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Abstract

Several therapeutic agents targeting HGF/MET signaling are
under clinical development as single agents or in combination,
notably with anti-EGFR therapies in non–small cell lung cancer
(NSCLC). However, despite increasing data supporting a link
between MET, irradiation, and cancer progression, no data
regarding the combination of MET-targeting agents and radio-
therapy are available from the clinic. S49076 is an oral ATP-
competitive inhibitor of MET, AXL, and FGFR1-3 receptors that
is currently in phase I/II clinical trials in combination with
gefitinib in NSCLC patients whose tumors show resistance to
EGFR inhibitors. Here, we studied the impact of S49076 on
MET signaling, cell proliferation, and clonogenic survival in
MET-dependent (GTL16 and U87-MG) and MET-independent
(H441, H460, and A549) cells. Our data show that S49076

exerts its cytotoxic activity at low doses on MET-dependent cells
through MET inhibition, whereas it inhibits growth of MET-
independent cells at higher but clinically relevant doses by
targeting Aurora B. Furthermore, we found that S49076
improves the antitumor efficacy of radiotherapy in both
MET-dependent and MET-independent cell lines in vitro and
in subcutaneous and orthotopic tumor models in vivo. In
conclusion, our study demonstrates that S49076 has dual
antitumor activity and can be used in combination with radio-
therapy for the treatment of both MET-dependent and MET-
independent tumors. These results support the evaluation of
combined treatment of S49076 with radiation in clinical trials
without patient selection based on the tumor MET dependency
status. Mol Cancer Ther; 16(10); 2107–19. �2017 AACR.

Introduction
Approximately half of all cancer patients are treated with

radiotherapy, which remains one of the most efficient anticancer
strategies, along with surgery and chemotherapy. The efficacy of
radiotherapy has improved considerably due to dose escalation
and novel irradiation techniques. However, the recurrence and
systemic dissemination of the disease after treatment remains a
challenge (1). Combination with potential modulators of tumor
cell radiosensitivity is one way to improve the efficacy of
radiotherapy.

MET is a tyrosine kinase receptor activated by the hepatocyte
growth factor (HGF) ligand. MET signaling promotes epithelial

cell growth, motility, and migration and thus has a role in
organogenesis and wound healing (2, 3). In tumors, MET acti-
vation stimulates growth, survival, invasion, and metastatic dis-
semination (4). Upon HGF stimulation, the MET receptor under-
goes autophosphorylation on Tyr1234 and Tyr1235, which acti-
vates its kinase activity (2). MET activation is tightly regulated by
ligand-dependent activation and receptor internalization and
degradation. However, deregulation of the MET/HGF signaling
pathway occurs in awide range of human cancers and includes the
overexpression of MET, aberrant ligand production, sustained
kinase activation, andMET gene amplification ormutation (4, 5).
The tumorigenic potential of several MET mutations has been
demonstrated in vivo, strengthening the potential of the MET
pathway as a therapeutic target (3, 6).

Preclinical studies have shown that tumor cell lines harboring
eitherMET amplification or an aberrantMET/HGF autocrine loop
are highly dependent on ("addicted" to) MET activity for growth
and/or survival and are therefore highly sensitive to MET inhibi-
tors (7–17). The efficacy of MET inhibitors does not rely on the
expression or activation of MET but instead on the "addiction" or
dependency of tumor cells to the MET/HGF axis for survival.
Several MET inhibitors are in clinical development. As expected,
antitumor efficacy of MET inhibitors has typically been observed
when patients have been selected on the basis of a deregulation of
the MET/HGF axis, either as a primary tumor driver or as a
resistance mechanism to another therapy, as is the case for
approximately 15% to 25% of EGFR-mutated non–small cell
lung carcinoma (NSCLC) cases with acquired resistance to EGFR
inhibition (12).
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S49076 is a potent oral ATP-competitive inhibitor of the MET,
AXL, and FGFR1-3 receptor tyrosine kinases (RTK) that is currently
in phase I/II clinical stage trials (18). AXL belongs to the TAM
family of RTKs and is associated with the epithelial-to-mesenchy-
mal transition. AXL is overexpressed in several human cancers and
has been linked to invasiveness and metastasis (19). FGFRs
regulate several basic biologic processes that are required for
tissue development, regeneration, and angiogenesis. Aberrant
FGFR signaling has been reported in a number of malignancies
and has been implicated in the pathogenesis of cancer (20).
MET, AXL, and FGFR activate common signaling pathways,
including the PI3K/AKT and MAPK networks, and have all been
associated with mechanisms of resistance to conventional and
targeted therapies, such as EGFR and VEGF inhibitors. S49076
blocks the autophosphorylation of MET, AXL, and FGFR1-3 at
concentrations below 200 nmol/L in cell-based assays. More-
over, S49076 inhibits the growth of MET- or FGFR-dependent
cells in vitro and in vivo and blocks HGF-dependent migration of
tumor cells (18).

