4062

Published OnlineFirst June 11, 2014; DOI:' 10.1158/1078-0432.CCR-13-1559

Yoshida et al.

antibodies were incubated following Ventana's instruction
and the antibody product recommendation. The intensity of
phosphor-Src expression was scored from 0-3 (0 = no
expression, 1 = weak expression, 2 = moderate expression,
and 3 = high expression), while the cellularity was scored
from 0-3 (0= 0%, 1 = 1-33%, 2 = 34-66%, and 3 = >66%).
The H scores formed by intensity of immunoactivity timing
cellularity were stratified as low (0-2), intermediate (3-4),
and high (6-9).

MET-pY100 proximity ligation and total MET
immunofluorescence

Slides containing 5-um sections were rehydrated through
xylene and graded alcohols. Heat-induced epitope retrieval
was carried out in Tris-EDTA (pH 9) in a pressure cooker for
20 minutes and then allowed to cool for 20 minutes.
Nonspecific binding was blocked by incubation with
1.5% BSA, and primary antibodies were incubated over-
night in 1.5% BSA-PBST.

For proximity ligation, antibodies were rabbit anti-MET
(clone D1C2, Cell Signaling Technology) and mouse ant-
pY100 (Cell Signaling Technology). PLA probes were anti-
rabbit (-) and anti-mouse (+) and were incubated for 1 hour
in 0.15% BSA/PBST. Detection was carried out using the
DuoLink in situ PLA Far Red kit (O-Link Biosciences,
Uppsala, Sweden). AlexaFluor 488-conjugated anti-cyto-
keratin was used to demarcate epithelial regions (clone
AE1/AE3, eBiosciences).

For immunofluorescence, antibodies were rabbit anti-
MET (clone D1C2, Cell Signaling Technology) and detected
via AlexaFluor 647-labeled anti-rabbit secondary antibodies
(Invitrogen). Murine pan-cytokeratin (clone AEI1/AE3,
Dako) was used to demarcate epithelial regions (tumor
mask) and detected via AlexaFluor 555-labeled anti-mouse
secondary antibodies (Invitrogen). Images were acquired
on a PM2000.

Statistical methods

Anderson-Darling statistics and normal curves were
examined to assess whether tumor measurements were
normally distributed. A square-root transformation was
performed on the tumor measurements to make them
approximately normal. ANOVA test was used to assess
whether there was a statistically significant difference on
tumor sizes measured across treatment groups at each time
point. Tukey-Kramer method was used to perform all pair-
wise group comparisons. All statistical analyses were per-
formed using SAS (version 9.2; SAS Institute; Cary, NC).

Resulis

Chronic gefitinib exposure of PC9 cells generates
stable cell-autonomous resistance to EGFR-TKIs with
T790M

After generation of PCOGR cells, we identified single-cell
clones of PCIGR cells that were highly resistant to erlotinib
(Supplementary Fig. S1A). Although PCIGR cells are par-
tially sensitive to the irreversible EGFR-TKI CL387,785 as
expected from a previous report (8), ICs, for CL387,785 was

100-fold increased compared with parent PC9 cells (Sup-
plementary Fig. S1A). This resistance was stable as it was not
reversed by culturing PCIGR cells for up to 6 months in
gefitinib-free medium (data not shown). PCIGR cells
acquired T790M while retaining exon 19 E746-A750, as
determined by both direct DNA sequencing and PCR-invad-
er assay (Supplementary Fig. S2A). In addition, we did not
find MET amplification by FISH analysis in PCIGR cells
(Supplementary Fig. S2B), which is another mechanism of
acquired EGFR-TKI resistance in NSCLC (28). Erlotinib still
has partial inhibitory effects on EGFR phosphorylation in
PCIGR cells (Supplementary Fig. S1B), consistent with
prior studies that T790M typically emerges as a minor
population and resistant cells retain drug-sensitive alleles
(8, 33). However, erlotinib could not completely inhibit
downstream pAkt and pErk in PCOGR cells, consistent with
resistance to EGFR-TKIs in the presence of T790M (Supple-
mentary Fig. S1B).

