Am J Pathol.
2001;158(3):1111–20.
46. Van Belle E, Witzenbichler B, Chen D, Silver M, Chang L, Schwall R, Isner
JM. Potentiated angiogenic effect of scatter factor/hepatocyte growth
factor via induction of vascular endothelial growth factor: the case for
paracrine amplification of angiogenesis. Circulation. 1998;97(4):381–90.
47. Horiguchi N, Takayama H, Toyoda M, Otsuka T, Fukusato T, Merlino G,
Takagi H, Mori M. Hepatocyte growth factor promotes hepatocarcino‑
genesis through c-Met autocrine activation and enhanced angiogen‑
esis in transgenic mice treated with diethylnitrosamine. Oncogene.
2002;21(12):1791–9.

Kou et al. J Transl Med (2018) 16:253

48. Eckerich C, Zapf S, Fillbrandt R, Loges S, Westphal M, Lamszus K. Hypoxia
can induce c-Met expression in glioma cells and enhance SF/HGFinduced cell migration. Int J Cancer. 2007;121(2):276–83.

Page 13 of 13

49. Wang X, Zhou Y, Kim HP, Song R, Zarnegar R, Ryter SW, Choi AMK. Hepato‑
cyte growth factor protects against hypoxia/reoxygenation-induced
apoptosis in endothelial cells. J Biol Chem. 2003;279(7):5237–43.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

