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Abstract

Receptor tyrosine kinase therapies have proven to be effica-
cious in specific cancer patient populations; however, a signif-
icant limitation of tyrosine kinase inhibitor (TKI) treatment is
the emergence of resistance mechanisms leading to a transient,
partial, or complete lack of response. Combination therapies
using agents with synergistic activity have potential to improve
response and reduce acquired resistance. Chemoreagent or TKI
treatment can lead to increased expression of hepatocyte
growth factor (HGF) and/or MET, and this effect correlates
with increased metastasis and poor prognosis. Despite MET's
role in resistance and cancer biology, MET TKI monotherapy
has yielded disappointing clinical responses. In this study, we
describe the biological activity of a selective, oral MET TKI with
slow off-rate and its synergistic antitumor effects when com-
bined with an anti-HGF antibody. We evaluated the combined

action of simultaneously neutralizing HGF ligand and inhibit-
ing MET kinase activity in two cancer xenograft models that
exhibit autocrine HGF/MET activation. The combination ther-
apy results in additive antitumor activity in KP4 pancreatic
tumors and synergistic activity in U-87MG glioblastoma
tumors. Pharmacodynamic characterization of biomarkers that
correlate with combination synergy reveal that monotherapies
induce an increase in the total MET protein, whereas combi-
nation therapy significantly reduces total MET protein levels
and phosphorylation of 4E-BP1. These results hold promise
that dual targeting of HGF and MET by combining extracellular
ligand inhibitors with intracellular MET TKIs could be an
effective intervention strategy for cancer patients who have
acquired resistance that is dependent on total MET protein.
Mol Cancer Ther; 16(7); 1269–78. �2017 AACR.

Introduction
MET receptor tyrosine kinase (RTK) and its ligand hepatocyte

growth factory (HGF) regulate biological processes involved in
tumor initiation, progression, and metastasis, including cell pro-
liferation, survival, migration, invasion, and angiogenesis (for
recent reviews, see refs. 1–3). Upon stimulation by HGF, the MET
receptor dimerizes, transphosphorylates, and recruits proteins
that activate MAPK, STAT3, and PI3K/AKT pathways. Pathway
activation is terminated when phosphorylated MET is internal-
ized and degraded (4, 5). HGF/MET signaling evokes changes in
gene transcription and protein stability setting up a complex

invasive growth program (6) that, if left unchecked, can result
in unregulated cell proliferation, survival, and metastasis. MET
and HGF alterations have been detected in gastric cancer, non–
small cell lung cancer (NSCLC), hepatocellular carcinoma, colo-
rectal cancer, renal cell cancer, breast cancer, ovarian cancer, and
glioblastoma (2, 7). Somatic MET gain-of-function mutations,
MET gene amplification, elevated MET, and elevated HGF are
among the alterations reported (8). In addition,HGF andMET are
implicated as resistance mechanisms for tyrosine kinase inhibi-
tors (TKI) or chemotherapy in the treatment ofNSCLC, pancreatic
cancer, breast cancer, squamous cell carcinoma, and colon cancer
(9–18). As a result of the strong biological connection to tumor
initiation and progression, HGF and MET have been heavily
pursued as strategies to treat cancer (19).

Numerous preclinical rodent studies have provided proof of
concept for use of HGF and MET inhibitors in the treatment of
cancers with activated HGF/MET signaling. Therapeutic
approaches that have advanced to human trials include small-
molecule MET TKIs, monoclonal antibodies to neutralize HGF,
and antibodies targetingMET (19, 20).On the other hand, clinical
results from HGF/MET monotherapies have been disappointing
which may reflect targeting inappropriate cancers, insufficient
pathway inhibition, and/or development of resistance mechan-
isms (21). To address these points, we designed Compound 1, a
new durable MET TKI, tested it in combination with an HGF-
neutralizing antibody, and investigated resistance mechanisms.
Previous data have shown that dual inhibition of EGFR family
members with a receptor antibody and TKI resulted in an
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enhanced antitumor effect compared with single agents (22–26).
Knowing an HGF-neutralizing antibody sensitizes MET-addicted
tumors to MET-targeted agents (27), we hypothesized that dual
inhibition of MET ligand and MET tyrosine kinase activity may
also result in enhanced antitumor effect. Using the combination
of twomodalities that inhibit distinct targets in the same pathway
represents an attractive therapeutic approach to treat cancer.

In this investigation, a unique and highly selective MET TKI
(Compound 1) was designed and characterized. Compound 1's
residence time on MET is much longer than other selective TKIs,
and it potently inhibits biological activity ofMET inhuman cancer
cells in vitro and in xenograft models. Notably, combination
treatment of Compound 1 with an HGF-neutralizing therapeutic
antibody significantly improves the antitumor effect of each
monotherapy, by a mechanism that involves reduction of the
total MET protein. This combination approach has the potential
to produce a sustained response in cancer patients with malig-
nancies dependent on MET and/or for cancer patients who have
developed a therapeutic resistance that is dependent on MET.