System-level comparison of tyrosine phosphorylation
identifies common RTK pathways associated with
erlotinib resistance

We hypothesized that erlotinib-resistant PCIGR cells
could collect additional mechanisms of resistance through
acquired alterations in tyrosine kinase signaling that could
collaborate with T790M to codrive resistance to EGFR-TKI.
We therefore profiled tyrosine kinase signaling by charting
tyrosine phosphorylated peptides in PC9 and PCOGR cells.
As shown in our schema (Fig. 1), tryptic peptides were
derived from cellular protein lysates and enriched with
anti-phosphotyrosine (pTyr) antibodies followed by iden-
tification and quantification using liquid chromatography
coupled with tandem mass spectrometry (LC/MS-MS;
refs. 32, 34). Changes in peptides in PCOGR cells were
identified and compared with PC9 cells, thus allowing us
to determine additional changes beyond T790M that could
be codrivers of TKI resistance. We perturbed EGFR-driven
signaling in erlotinib-sensitive PC9 and erlotinib-resistant
PCIGR cells to identify EGFR-dependent pathways/net-
works and potential pathways/networks independent of
EGEFR signaling that could play a role in EGFR-TKI resis-
tance. After 1-hour erlotinib treatment, cell pellets were
collected and pTyr peptides were identified in untreated
and treated PC9 and PCIGR cells. Changes in peptides were
identified compared with control vehicle-treated cells in
each of the two cell lines. We hypothesized that this
approach would identify downstream signaling events driv-
en by mutated EGFR but could also potentially identify
proteins or pathways activated by TKI or unaltered by TKI
that could, under the correct circumstances, potentiate drug
resistance. In total, between the two cell lines, we identified
403 pTyr peptides corresponding to 265 unique phospho-
proteins. Examples of extracted ion chromatograms for pTyr
peptides corresponding to EGFR and MET are shown in
Supplementary Figs. S3 and S4.

We next compared changes in pTyr abundance between
PC9 and PCIGR cells (Fig. 2A; Supplementary Table S1).
We found 110 unique pTyr peptides (76 proteins) that were
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more abundantin the PCIGR cells, whereas 77 unique pTyr
peptides (55 proteins) were less abundant in PCIGR cells
than in PCY cells. Compared with PC9 cells, PCIGR cells
demonstrated increased amounts of pTyr peptides corre-
sponding to numerous RTKs, some of which could be
potential codrivers of resistance in PCIGR cells under the
correct environmental circumstances. We observed a clear
subnetwork characterized by hyperactive MET signaling
(Fig. 2A, right) despite the lack of MET gene amplification.
We observed nearly 11-fold more MET pTyr peptides
in PCIGR than in PCY cells. Similarly, we observed nearly
>10-fold more pTyr peptides corresponding to ROR1 or
neurotrophic tyrosine kinase receptor related-1 (pTyr-789,
~13-fold; pTyr-828, ~34-fold). ROR1 is a pseudokinase
that cooperates with MET to promote tumorigenesis (35).
Tyrosine phosphorylation of the MET adaptor proteins
Gab1 and Gab2 were also more abundant in PCIGR cells.

In addition, pTyr peptides corresponding to the AXL
RTK were increased approximately 8-fold in PCIGR cells.
AXL upregulation has recently been shown to be a mech-
anism of acquired resistance of lung cancer cells to EGFR-
TKI (36). Finally, increased abundance of multiple pep-
tides corresponding to IRS2 (pTyr-675, 4.97-fold; pTyr-
598, 5.47-fold; pTyr-823, 9.55-fold; pTyr-653, 19.93-fold;
and pTyr-742, 21.29-fold), an adaptor protein linking
insulin and insulin-like growth factor (IGF) signaling to
PI3K signaling, was observed in PCIGR cells compared
with parent PC9 cells. This suggested that either more
insulin or IGF signaling exists in these cells or more [RS2
protein is expressed. We confirmed higher levels of tyro-
sine-phosphorylated MET and AXL in PC9GR than in PC9
cells and also found more total IRS2 protein in PCIGR
than in PCY cells (Fig. 2B). Despite the increased levels of
MET signaling, we found minimal effects of combined
MET-TKI (PHA665752) and EGFR-TKI (erlotinib or irre-
versible CL387,785) in PCIGR cells (Fig. 2C). While MET

signaling is hyperactivated, in this context, it is not
responsible for affecting cell survival.