Here, we investigated the effect of S49076 on tumor cells that
are not dependent on MET for growth and survival. Three MET-
independent models were compared with two MET-dependent
models, which were used as a reference. Interestingly, S49076was
active in MET-independent models at clinically relevant doses
through the inhibition of Aurora B kinase rather than through the
inhibition of MET. Aurora B kinase is a mitotic kinase that
promotes kinetochore–microtubule interactions and is required
for spindle checkpoint function and cytokinesis. Upon Aurora B
inhibition, cells fail to correctly segregate their chromosomes
during anaphase and exit mitosis without cytokinesis, thereby
producing polyploid cells. The fundamental role of Aurora
kinases in cell-cycle regulation and their aberrant expression in
abroad rangeofmalignancies have supported thedevelopment of
Aurora kinase inhibitors (21, 22).

The potential of MET inhibitors combined with radiotherapy
remains controversial. Indeed, preclinical studies on combina-
tions of MET inhibitors with irradiation have yielded conflicting
results. Two studies have reported radiosensitization for high
MET–expressing tumor cells but additive effects for low MET–
expressing cells (23, 24). Another study reported additive effects
of radiotherapy regardless of the status ofMET amplification (15).
Different responses to such a combination have been described in
glioblastoma and head and neck cancer cell lines (25, 26). In this
study, we investigated the combination of S49076 with radio-
therapy in vitro and in vivo using subcutaneous xenograft and
orthotopic tumor models.

By dissecting the mechanism of action of S49076, we highlight
a novel targetingmechanismandprovide an extended rationale to
guide the future development of this molecule in combination
with radiotherapy.

Materials and Methods
Cells and reagents

U87-MG, H441, A549, and H460 cell lines were purchased
from ATCC, and H460-luc and A549-luc cells were purchased
from Caliper in 2013 (authentication by short tandem repeat
analysis, karyotyping, COI testing). The GTL16 and HEK293
Aurora B DN (aspartic acid to asparagine mutation) cell lines
have been described previously (18, 27). These cell lines have
been tested for MET and Aurora B overexpression byWestern blot

analysis. All cell lines were frozen in large stock at early passages
and were used within 6 months of receipt or resuscitation. The
following antibodies were used: MET, pMET (phospho-Tyr1234/
1235), H3, and pH3 (phospho-Ser10) from Cell Signaling Tech-
nology, Aurora B from BD Biosciences, and GAPDH from Milli-
pore. S49076 and PF-04217903 were synthesized by Servier.
AZD1152-HPQA (herein designated "AZD1152") and recombi-
nant human HGF were purchased from Selleckchem and R&D
Systems, respectively. Tetracycline induction and the in vitro
kinase activity assay were performed as described previously
(18, 27). Cells were irradiated with an IBL cesium irradiator.

Proliferation and clonogenic assays
For the proliferation assay, cells were treatedwith various doses

of drug(s) and/or irradiated 2 hours later. The number of living
cells was counted manually. For the clonogenic assay, cells were
plated at a single-cell density and treated with the drug(s) and/or
irradiated 12hours later. Colonieswere stainedwith crystal violet.
The surviving fraction (SF) was estimated: SF ¼ number of
colonies formed/number of cells seeded � plating efficiency of
the control group (the untreated group for the single-agent
experiments and the nonirradiated group for the combination
experiments).