Materials and Methods
Reagents

Small-molecule MET TKI compounds were synthesized at
Takeda California as described in WO2010/019899A1 (Com-
pounds 1, 2, and 3), WO2007/132308A1 (PF04217903), and
WO2006/021881A2 (crizotinib). Compounds 1, 2, and 3 corre-
spond to examples 45, 3, and 13, respectively, in WO2010/
019899A1. TAK-733 was synthesized at Takeda California as
described in US8030317B2. Pictilisib was from Selleckchem.
TAK-701 (HuL2G7, Lot H701-001) was produced by Lonza
Biologics. The L2G7 hybridoma is deposited with the American
Type Culture Collection (ATCC). Antibodies for Western blotting
were from Cell Signaling Technology.

Enzyme assessments
MET enzyme activity assays were performed as described in

WO2010/019899A1 using a capillary electrophoresis with
Caliper LifeSciences LabChip 3000 and fluorescence-based
quantification of the phosphorylated peptide substrate 5-car-
boxyfluorescein-EAIYAAPFAKKK-CONH2. IC50 values were
calculated by nonlinear least squares curve fitting of the stan-
dard IC50 equation to background-corrected MET velocity
versus compound concentration.

For determination of compound dissociation rate, an enzyme-
inhibitor dilution assay was performed using the AlphaScreen
method (Perkin Elmer). Briefly, MET enzyme (at 100-fold higher
concentration than the final reaction condition) and each test
compound (at 10-fold higher concentration than IC50 value)were
incubated together for 60 minutes at room temperature to form
enzyme–inhibitor complex. This complex was diluted 1:100 into
a reaction buffer containing 1 mmol/L ATP and 0.1 mg/mL
biotinylated poly-Glu-Tyr (4:1), initiating the kinase reaction.
Recovery of enzyme activity was monitored over time, and
enzyme kinetic parameters were derived using slow binding
inhibition equations (28).

Cells and culture
The MKN45 human gastric adenocarcinoma, EBC-1 human

lung squamous cell carcinoma, and KP4 human pancreatic ductal
carcinoma cell lines were obtained in 2007 from the Japanese

Collection of Research Bioresources Cell Bank. The SNU-5 gastric
carcinoma and U-87MG malignant glioblastoma cell lines were
obtained in 2006 and 2002, respectively, from ATCC. Cells were
obtained directly from the indicated source, stored in liquid
nitrogen, and cultured according to the supplier's recommenda-
tions for fewer than 4 months after resuscitation. Cell lines were
confirmed authentic and mycoplasm negative by the supplier
and/or by IDEXX Bioresearch CellCheck and STAT-Myco assays.

Cellular assessments
Cells were seeded in 96-well microtiter plates at 4,000 to

10,000 cells per well and incubated with serial dilutions of
compound for 48 or 72 hours. Cell viability was determined
using the MTS assay or Cell Titer-Glo ATP assay (Promega). The
compound concentration required to inhibit half of the max-
imal effect (IC50) was determined from 11-point dose-response
curves. Cellular selectivity assays were performed using stable
BaF3 cell lines that were engineered to be dependent on the
activity of a heterologous kinase for survival (Advanced Cel-
lular Dynamics). For the mechanism-based assay, cells were
seeded as indicated above and incubated for 2 hours with serial
dilutions of compound. The level of phosphorylated MET
versus total MET was determined using quantitative immune
assays [BioSource International, Inc. (pY1230, pY1234,
pY1235) or Meso Scale Diagnostics (pY1349)]. The durability
of compound effect on suppression of phosphorylated MET
was measured in MKN45 cells (50,000 cells per well), which
were treated with 1 mmol/L compound for 2 hours prior to
wash out. Cells were subsequently washed and incubated in
growth media for 0, 1, 2, 4, 8, 12, 24, and 48 hours.

Tumor biomarkers and pharmacodynamics
Tumors were dissected and immediately snap-frozen at –80�C.

Tumor tissue lysates were prepared in ice-cold cell extraction
buffer (Thermo Fisher Scientific) supplemented with protease
and phosphatase inhibitors (EMD Millipore) using a fast prep
bead beater (Biospec Products, Inc.). After centrifugation, tumor
lysates were diluted to equal protein concentration and analyzed
for phosphorylated MET versus total MET using the immune
assays described above or for other proteins using standard
Western blot procedures. For pharmacokinetic (PK) analysis,
plasma was collected via centrifugation of blood samples, and
then stored at –80�Cuntil compound content was analyzed using
a research grade LC/MS/MSassay. PKparameterswere determined
with the WinNonlin software. Unbound (free) drug was estimat-
ed using species-specific percent protein binding, determined by
equilibrium dialysis.