To examine whether changes of MET, IRS2, or AXL are
driven specifically by T790M, we examined phosphoryla-
tion of these molecules in lung cancer cell lines (HCC4006
and HCC827) engineered to express an exon 19 E746-A750
+T790M allele. (Fig. 2B). We observed less pMET, less total
MET, slightly more abundant pAXL, and similar total AXLin
HCC4006-T790M cells compared with parent HCC4006
cells. We found equivalent pMET and total MET, less pAXL
and equivalent total AXL in HCC827-T790M cells compared
with parent HCC827 cells. The levels of IRS2 protein were
unchanged across these HCC4006 and HCC827 cell lines
unlike in PC9 and PCIGR cells. These results suggest that
changes of MET, IRS2, or AXL are not dependent on EGFR-
T790M but rather are likely to occur on a cell by cell basis.

Perturbations by EGFR-TKI identify downstream
proteins and proteins involved in adaptive and
microenvironment-derived responses

We next compared alterations in pTyr peptide abundance
in both cell lines following erlotinib exposure (Supplemen-
tary Table S1). We identified pTyr peptides with >1.5-fold
change differences from control (P <0.05). In PC9 cells, we
observed 31 less abundant and 45 more abundant unique
pTyr peptides following 1 hour of erlotinib treatment (Fig.
3A). As expected, PCIGR cells displayed a more blunted
response to erlotinib than PC9 cells; nonetheless, we did
observe congruent changes in most pTyr peptides, thus
increasing our confidence that these pTyr peptides and
pathways are downstream of mutant EGFR given the
expected biologic responses with cells harboring T790M
mutations. Among the reduced pTyr peptides, we observed
MKO1, SHC1, GAB1, EGFR, and ERBB3 consistent with
their known roles in ERBB signaling. Interestingly, we also
observed reductions in peptides corresponding to Ras
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signaling, including SYGP1 or SynGAP, which can affect
ERK and p38 MAPK functions in neurons (37, 38). Tyro-
sine-phosphorylated Rab7A (also known as Ras-related
protein Rab-7a) was likewise reduced by erlotinib and has
been linked to EGFR trafficking in endosomes (39).
Interestingly, we observed that nearly equal amounts of
pTyr peptides were increased by erlotinib compared with
peptides reduced by erlotinib (45 up and 31 down in PC9; 26
up and 30 down in PCIGR). We found more abundant
pTyr peptides for IRS2, MET, YES, AXL, FAK, ERBB2, and BRK
(PTK6) following erlotinib treatment, and this pattern was
consistent across both PC9 and PCIGR cells (Fig. 3B). We
hypothesized that the increased levels of RTK identified
through our approach could cooperate with exogenous
ligands and promote EGFR-TKI resistance. Recent studies
have highlighted the ability of growth factor ligands to pro-
mote resistance to targeted agents (23-25). We therefore
tested if the increased pTyr in key RTK could cooperate with
growth factor ligands to drive resistance to EGFR-TKL. We
incubated PC9 and PCIGR cells with cognate ligands corre-
sponding to the upregulated RTI in PCIGR, including IGF1,
hepatocyte growth factor (HGF), and GAS6 (the ligand for
AXL RTK), and determined the effects on erlotinib sensitivity
in PC9 cells and afatinib sensitivity in PCIGR cells (Fig. 3C).
Interestingly, HGF and IGF but not GAS6 had protective
effects on both PCY cells exposed to erlotinib and PCOGR
cells exposed to afatinib. In PC9 cells, the shift in 1C5, was
rather modest; however, in PCOGR cells, the effect was more
dramatic. This shift pattern was consistent between both cell
lines, with HGF having more of an effect than IGF1, whereas
no effect was seen with activation of AXL by GAS6 in these
cells. Using Western blotting, we examined the effects of these
ligands on EGFR signaling with or without EGFR-TKI in both
PC9 and PCIGR cells. HGF activated pMET in both PC9 and
PCIGR cells (Supplementary Fig. S5A and S5B). This HGF-
induced activation of pMET and downstream pAkt and pErk
were not inhibited by erlotinib in PC9 or by afatinib in
PCIGR cells (Supplementary Fig. S5A and S$5B). These results
also suggest that MET activation in PC9 and PCIGR cells is not
dependent on EGFR signaling. On the other hand, we did not
observe dear ligand-dependent activation of corresponding
RTKs or sustained activation of pAkt and pErk in the presence
of EGFR-TKIs in IGFl-induced or Gas6-induced PC9 and
PCIGR cells (Supplementary Fig. S5C-S5F). These results are
consistent with our data showing that IGF1 and Gas6 had less