Cell-cycle analysis
Cells were fixed in 70% ethanol. DNA was labeled with pro-

pidium iodide. Flow cytometry was performed on a FACSCalibur.
The results were analyzed using ModFit LT 3.3 software.

MET knockdown
Cells were either transfected with ON-TARGETplus Human

MET siRNA SMART pool or with ON-TARGETplus nontargeting
pool using DharmaFECT transfection reagents according to the
manufacturer's instructions.

Subcutaneous xenografts
In vivo experiments were performed at the Gustave Roussy

Institute (Villejuif, France) under animal care license no. D94-
076-11. Cells were injected subcutaneously in NMRI nude mice
(Janvier). Mice were randomized when tumor volumes reached
approximately 100 mm3. S49076 was administered orally, and
irradiation was performed locally with an X-ray Varian tube. The
tumor volume was estimated according to the following equa-
tion: volume ¼ length � width2/2.

For Western blotting and IHC analyses, tumors were excised.
One half of the tumor was crushed in PBS and filtered to prepare
protein extracts. The other half of the tumor was fixed in 4%
paraformaldehyde and paraffin embedded. Sections were pro-
cessed for pMET and pH3 staining according to standard proto-
cols. The percentage of pH3-positive cells per surface area in
nonnecrotic areas was measured using ImageJ v1.41 software.

Orthotopic tumor model
H460-luc or A549-luc cells were injected directly into the lung

through the pleura under anesthesia, and tumor growth was
monitored by bioluminescence imaging using the Xenogen In
Vivo Imaging System 50 (Caliper Life Sciences). Randomization
was performed 3 and 5 days after tumor cell implantation for
A549-luc andH460-luc grafts, respectively. For the groups treated
with irradiation,mice received local irradiations to the chest using
an X-ray Varian tube. S49076 was delivered using the same
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schedule as that used for the subcutaneous xenograft experiments.
Micewere euthanizedwhen bodyweight loss exceeded 20%of the
initial weight or in the case of severe clinical signs.

Statistical analysis
Statistical analyses were performed using Prism GraphPad

software (ns, P > 0.05; �, P < 0.05; ��, P < 0.01; ���, P < 0.001;
and ����, P < 0.0001). Survival data were analyzed using the
Kaplan–Meier method and log-rank test. All other analyses were
performed using the one-way ANOVA (pH3 staining) or two-way
ANOVA followed by the Sidak posttest for multiple comparisons,
unless otherwise indicated. For in vitro experiments, proliferation
is depicted asmean� SEMand clonogenic survival asmean� SD.

See also Supplementary Materials and Methods.

Results
S49076 demonstrates different mechanisms of action
depending on the tumor MET dependency status