In vivo models and test article administration
All animal studies were conducted in accordance with Takeda

Institutional Animal Care and Use Committee guidelines in a
facility accredited by the American Association for Accreditation
of Laboratory Animal Care. Female athymic nude mice (Hsd:
AthymicNude-Foxnnu) were purchased fromHarlan Laboratories
for MKN45 xenografts and female athymic nude mice (BALB/
cAJcl-nu/nu) from Japan Clea for KP4 xenografts. Mice were
housed in a barrier facility with 12-hour light/dark cycles and
providedwith food andwater ad libitum. Four- to 5-week-oldmice
received subcutaneous injection of 5� 106MKN45 or EBC-1 cells
in 200 mL of PBS or 5 � 106 KP4 cells in 50 mL of 1:1 volume
mixture of Hanks' balanced salt solution (Invitrogen) and
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Matrigel (BD Biosciences) into the right flank. The U-87MG
xenograft studies were conducted by Piedmont using Harlan
Laboratories female (Hsd:Athymic Nude-Foxnnu) mice with
1 mm3 tumor fragments implanted subcutaneously into the
flank. For all studies, after the tumor xenografts were established,
mice with tumors (approximately 150–300 mm3, see Figures)
were randomized into groups of �6 mice. Groups were treated
with vehicle, TAK-701 alone, TKI alone, or combination of the
two drugs. TAK-701 was diluted in saline just before injection
and administered intravenously once or twice a week. TKIs
were diluted in a 30% captisol-citrate buffer for administration
by oral gavage. Administration volume was 5 to 10 mL/kg.

Tumor volume and endpoints
Tumor sizes were measured twice per week starting one day

before the first day of treatment. Tumor weights were calculated
using the equation (L x W2)/2, where L and W refer to the larger
and smaller dimensions collected at each measurement, respec-
tively. Antitumor efficacy was expressed as mean relative growth
of treated versus control tumors (%T/C) using the formula: [(T-
T0)/(C-C0)] x 100, in which C and T are mean control and drug-
treated tumor volume, and C0 and T0 are initial tumor volumes,
respectively. Regression percentage was calculated using the for-
mula: [1 – (T/T0)] x 100, in which T and T0 are treated and initial
tumor volume, respectively.

Statistical analysis
Statistical differences between treatment groups over the treat-

ment period (T-T0)were analyzedbyone-tailed one-wayANOVA,
Dunnett test. The Wilcoxon test was used to evaluate the effect of
combining TAK-701 and Compound 1, comparing each single-
agent group to the combination group. Statistical analyses were
carried out with the SAS nonclinical package for Windows (ver-
sion 5.0; SAS Institute, Inc.). For the U-87MG time to endpoint
(TTE) studies, a two-tailed Log-rank (Mantel–Cox) test was used
to analyze the significance of the differences between treated and
vehicle control groups (Prism version 4, GraphPad Software).

Results
Discovery of selective MET inhibitors with slow off rate

The compound shown in Fig. 1 is derived from the imida-
zopyridazine chemical series, which is a novel hinge-binder

class of MET inhibitors described in WO2010/019899A1. A 2.0
angstrom x-ray diffraction crystal structure of MET in complex
with Compound 1 shows the kinase in the DFG-in conforma-
tion with the triazolopyridine ring forming a hydrogen bond
with the backbone of D1222 and a ring stacking interaction
with Y1230. One of the fluoro atoms of the inhibitor linker
region also makes a weak interaction with Y1230. Two nitrogen
atoms of the imidazopyridazine engage the backbone of hinge
residue M1160 via hydrogen bonds. In addition, an aryl CH of
the imidazopyridazine forms a pseudo hydrogen bond to the
carbonyl of hinge residue P1158. Unique to Compound 1 is
a di-fluoromethyl linker that is not present in Compound 2,
Compound 3, or other reported selective MET inhibitors
(Supplementary Fig. S1). The di-fluoro moiety, in addition
to making direct interactions with the protein, also induces
subtle electrostatic and conformational effects, which likely
influence potency, selectivity, and off-rate.