rescue effects compared with HGF in these cells (see Fig. 3C).
These results suggest that altered RTK identified by phospho-
proteomics can be codrivers of resistance under specific en-
vironmental circumstances, Furthermore, the increased levels
of multiple RTKs in response to erlotinib suggest innate
priming of RTK, where RTKs are primed to cooperate with
growth factor ligands through intracellular mechanisms.

Afatinib combined with dasatinib inhibits EGFR
signaling more efficiently than either agent alone in
TKI-resistant NSCLC cells with T790M

We reexamined our data for pTyr peptides that were not
perturbed by EGFR-TKI and were not different between
the PCY and PCIGR cell lines. We hypothesized that this
analysis may uncover parallel signaling pathways that
cooperate with EGFR to maintain cellular growth and/or
survival. We identified 31 proteins that fulfilled this
criterion, including multiple SFKs as well as CSK, PKCD,
MAPK3, PIK3R2, SYK, TNK2, EPHB2, EPHA4, FAK, and
PTK2B. We observed no changes in pTyr peptides corre-
sponding to SFKs, including the pTyr peptide LIEDNEy-
TAR corresponding to the common autocatalytic site
in ¢-SRC, YES, and FYN, following EGFR-TKI, suggesting
this as an EGFR-independent pathway. We linked SFK
proteins to other proteins found in our entire dataset
through interaction databases (Fig. 4A), identifying a
large group of proteins (N = 28) with reported interac-
tions with SFK proteins (gray circles) that were also
unchanged by erlotinib. In addition, we identified poten-
tial interactions between SFK and proteins either altered
by erlotinib (gray parallelogram and diamond) or altered
in PCIGR compared with PC9 cells (gray V and dia-
mond). For example, SRC can cooperate with EGFR, MET,
ERBB3, SHC1, CBL, and STAT3 signaling nodes (gray
parallelogram) that we previously identified as being
altered by erlotinib and different between PC9 and
PCIGR cells.

On the basis of this observation, we hypothesized that
cotargeting SFKs and EGFR T790M with dasatinib and
afatinib, respectively, may produce additive or synergistic
anti-tumor effects. Furthermore, our previous studies sug-
gested that the antitumor effects of dasatinib are mediated
in part by direct EGFR inhibition that is mitigated by gain of
T790M in EGFR (32). However, these studies also suggested
that irreversible EGFR-TKIs combined with dasatinib could