We determined the effects of S49076 treatment on five tumor
cell lines harboring different mechanisms of deregulation of the
MET/HGF axis: two MET-dependent models, namely, GTL16
gastric cancer cells harboring MET gene amplification and U87-
MGglioblastomacells drivenby theHGFautocrine loop, and three
MET-independent models, namely, H441 NSCLC cells exhibiting
constitutive activation of the MET receptor, A549 NSCLC cells,
whichmoderately overexpressMET, andH460NSCLCcells, which
show no activation or overexpression of MET (11, 13, 17, 28, 29).
Western blot analysis confirmed strong activation of the MET re-
ceptor only in theGTL16andH441cell lines (Fig. 1A). As expected,
GTL16 and U87-MG cells were highly sensitive to S49076 treat-
ment, as concentrations as low as 10 and100nmol/L, respectively,
almost completely abolished their proliferation (Fig. 1B). In con-
trast, the proliferation of MET-independent cells was not affected
after treatment with 200 nmol/L S49076 (Supplementary Fig.
S1A). However, at 1 mmol/L S49076, the proliferation of H441,
A549 and H460 cells was strongly inhibited (Fig. 1B). Similarly,
6 nmol/L S49076 concentration was sufficient to reduce the surv-
iving fraction of GTL16 cells by over 10-fold in clonogenic assay,
whereas concentrations above 600 nmol/L were required to reach
the same reduction in H441, A549 andH460 cells (Fig. 1C). U87-
MG cells were not tested because they display no colony-forming
capacity. Cell cycle analyses performed at proliferation-inhibiting
concentrations of S49076 showed that GTL16 and U87-MG
cells remained largely in G1 phase, which was consistent with the
described G0–G1 phase arrest induced by MET inhibition (9, 30).
In contrast, we observed an accumulation of tetraploid cells after
S49076 treatment inH441, A549, andH460 cells (Fig. 1D), which
is typically observed after inhibition of Aurora B kinase activity
(27). Because S49076 can inhibit Aurora B in an in vitro kinase
activity assay (IC50, 3 nmol/L; Supplementary Fig. S1B), we further
examined the possibility of Aurora B as a cellular target of
S49076. To test this hypothesis, we used HEK293 cells stably
expressing a tetracycline-inducible kinase-dead mutant of Aurora
B (Aurora B DN; ref. 27). Expression of Aurora B DN increased the
size of the cells, which reflects polyploidization due to inhibition
of Aurora B kinase activity. A similar phenotype was observed
after S49076 treatment (Fig. 1E). Aurora B kinase phosphorylates
histone H3 at serine 10 during mitosis, and S49076 treatment
reduced H3 serine 10 phosphorylation to an extent similar to
the reduction observed after expression of Aurora B DN without
affecting other histone H3 phosphorylation sites (Fig. 1E;

Supplementary Fig. S1C). Moreover, a similar degree of prolifer-
ation inhibitionwas observed after either treatmentwith 1 mmol/L
S49076 or expression of Aurora B DN (Fig. 1E). Finally, we
knocked down PP1g , which is the phosphatase that counteracts
the phosphorylation activity of Aurora B, using siRNA transfec-
tion. Knockdown of PP1g resulted in an increased level of phos-
phorylated H3, which was completely abolished by S49076
treatment, resulting in H3 phosphorylation level below detection
(Supplementary Fig. S1D). Together, these data support our
hypothesis that Aurora B is a cellular target of S49076.

S49076 has dual antitumor activity by targeting MET-
dependent cells via MET inhibition andMET-independent cells
via Aurora B kinase blockade

To investigate the relative roles of MET and Aurora B in the
mechanisms of action of S49076, we compared the effects of
S49076 to selective MET and Aurora B inhibitors: the ATP-com-
petitive MET inhibitor PF-04217903 (31) and the AZD1152
Aurora B inhibitor (32). As expected, GTL16 cells showed high
sensitivity to PF-04217903 (Fig. 2A and B). The effects of both
S49076 and PF-04217903 on proliferation and clonogenic sur-
vival correlated with their nanomolar concentration ranges of
inhibition of MET (Fig. 2C). A reduction of H3 phosphorylation
was observed at concentrations of S49076 higher than those
required to inhibit MET phosphorylation (1 mmol/L). This effect
was not observed when cells were treated with PF-04217903
(Fig. 2C). In U87-MG cells, MET is neither overexpressed nor
activated, and S49076 or PF-04217903 treatment induced only a
slight reduction of MET phosphorylation at concentrations over
100 nmol/L. However, we detected a clear reduction in H3
phosphorylation with 1 mmol/L S49076 (Supplementary
Fig. S2A). As expected, the MET-independent H441, A549, and
H460 cell lines were not sensitive to PF-04217903 treatment
(Fig. 2D), and PF-04217903 did not affect their clonogenic sur-
vival even at 5 mmol/L (Supplementary Fig. S2B). Treatment with
nanomolar concentrations of S49076 or PF-04217903was able to
block phosphorylation of MET whether MET was constitutively
activated inH441cells (Fig. 2E)or activatedbyHGFstimulation in
A549andH460 cells (Fig. 2F; Supplementary Fig. S2C), suggesting
that the lack of cellular effects was not due to impaired inhibition
of MET signaling. In these cell lines, 1 mmol/L S49076 treatment
also decreasedH3phosphorylation (Fig. 2E and F; Supplementary
Fig. S2C). These results suggest that the decreased proliferation
and clonogenic survival inMET-dependent cells correlate with the
inhibition of MET activation and that S49076 inhibits Aurora B
activity in the micromolar concentration range in cancer cell lines
independently of their addiction to MET signaling.