Compound 1 potently inhibits both unphosphorylated and
phosphorylated MET enzymes with IC50 < 1 and 12 nmol/L,
respectively (Fig. 2A; Supplementary Table S1). A selective MET
compound, PF04217903, was used as a reference, and it also
exhibited comparable activity. Compound 1 maintained poten-
cy (IC50 < 1–57 nmol/L) for the following MET mutants:
V1110I, H1112Y, L1195V, Y1235D, D1228H, and M1250T
(Supplementary Table S2). Moderate potency was also
observed for Y1230 mutations (IC50, 25–280 nmol/L). Inter-
estingly, other selective MET inhibitors do not maintain activity
against MET when Y1230 or D1228 is mutated (29, 30).

We evaluated the apparent residence time of inhibition of
WT MET by diluting or washing out inhibitor and evaluating
the rate of return of enzyme activity in vitro with recombinant
enzyme or in MKN45 cells (Fig. 2B and C). Compound 1 had
the slowest recovery time with half-life in excess of 20 hours,
indicating it has a much slower dissociation rate from WT
MET than other selective MET inhibitors, including other
imidazopyridazines and PF04217903 (Fig. 2B). Thus, Com-
pound 1 is a tight-binding inhibitor of MET with slow disso-
ciation kinetics. The durability of compound activity for
inhibiting MET phosphorylation in cells after removing com-
pound was consistent with the enzyme results. The effects
of Compound 2 and PF04217903 were reversed in the least
time, whereas the effects of Compound 1 and Compound
3 were longer lasting, with approximately 40% to 50%

Figure 1.

Chemical structure andbindingmodeof
Compound 1 to MET. A, Compound 1,
derived from the imidazopyridazine
scaffold, represents a novel MET kinase
hinge-binder. It contains a linker region
with 2-fluoro atoms and a
triazolopyridine ring, which stacks with
and orients Y1230 in the active site (B),
creating a co-complex conformation
that is similar to other exquisitely
selective MET kinase inhibitors (see
Supplementary Fig. S1).
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suppression of MET phosphorylation remaining at 24 hours
after washout (Fig. 2C).

The inhibitory activity of the imidazopyridazines was eval-
uated against a wide range of protein kinases. A total of 130
kinases were examined, and of the three imidazopyridazines,
Compound 1 showed the greatest selectivity with at least 50-
fold greater activity against MET for >97% of the kinases tested
(Supplementary Table S2). The four kinases that were inhibited
at high concentrations of Compound 1 (Fms, TrkA, TrkB, and
TrkC) were also reported to be inhibited by crizotinib (an
inhibitor of ALK/MET), thus we performed further evaluations
of kinase selectivity in cells (Fig. 2A; Supplementary Table S1).
Compound 1 was at least 350-fold selective for MET in cells
versus Trks and Fms, whereas crizotinib appeared less selective
and PF04217903 was more selective (Fig. 2A; Supplementary
Table S1, BaF3 cell lines).

Inhibition of cellular MET kinase activity was further assessed
by measuring MET Y1349 phosphorylation, an established
proximal target engagement activity biomarker for MET (8).
Compounds 1–3 of the imidazopyridazine chemical series
inhibited phosphorylation of MET in a dose-dependent man-
ner in three cell lines overexpressing MET (SNU-5, EBC-1, and
MKN45). Average cellular IC50 across the three cell lines for
Compound 1 was 7 � 2 nmol/L. Similar potency was observed
for Compound 3 and the two reference compounds. However,
Compound 2 was about 10-fold less potent (Fig. 2A; Supple-
mentary Table S1).

The effect of the TKIs on cell viability was determined in a
panel of three cell lines, the MET-dependent cell lines EBC-1 and
MKN45, as well as one cell line not dependent on MET for
survival, A549. For Compound 1, viability dose-response curves
exhibited complete loss of viability at the Emax, and the IC50 values

Figure 2.

Activity of MET TKIs in enzyme and cellular
assessments. A, Imidazopyridazine series
Compound 1, 2, and 3were evaluated versus
two known MET TKIs, PF04217903 and
crizotinib. Enzyme assays were performed
with (pY-MET) and without MET
preactivation. Cellular assays included
mechanism-based (pY1349-MET), end
point biology (viability), and selectivity for
MET (ATP levels in BaF3 cells expressing the
indicated kinase). See Supplementary Table
S1 for IC50 values. Rate of compound
dissociation was evaluated by measuring
recovery of MET activity over time after
dilution of MET enzyme assays (B) or after
wash out of compound from MKN45 cells
(C). Compound dissociation half-life is
indicated in B.
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were 5 to 10nmol/L in EBC-1 andMKN45; as expected, no activity
was observed inA549 cells (Fig. 2A; Supplementary Table S1). The
cell viability assay potencies correlated well with the cellular MET
target engagement potencies for the TKIs. Based on the overall in
vitro pharmacology, Compound 1 was selected for further eval-
uation in vivo.