Figure 2. Phosphoproteins associated with T790M-mediated resistance. A, connectivity of MET protein was determined using protein-protein interaction
databases to better aid in visualizing differentially expressed proteins that may be associated with PCOGR cells. The left histograph shows change of pTyr sites
in PCIGR cells compared with in PCS cells. The fold change (P < 0.05, fold change > 1.5) of all tyrosine peptides were presented in logz scale. Red bar
shows the tyrosine phosphosites of MET network proteins in PC9GR cells. Right, the MET network. Statistically decreased or increased pTyr peptides were
input into Cytoscape 2.8.3, and protein-protein interactions were identified using innateDB based on molecular interactions and functional relations
from public sources. Shapes reflect types of proteins shown in figure. Pink circle represents the pTyr peptides significantly different between PC8 and
PCOGR cells and different between erlotinib-treated and control cells (P < 0.05; fold change >1.5). Color scale corresponds to fold change in Log2 scale. The
yellow lines represent the direct interaction with MET. B, Western blotting of selected proteins in PC9, PCI9GR, HCC4006, HCC4006-T790M, HCC827,
HCC827-T790M cells. Membranes were blotted with pTyr 1234/1235 MET, total MET, pTyr 702 AXL, total AXL, and total IRS2 antibodies in PC9, PCIGR,
HCC4006, HCC4006-T790M, HCC827, HCC827-T790M cells with actin confirming equal protein loading. C, PCIGR cells were treated for 72 hours with
increasing concentrations of erlotinib alone, CL387,785 alone, PHAG65752 alone, erlotinib + PHAB65752, or CL387,785 + PHAB65752. Data generated by
cell viability assay (CellTiter-Glo) are expressed as a percentage of the value for untreated cells. Determinations were done in triplicate. Please view online

version for full details.
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Figure 2. Erlotinib perturbations in PC3 and PCGR cell lines. A, effects of erlotinib on tyrosine containing phosphoproteomes in PC9 and PCIGR cell lines. Left,
erlotinib-induced changes (P < 0.05; fold change >1.5) of pTyr sites in PC9 (bars) and PCIGR (*) cells. Four subnetworks were created within different catalog
proteins (blue circle) based on increased or decreased pTyr sites in PC9 and PCIGR cells. Color scale represents the fold change of each pTyr site. B, pTyr
peptide abundance measured by EIC across erlotinib-treated PC9 and PCGR cells for MET, AXL, and IRS2 pTyr peptides. Y-axis indicates fold change above
PC9 untreated pTyr abundance. C, PC9 or PCIGR cells were seeded in 96-well plates for 24 hours and then exposed to HGF or IGF1 (50 ng/mL) or GAS6
(200 ng/mL) and concomitantly exposed to increasing concentrations of relevant kinase inhibitor. After 72 hours, cell viability was assessed. ICso was
calculated for each condition. Please view online version for full details.
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inhibit EGFR T790M. Thus, we examined the effects of
erlotinib, afatinib, dasatinib, or combined afatinib and
dasatinib on EGFR signaling in PCIGR and H1975 cells,
both resistant cel] lines against EGFR-TKI because of T790M
(Fig. 4B). In both cell lines, erlotinib inhibited neither EGFR
nor SFKs, and no complete suppression of pAkt and pErk
(both essential downstream molecules of EGFR) was
observed. We found that afatinib could inhibit pEGFR;
however, SFKs were again unaltered. These results with
erlotinib and afatinib are consistent with our pTyr mass
spectrometry results that detected no changes in pTyr SFKs
following erlotinib exposure. We also found that combin-
ing afatinib and dasatinib resulted in more efficient inhi-
bition of pAkt and pErk in PCOGR and H1975 cells than
each agent alone, suggesting that SFKs are cosignals related
to EGFRT790M and that irreversible EGFR-TKIs combined
with SFKs more efficiently block EGFR signaling in NSCLC
cells harboring T790M.