Next, we exposed cells to combined treatmentwith S49076 and
PF-04217903. Nanomolar concentrations of PF-04217903 sen-
sitized GTL16 cells to S49076 treatment, as measured by a
clonogenic assay (Fig. 3A). This enhanced effect could be
explained by the dual targeting of the MET signaling pathway
with intermediate concentrations of both compounds. In con-
trast, treatment with 1 mmol/L PF-04217903 did not affect the
sensitivity ofH441, A549, orH460 cells to S49076 (Fig. 3B). Then,
we downregulated MET using siRNA transfection (Fig. 3C). The
proliferation over 72 hours was reduced by half for MET siRNA-
transfected GTL16 cells compared with the proliferation in siRNA
control cells (Fig. 3D), and the plating efficiency in the clonogenic
assay was reduced from 0.35 to 0.1. MET depletion in GTL16 cells
enhanced the efficacy of S49076 in the inhibition of cell
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Figure 1.

S49076 (S49) inhibits proliferation and clonogenic survival in MET-dependent and MET-independent cell lines and targets Aurora B. A, Western blot analysis
of total MET and phospho-MET (phospho-Tyr1234/1235) levels. B, Effect of S49076 on proliferation. C, Effect of S49076 on clonogenic survival. D, Cell-cycle
analysis after a 24-hour treatment with S49076. Red and yellow peaks correspond to diploid and polyploid cells, respectively. E, S49076 treatment and
Aurora B DN induction by tetracycline (Tet) in HEK293 cells. Proliferation was recorded over 72 hours, and photographs (�200) of cells at the end of the
proliferation assay are shown. In parallel, Aurora B levels and H3 phosphorylation levels were analyzed by Western blot analysis at t ¼ 24 hours.
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Comparison of the effects induced by S49076 and PF-04217903 (PF042). Impact of PF-04217903 on GTL16 cell proliferation (A) and clonogenic survival (B).
C, Western blot analysis of GTL16 cells after a 2-hour treatment with S49076 or PF-04217903. D, Effect of PF-04217903 on proliferation of H441, A549,
and H460 cells. E and F, Treatment performed as in C for H441 and A549 cells. For the A549 line, the cells were additionally stimulated with HGF to activate
the MET receptor (left) or left unstimulated (right).
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Figure 3.

Differential effects of MET downregulation on the response to S49076 according to MET dependency status. A and B, Effect of concomitant treatment with
S49076 plus PF-04217903 on clonogenic survival of GTL16 (A), H441, A549, and H460 cells (B). C, Knockdown of MET (si Met) was verified 24 hours after
transfection. Protein extracts from nontransfected cells (NT) and cells transfected with control siRNA (si Ctrl) were included as controls. D and F, GTL16 (D)
or H441, A549, and H460 (F) cells were transfected with control or MET siRNA and treated with S49076 for 48 hours (GTL16, A549, and H460) or 72 hours (H441).
The total cell number was determined and normalized to untreated, control siRNA-transfected cells. E and G, Cells were transfected with control or MET siRNA and
seeded to perform a clonogenic assay with S49076 treatment alone. The surviving fraction was normalized to the untreated, control siRNA-transfected cells.
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proliferation and clonogenic survival (Fig. 3D and E). In contrast,
no change in the response to S49076 treatment was observed for
MET-independent cell lines afterMETknockdown (Fig. 3F andG).
Thus, cotreatment with the specific MET inhibitor and siRNA
experiments support the MET-targeting activity of S49076 in
MET-dependent cells. These results also show that S49076
impacts MET-independent cell lines independently of MET activ-
ity or expression.