Pharmacodynamics and antitumor activity of MET TKI,
Compound 1

To determine the appropriate dose range of Compound 1 for
efficacy studies and to evaluate the inhibition of MET in vivo,
PK/pharmacodynamic (PD) analysis was conducted in the
MKN45 xenograft model. Suppression of MET phosphoryla-
tion in MKN45 tumors over time was determined at two dose
levels. Suppression was maximal at 4 hours after dose, and the
higher dose demonstrated more durable maximal suppression
(Fig. 3A). The PK profile in tumor tissue was also evaluated
versus biomarker suppression. The concentration of compound
in tumor that produced a 50% reduction of biomarker was 22
ng/g (Fig. 3B). Based on the theory of receptor pharmacology, it
is the protein-unbound (free) drug in tissues that interacts with
the target to elicit a response (31). The 22 ng/g of Compound
1 is equivalent to 2 nmol/L unbound drug in tumor, when
corrected for mouse protein binding to drug and assuming that
measured plasma protein binding is equivalent to protein
binding in tumor. Based on these data, antitumor therapeutic
doses were selected for the evaluation of whether tumor growth
inhibition is observed with partial, intermittent suppression of
MET versus greater than 90% sustained suppression. As such,
daily doses were chosen ranging from 3 mg/kg for intermittent
target coverage and twice-daily doses of 30 and 60 mg/kg for
maximal target inhibition.

The in vivo antitumor efficacy of Compound 1 was evaluated
in two MET-dependent xenograft models, MKN45 human
gastric adenocarcinoma and EBC-1 human lung squamous cell
carcinoma (Fig. 4). Tumor growth was significantly inhibited
by Compound 1 in these in vivo efficacy models in a dose-
dependent manner. A partial tumor growth-inhibitory activity
was observed at 2 to 3 mg/kg/d, and stasis of tumor growth was
observed at 20 to 30 mg/kg/d. Partial regressions were observed
at higher doses or with twice-daily dosing of 30 mg/kg. The

compound was well tolerated at all dose levels with no body
weight loss observed. Taken together with the PK/PD analysis,
stasis correlates with a high, sustained suppression of MET.
Complete regression and tumor-free survival may require com-
plete suppression of phosphorylated MET or combination
therapy to dampen other drivers of in vivo tumor growth.

Antitumor activity of MET TKI, Compound 1, in combination
with HGF antibody

To investigate if dual targeting of MET activation could
enhance the efficacy of an MET TKI, we pursued combination
with TAK-701, also known as HuL2G7, an antibody that neu-
tralizes HGF. This antibody blocks the binding of HGF to MET,
inhibits in vitro biological activities of HGF, and causes tumor
growth inhibition in HGF-dependent xenografts (32). Combi-
nation therapy was evaluated in two HGF/MET-autocrine xeno-
graft models, the pancreatic K-Ras mutant KP4 model and the
glioblastoma PTENmutant U-87MGmodel (Fig. 5; Supplemen-
tary Fig. S2). Both cell lines secrete HGF, express MET, and are
sensitive to inhibitors of HGF/MET (30, 33, 34). Twice-weekly
i.v. administration of 10 mg/kg TAK-701 significantly inhibited
KP4 tumor growth (T/C ¼ 57%, P < 0.025). Likewise, daily
oral (PO) administration of 3 mg/kg Compound 1 significantly
inhibited KP4 tumor growth (T/C ¼ 55%, P < 0.025). The
combination of TAK-701 and Compound 1 resulted in the
additive antitumor effect (T/C ¼ 9%, P <0.05). In the U-87MG
model, Compound 1 was given at daily doses of 10, 30, and
100 mg/kg, and TAK-701 was given at weekly doses of 1, 3, and
10 mg/kg. The treatment schedule for TAK-701 was reduced
to weekly based on the sensitivity of this xenograft model
observed previously (32). There was a small but statistically
significant tumor growth delay for each monotherapy (TGD
of 3–4 days, 26%–32%, P < 0.05 at 30–100 mg/kg Compound
1 and TGD of 6–7 days, 47%–58%, P < 0.01 at 3–10 mg/kg
TAK-701). A remarkable antitumor synergy was apparent
when the single agents were combined [TGD of 21 days,
172% with 9 partial regressions (PR) and 1 complete regression
(CR), Fig. 5B; Supplementary Fig. S2]. There was a dose-respon-
sive trend toward an increase in the number of complete tumor
regressions with TAK-701 in combination with Compound
1 compared with tumor growth stasis and no regression in the

Figure 3.