Aurora B is essential for proper cell division. Accordingly,
concentrations of the specific Aurora B inhibitor AZD1152
between 10 and 150 nmol/L were sufficient to reduce the surviv-
ing fraction to 0.1 for all tested cell lines (Fig. 4A). As previously
hypothesized for MET inhibition in MET-dependent cells, we
assumed that if S49076 impacts MET-independent cells by reduc-
ing Aurora B activity, intermediate concentrations of AZD1152
would sensitize tumor cells to S49076 treatment. This was indeed
observed in A549, H460, and H441 cells upon combined treat-
ment with S49076 and AZD1152 with respect to proliferation
(Fig. 4B) and clonogenic survival (Fig. 4C). The H3 phosphory-
lation level was diminished in S49076- and AZD1152-treated
cells and was further reduced in cells treated with both com-
pounds (Fig. 4D). In contrast, AZD1152 did not sensitize GTL16
cells to S49076 treatment (Fig. 4E). Taken together, our data
suggest that in MET-independent cells, S49076 activity is medi-
ated by the inhibition of Aurora B catalytic activity (Fig. 4F).

Combination of S49076 and irradiation shows additive effects
in vitro

Next, we evaluated the combination of S49076 with ionizing
radiation (IR) to test whether its efficacy is influenced by MET/
HGF axis deregulation. The antiproliferative activity of the com-
bination of S49076 and irradiation was higher than that of the
single agents alone in all studied cell lines (Fig. 5A). Similarly, the
combination treatment showed an additive effect regarding the
clonogenic survival of GTL16, H441, and A549 cells, and S49076
slightly increased the radiosensitivity of H460 cells (Fig. 5B).
Thus, the combination of S49076 and IR showed an extended
antitumor effect regardless of the MET dependency status of the
tumor cell line.

It has been reported that MET expression or phosphorylation is
enhanced after irradiation ofMDA-MB-231breast cancer cells and
MDA-MB-435 melanoma cells (33, 34). However, this seems to
be dependent on the tumor cell line, and nomajormodulation or
conflicting results have been reported for our cell lines of interest
(23–25, 35–37). We did not find any significant change in MET
expression or phosphorylation levels after IR treatment in our
cellular models (Supplementary Fig. S3A). Moreover, MET silenc-
ing did not alter the response to irradiation alone or to S49076
plus irradiation, which excludes a potential role for MET in these
responses (Supplementary Fig. S3B).

H3 phosphorylation decreased considerably after irradiation at
doses as low as 2 Gy regardless of the MET dependency status of
the cells (Fig. 5C). This decrease could not be explained by a
reduction in mitotic cells because our analysis was performed as
early as 2 hours after irradiation. This phenomenon is consistent
with other published data (38).

Combination of S49076 and fractionated irradiation
significantly delays tumor growth and extends survival in vivo

We first treated subcutaneous tumor xenografts with different
doses of S49076 depending on the MET dependency status of the

model (3, 6, or 50 mg/kg twice daily) alone and in combination
with fractionated irradiation. S49076 and irradiation monother-
apy treatments delayed tumor growth in every model (Fig. 6A;
Supplementary Table S1). The in vivo S49076 concentration
reached levels above 100 nmol/L and 2 mmol/L in the tumors
2 hours after oral administration of a dose of 3 and 50 mg/kg,
respectively (Supplementary Fig. S4; ref. 18). Accordingly, reduc-
tions in MET and H3 phosphorylation levels in GTL16 and H460
tumors, respectively, were detected by Western blotting and IHC
(Fig. 6B–D; Supplementary Fig. S5A). H3 phosphorylation was
also reduced after S49076 treatment in MET-dependent tumors
(Fig. 6B and D; Supplementary Fig. S5B and S5C). Irradiation did
not impact MET activation or protein expression in any of the cell
lines tested. Nevertheless, a significant radiation-induced reduc-
tion in H3 phosphorylation was confirmed in every tumormodel
(Fig. 6B–D; Supplementary Fig. S5B and S5C). The addition of
S49076 to the radiation treatment further delayed tumor growth
in all tumor models compared with single-agent treatments
(Fig. 6A; Supplementary Table S1). Interestingly, we observed a
trend toward more pronounced inhibition of H3 phosphoryla-
tion in the combination groups comparedwith either single-agent
treatment group (Fig. 6B–D; Supplementary Fig. S5B and S5C). At
50 mg/kg of S49076, GTL16 tumors showed extended growth
delay, undetectable MET phosphorylation, and further reduction
in H3 phosphorylation compared with GTL16 tumors treated
with 3 mg/kg S49076. Combined treatment with 50 mg/kg
S49076 and irradiation increased the time to relapse (Fig. 6E;
Supplementary Fig. S5D–S5F).