PD of MET TKI Compound 1 in MKN45 xenografts. A, Levels of pY1349 MET were determined in MKN45 tumors harvested at various time points after mice
received a single dose of Compound 1. Each bar represents the mean � SD of 3 tumor samples tested in duplicate (n ¼ 6 technical replicates). B,
Using individual mouse data, the tumor PK/PD relationship was curve fit using Emax model (Percent inhibition ¼ [Emax � (xn)] [(xn) þ (EC50

n)], where
x ¼ drug concentration and n ¼ hill slope factor).
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single-agent groups. Furthermore, there was a clear a dose-
responsive trend toward an increase in TTE survival (Kaplan–
Meier plots in Supplementary Fig. S2C). In addition, both
compounds were well tolerated in the KP4 and U-87 MG
tumor-bearing mice, with no weight loss at any dose levels,
alone or in combination.

In a second U-87MG xenograft study, we evaluated if the
synergy was specific for Compound 1 or could be observed with
other MET TKIs. Two other MET inhibitors in combination with
TAK-701 exhibited therapeutic synergy asmeasured by TGD, TTE,
and regressions (Fig. 6A, right; Supplementary Fig. S3). Although
the extent of effect for each compound is dependent on the
potency (Fig. 2) and the free-drug concentration in the tumor,
these results suggest that treatment with the combination of TAK-
701 and an MET TKI results in synergy and is superior to single-
agent therapy.

To investigate the mechanism by which the MET TKI/HGF
antibody produces synergy, the U-87MG tumors were evaluated
for inhibition of MET pathway markers on the 5th day of
Compound 1 administration. The MET TKI caused a decrease
of AKT and ERK phosphorylation at 2 hours, which subsequent-
ly recovered by 24 hours. The MET TKI had a greater effect on
ERK versus AKT. A single administration of TAK-701 caused
partial suppression of ERK and did not alter AKT phosphory-
lation. The combination therapy produced robust effects on
ERK, AKT, and 4E-BP1 at 2 hours; however, while the effect on

4E-BP1 was maintained through 24 hours, the effects on ERK
and AKT were not completely maintained (Fig. 6B). Interest-
ingly, each monotherapy did not affect 4E-BP1. Other MET
pathway proteins were evaluated to gain insight into the sig-
naling pattern alterations caused by the combination therapy
(Supplementary Fig. S4). Tumor samples were also evaluated
using the MET immunoassay for assessment of phosphorylated
MET and total MET (Fig. 6A, left). The MET TKIs caused an 80%
to 90% suppression of phosphorylated MET at 2 hours after
dose. By 24 hours, the suppressive effect decreased to 30% to
60%, whereas TAK-701 maintained a partial suppression of
50% to 60% through 24 hours. Combination therapy clearly
enhanced the decrease in phosphorylated MET; however, it was
not completely suppressed as 10% to 20% remained at 24 hours
after dose (Fig. 6A). A striking finding from this analysis was the
effect of the therapies on total MET. The monotherapies
appeared to increase total MET, whereas the combination ther-
apies decreased total MET. The decrease in MET at 24 hours
appears to correlate with the level of efficacy for the combina-
tion therapies. In summary, the biomarker evaluation suggests
that the synergy may be a result of effects on 4E-BP1 and MET.

Discussion
In this study, we provide the in vitro and in vivo character-

ization of the preclinical activity of a selective, oral MET TKI and

Figure 4.

Antitumor activity of Compound 1 in two MET-dependent xenograft models: MKN45 (A) and EBC-1 (B). Tumor volumes (mean � SEM) were measured over
time for each of the indicated groups (n ¼ 5 mice per group). Tumor outgrowth was also monitored after treatment cessation. Statistical significance
between treatment and vehicle control groups was calculated using one-way ANOVA with Dunnett test (���, P � 0.001).
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its synergistic antitumor effects when combined with an anti-
HGF antibody. Compound 1 potently inhibits MET and MET
biological activity in several in vitro assessments, including MET
enzyme assays and cellular assays, evaluating phosphorylation
of MET and tumor cell viability. Compound 1 exhibited a high
degree of selectivity versus other kinases in enzyme and cellular
assays. The distinctive DFG-in binding mode, engaging Y1230
in the active site, most likely contributes to the selectivity,
similar to other selective type I MET inhibitors (35). Com-
pound 1 also maintains significant activity against described
mutations of MET, including V1110I, H1112Y, L1195V,
Y1235D, D1228H, and M1250T, and exhibits moderate activity
against Y1230H, Y1230C, and Y1230D, demonstrating broad
spectrum activity against MET mutants. Furthermore, the effect
of Compound 1 is durable in enzyme dissociation assays and
cellular assays after removal of compound. The inhibitory effect
of Compound 1, provided by the distinct di-fluoro binding
mode filling space in the ATP-binding pocket, outlasted other
selective MET TKIs, thus making it uniquely durable among the
compounds tested. Importantly, and as expected, oral admin-
istration of Compound 1 to tumor-bearing mice blocked MET-
dependent tumor cell growth in vivo through decreasing phos-
phorylated MET and downstream signaling in four xenograft
models, including MET-dependent models and autocrine HGF/
MET models. Evaluation of the PK/PD/E relationship indicated
that sustained >80% to 90% inhibition of MET phosphoryla-
tion correlated with stasis of tumor proliferation. To sum up,
Compound 1, a unique, potent, selective, orally available MET
TKI with slow dissociation kinetics, exhibited the desired in vivo
PD and antitumor activities to treat MET-dependent cancers.

Intriguingly, Compound 1 in combination with an HGF-neu-
tralizing antibody reduced total MET protein and resulted in
enhanced antitumor effect. This biological effect and mechanism

cannot be explained by the slow dissociation kinetics of Com-
pound 1 with MET, since similar effects were observed with MET
TKIs that exhibited fast dissociation kinetics. Treatment of cells
with MET TKIs is reported to prevent MET endocytosis, leading to
an accumulation of MET at the cell surface (36). This effect is
consistent with our result showing that MET TKI monotherapy
induces an increase in total MET in U-87MG tumors in vivo. In
addition, stimulation with HGF decreases total MET levels (37),
and our results show that blockingHGF increases totalMET levels
in the U-87MG tumors. It was unexpected that simultaneously
blocking MET kinase activity and neutralizing HGF resulted in
reduction of total MET (as opposed to a further increase). The
sustained decrease in 4E-BP1 phosphorylation induced by the
combination therapy suggests that a translational arrest may
be involved in the mechanism and increased control of the
noncanonical signaling of MET resulting in receptor downregula-
tion with the combination. However, the effect on 4E-BP1 may
also be an independent effect, andmore investigations are needed
to clarify this.

Abrogation of MET phosphorylation is not sustained through
24 hours with single-agent therapy (TKI or anti-HGF), likely
because the treatment induces resistance mechanisms and/or
MET inhibition is incomplete during the time period between
doses. The combination therapy tested in this study targets
molecules in the same signaling pathway (HGF ligand and MET
RTK) and results in a more sustained MET inhibition and
enhanced antitumor response and likely tumor cell killing, as
exhibited by the partial tumor regressions. PARP cleavage, an
indicator of apoptosis, was observed in the tumors from mice
receiving the combination therapy. However, these data were
variable between mice, and more investigation is needed to
understand the heterogeneity of these apoptotic biomarkers and
may explain variability of tumor response.

Figure 5.

Compound 1 enhances the efficacy of an HGF-neutralizing antibody. Mice with KP4 pancreatic xenografts (A) or U-87MG glioblastoma xenografts (B)
were treated with the indicated regimens (n ¼ 6 or 10 mice per group, respectively, for KP4 or U-87MG xenografts). Tumor volumes (mean � SEM)
were measured over time. Significance of single-agent treatments versus vehicle control KP4 tumors was determined using one-way ANOVA with
Dunnett test (� , P < 0 .025), and significance of single agents versus combination was determined using the Wilcoxon test (^, P < 0.05). Tumor outgrowth after
treatment cessation was monitored in the U-87MG model, and the Log-rank test was used to determine statistical significance in TTE between treatment
groups and vehicle control group (� , P < 0.05; �� , P < 0.01; and ��� , P < 0.001). See Supplementary Fig. S2 for additional results.
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One speculative possibility to explain why the TKI/anti-HGF
combination is more sustained and effective than the single-
agent therapy is that simultaneously blocking HGF and MET
kinase could alter receptor dynamics, stability, shedding, or
endocytosis, leading to loss of MET receptor. Another possi-
bility beyond plasma membrane signaling is perturbations in
the balance between degradation and recycling of MET in
endosomes. Several specific mechanisms have been implicated
in regulating MET levels, including protease-mediated MET
shedding, Cbl-mediated ubiquitination and degradation of
MET, disruption of Hsp90-MET complexes, MET internaliza-
tion/endocytosis, degradation by lysosomes, and mechanisms
that regulate transcription of MET (36, 38–46). In one example,
MET endocytic trafficking was shown to be required for the full
activation of signals such as Gab1, ERK 1/2, STAT3, and Rac1
(46). Gab1 was also reported to be involved in the pathway
downstream of HGF-dependent MET activation in tumor xeno-
grafts (27). This pathway was shown to be qualitatively differ-
ent from the pathway downstream of overexpression-induced
MET activation, thus implicating two distinct yet redundant
pathways in terms of cell survival. The redundant pathways