To confirm our results in a more pathologically relevant tumor
model, we next evaluated the combination of S49076 plus
irradiation in an orthotopic model of lung cancer (39). Biolumi-
nescence imaging quantification over time indicated that S49076
treatment and irradiation delayed the growth of luciferase-expres-
sing H460-luc and A549-luc tumor cells in the chest cavity. The
combination treatment inhibited tumor growth even further and
prolonged survival (Fig. 7). The median survival time was nearly
doubled for the combination group compared with the control
group for both tumor models and was significantly higher than
that for the single-agent treatment groups (P < 0.01).

Discussion
The combination of chemotherapy and radiotherapy is a ther-

apeuticmainstay inmost situations in which radiotherapy is used
with curative intent. However, the toxicities induced by chemor-
adiation therapy are a major limitation. In the setting of radio-
therapy, targeted therapies potentially carry the advantage to
selectively target aberrant signaling in cancer cells and increase
tumor cell killing while sparing normal tissue. However, despite
intensive research efforts, combinations of IR and targeted agents,
such as EGFR andPI3K/Akt pathway inhibitors, have not fullymet
expectations for clinical use (40, 41).

The fact that abnormalities inMET signaling correlatewithpoor
clinical outcomes and drug resistance in cancer patients strongly
suggests that MET pathway inhibitors could be a promising
anticancer therapeutic strategy (12, 42). We and others have
demonstrated that highly selective MET inhibitors have no clear
potential to treat MET-independent tumors (7, 8, 10, 13–15, 17),
suggesting that patients with MET/HGF "addicted" cells must be
selected to expect favorable results in clinical trials. Consistently,
the MARQUEE and the METLung phase III clinical trials
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Antitumor effects from the combination of S49076 and IR in vivo. A, Tumor growth of GTL16, U87-MG, H441, A549, and H460 subcutaneous xenografts
(mean� SEM). Mice bearing xenografts were allocated to 4 treatment groups at day 1 (n¼ 4–6mice per group). S49076 was orally administered twice daily 5 days
per week for 3 weeks. Irradiated mice received 4 fractions of 2 or 2.5 Gy (days 1, 2, 5, and 6). B–D, The same experiment was performed as in A, except
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evaluating two MET inhibitors combined with erlotinib in lung
cancer, in which true MET-amplified tumors represent only
approximately 1% to 5%of the tumors, were halted due to futility
(43–45).

The activity of the S49076 compound toward MET, AXL, and
FGFR receptors and its efficacy against a panel of MET- and FGFR-
dependent cell lines have been reported (18). Here, we sought to
evaluate the antitumor effect of S49076 against other cancer
models by comparing its activity in MET-dependent and MET-
independent cells. We focused our analysis on the MET signaling
pathway because all of the cell lines tested did not overexpress
AXL and were FGFR independent. As expected, S49076 treatment
in the nanomolar concentration range inhibited MET activity.
Interestingly, S49076 also inhibited H3 phosphorylation in
the micromolar concentration range in all cellular models. For