include restoration of PI3K signaling through recruitment of
the Gab1 adaptor following HGF stabilization of MET homo-
dimers and signal transduction initiated from overexpression-
induced homodimers or heterodimers of MET with other
receptors, including EGFR family members (27). Although
U-87MG tumor xenografts normally utilize autocrine HGF to
activate MET and maintain tumor cell survival, monotherapy
treatment with TKI or anti-HGF increased total MET levels. This
provides the tumor the potential to use that alternate distinct
survival pathway initiated from MET homodimers or hetero-
dimers. Our analysis of the signaling pathway in U-87MG
xenografts shows that the TKI/anti-HGF combination results
not only in reduction of MET but also in EGFR, Src, beta-
catenin, and 4E-BP1 (Fig. 6B; Supplementary Fig. S4), suggest-
ing these proteins could be involved in the combination
mechanism. For example, it is conceivable that single-agent
treatment is inducing MET:EGFR heterodimers and down-
stream signaling through increasing MET and that the combi-
nation prevents this through reduction of MET and 4E-BP1. To
further explore the pathway and protein interactions, more
investigations are needed, such as RNAi/CRISPER, and may

Figure 6.

Combination synergy correlates with sustained suppression of MET phosphorylation, reduction of MET protein levels, and reduction of 4E-BP1
phosphorylation. Mice bearing U-87MG xenografts (n ¼ 10 mice per group) were treated with the indicated regimen (A, right). MET TKIs were
administered daily via oral gavage, and TAK-701 was administered weekly via i.v. route. Tumor volumes (mean � SEM) were measured over time.
Statistical differences in TTE vs. vehicle group were calculated using the Log-rank test. See Supplementary Fig. S3 for the Kaplan–Meier survival plot.
Two separate cohorts of mice were sacrificed for the pathway biomarker analysis, one on day 5 at 2 hours after dose and the other on day 5 at 24 hours
after dose (n ¼ 3 mice per group for each group: 100 mg/kg Compound 1, 10 mg/kg TAK-701, and 100 mg/kg Compound 1 þ 10 mg/kg TAK-701).
Phosphorylated MET and total MET were evaluated by immunoassay (A, left) and ERK, and PI3K/AKT pathway markers were evaluated by Western blot (B).
See Supplementary Figures for additional results.
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lead to an understanding of the underlying mechanism along
with the discovery of additional combinations that decrease
total MET and triggering therapeutic synergy.

The rebound in tumor growth after withdrawal of treatment is
typical after a lag period and is attributable to both the duration
and effectiveness of the anticancer treatment. Tumor cells may be
utilizingmultiple growthmechanisms and/or resistancemechan-
isms to maintain the tumor and heterogeneity of response. The
scope of treatment-based resistance mechanisms is not complete-
ly known and is part of on-going investigations throughout the
research community. Possible mechanisms for the lack of com-
plete response to the combination treatment in this study could
include selection for secondary resistance mutations like a point
mutation in the activation loop of MET, amplification of KRAS,
and "oncogene kinase switch" systems (such as insulin-like
growth factor-1 receptor or EGFR) to bypass MET pathways in
resistant tumor cells (47).

Because targeting HGF and MET within the same signaling
pathway did lead to better efficacy, we have investigated other
combination therapies which target two molecules within the
MET pathway. Combination of the MET TKI with an MEK inhib-
itor (TAK-733; ref. 48) or with a PI3K inhibitor (pictilisib) did
produce additive or synergistic effects on cell viability (Supple-
mentary Fig. S5). These additional MET TKI combination
approaches have potential therapeutic application for cancers
that utilize HGF/MET as a primary driver or co-driver of growth
and/or metastasis including cancers that have upregulated MET
activity as a resistance mechanism to other therapies.

The preclinical antitumor activity of the dual inhibition ofMET
ligand with TAK-701 and MET tyrosine kinase activity with
Compound 1was explored in experimental in vivo tumormodels.
The combination of inhibitors produces a unique mechanistic
interaction. This interaction increases inhibition of MET and 4E-
BP1, decreases total MET, and leads to additive or synergistic
antitumor activity as well as prolonged inhibition of tumor
regrowth after cessation of treatment compared to either single
agent alone. Combined treatment with Compound 1 and TAK-
701 is superior to single-agent therapy as the unique mechanism
induced by the combination therapy leads to additive or syner-
gistic inhibition of tumor growth. Preclinical in vitro and in vivo
antitumor data now demonstrate a compelling biological ratio-
nale to use an MET TKI in combination with an antibody to HGF
in clinical trials for patients with advanced malignancies. In

summary, the present study illustrates the potential of targeting
MET-dependent tumors with a novel MET TKI/Anti-HGF combi-
nation and provides an opportunity to expand the value of each
single agent by increasing the number of cancer patients who
respond to therapy.
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