MET-dependent cells, the MET-inhibitory activity correlated with
the impact on proliferation and clonogenic survival, and sensi-
tization to S49076 treatment was observed after cotreatment with
the specific MET inhibitor PF-04217903 or after MET silencing.
The cell-cycle profile observed after S49076 treatment was also in
agreement with known phenotypes induced byMET inhibition in
this cell type (G0–G1 arrest). These data suggest that the cytotoxic
activity of S49076 in vitro against MET-dependent cells is due to
MET targeting. The lack of dependency on MET for the H441,
A549, andH460 cells was confirmed by the absence of an effect of
MET silencing and PF-04217903 treatment on the proliferation
and clonogenic survival of these cells. For these non–MET-driven
models, S49076 treatment exerted cytotoxic activity in the micro-
molar concentration range. This effect was independent of MET
because the concomitant downregulation of MET protein by
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silencing or the reduction of MET activity by chemical inhibition
did not alter S49076 antitumor activity. In MET-independent
cells, treatment with micromolar S49076 concentrations led to
cell tetraploidization and decreased histoneH3 phosphorylation,
and sensitization to S49076 treatment was observed after cotreat-
ment with the Aurora B inhibitor AZD1152. Together, these
results led us to the conclusion that the activity of S49076 in vitro
against MET-independent cells is mediated by the inhibition of
Aurora B. Although S49076 in the micromolar range also alters
H3 phosphorylation in MET-dependent cell lines, the inhibition
of MET activity in the nanomolar range, which severely impacts
proliferation and survival in these cells, predominates and masks
the phenotypes induced by Aurora B inhibition.

S49076 treatment delayed tumor growth in all tested models,
which was accompanied by a reduction inH3 phosphorylation in
MET-independent models. Surprisingly, after 4 days of S49076
administration at 3 mg/kg, H3 phosphorylation was also greatly
reduced in GTL16 tumors, although the S49076 concentration in
these tumors did not to exceed 200 nmol/L after a single admin-
istration of S49076 (18). Consistently, we also observed a clear
reduction inH3phosphorylation in vitro inGTL16 cells treated for
24 hours at concentrations below 200 nmol/L (Supplementary
Fig. S6). A relatively long exposure to a low concentration of drug
could cause direct inhibition of Aurora B, but we cannot exclude
the possibility that the decrease in H3 phosphorylation level is
due to an effect on cell-cycle progression. Regarding the former
hypothesis, we can assume that in clinical settings, both Aurora B
andMETwill be targeted even at lowdoses of S49076 regardless of
the tumor type. Regarding the latter hypothesis, a drug concen-
tration over 1 mmol/L in the tumors would be required to block
both MET- and Aurora B–driven processes.

Although several early-phase studies are planned to investigate
the combination ofMET inhibitors with radiotherapy, the issue of
tumor selection has become a primary concern. We investigated
the efficacy of combined S49076 and irradiation treatment. At
least additive effects for the combination treatmentwere observed
with respect to inhibiting proliferation and decreasing clonogenic
survival for all tumor models in vitro, which is consistent with
published data on the combination of crizotinib and irradiation
in NSCLC cell lines (15). Tumor growth was also further reduced
by the combination treatment in both subcutaneous and lung
orthotopic models regardless of the MET dependency status. In
the orthotopic models, the tumor growth delay translated into a
survival benefit. Thus, S49076 improves the efficacy of radiother-
apy regardless of the tumor type. This finding suggests that patient
selection regarding tumor MET dependency status may not be
required for this combination treatment in clinical trials. Irradi-

ation reduced H3 phosphorylation in vitro and in vivo, which was
consistentwithother publisheddata (38). This phenomenonmay
be a consequence of activation of the PP1 protein phosphatase,
which can be activated by IR in an ATM-dependent manner
(46, 47). The addition of S49076 to IR treatment showed a trend
toward a further reduction in H3 phosphorylation in vivo, which
could result from concomitant effects on Aurora B, PP1, and the
cell cycle.

In conclusion, the dual targeted mechanism of action of
S49076 is unique among MET inhibitors. The targeting of Aurora
B kinase by S49076 and the ability of S49076 to improve the
efficacy of radiotherapy extend its therapeutic potential, which
should be further confirmed in the clinic.
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