Afatinib combined with dasatinib effectively inhibits
cell growth and significantly increases apoptotic cells
in TKI-resistant NSCLC cells with T790M

Given that the combination of afatinib and dasatinib
efficiently inhibited EGFR signaling in NSCLC cells harboring
T790M, we examined the effects of this combination on cell
proliferation and apoptosis in PCOGR and H1975 cells. We
found reduced 1Cs; levels in PCIGR and H1975 cells versus
either agent alone (Fig. 4C; Supplementary Tables S2 and S3).
We examined the effects of combining afatinib plus dasatinib
in other NSCLC cells with T790M (HCC4006-T790M and
HCC827-T790M cells), cells with TKI-sensitive EGFR muua-
tion only (PC9, HCC4006, and HCC827 cells), and cells with
wild-type EGFR (H460, A549, and H1299 cells). We observed
reduced 1Cs, for afatinib plus dasatinib versus either agent
alone in HCC4006-1T790M and HCC827-T790M cells (Sup-
plementary Fig. S6), whereas curves for this combination
were mostly overlapped with those for afatinib or dasatinib
alone in PC9, HCC4006, and HCC827 cells with TKI-sensi-
tive EGFR mutation only {Supplementary Fig. S7) or H460,
A549, and H1299 cells with wild-type EGFR (Supplementary
Fig. S8). We also found that dasatinib combined with
CL387,785, another irreversible EGFR-TKI, reduced 1Cs,
versus either agent alone in PCIGR cells (Supplementary
Fig. §9). Furthermore, we also detected more apparent PARP
cleavage when agents were combined than when used alone
or when cells were erlotinib treated (see Fig. 4B). Similar to
results with afatinib, when we examined the effects of com-
bined dasatinib with WZ4002, another T790M-specific
EGFR-TKI (40), 1Cso was reduced versus when agents were
used alone (Fig. 4D; Supplementary Tables S2 and $3).

Rescue experiments revealed that dasatinib enhanced
antitumor effects of afatinib by inhibition of SRC and
FYN

Although our clustering approach and dasatinib results
strongly implicated SFKs as the key target, we examined this
in more detail given the extensive promiscuousness of
dasatinib. Using dasatinib-insensitive alleles expressed in

lentiviral vectors, we investigated whether dasatinib-resis-
tant forms of key SFKs could rescue effects of dasatinib (32).
To test which SFK is critical as a dasatinib target in NSCLC
cells harboring T790M when combined with afatinib, we
infected cells with lentivirus expressing either wild-type
kinases or kinase alleles with drug-resistant gatekeeper
mutations of SFKs (SRC, LYN, FYN, and FRK) and examined
cell viability in response (o increasing concentrations of
dasatinib plus afatinib (Fig. 4E). Our results show that SRC
and FYN were able to rescue PCIGR cells from dasatinib
plus afatinib. However, no effects were observed with LYN
and FRK, suggesting that SRC and FYN are essential SFKs as
dasatinib targets in NSCLC cells with T790M.

Dasatinib enhances the antitumer activity of afatinib
in vitro and in vivo

To evaluate more formally whether our combination
effects were because of additional cell death, we measured
caspase-3-positive cells following TKI treatment (Fig. 5A).
In PCYGR cells, both erlotinib and dasatinib had no
effects on apoptosis, but the combination had modest
effects. Afatinib led to more apoptosis, which was further
increased when combined with dasatinib. Similar effects
of afatinib plus dasatinib on apoptosis were observed in
HCC4006-T790M and HCC827-T790M cells (Supple-
mentary Fig. $10). WZ4002 also induced apoptosis as a
single agent, which was potentiated when combined with
dasatinib. In H1975 cells, similar effects were observed,
with dasatinib increasing apoptosis when added to afa-
tinib and WZ4002. These results indicate that Src inhi-
bitors enhance antiproliferative and proapoptotic effects
of irreversible or T790M-selective EGFR-TKIs in NSCLC
cells with T790M.

We hypothesized that the enhanced apoptosis with
combined afatinib and dasatinib would wtanslate into
improved in vivo effects on tumor growth. We examined
the antitumor effects of this combination in mouse xeno-
graft models with PCIGR cells. As single agents, afatinib
(10 mg/kg) or dasatinib (15 mg/kg) had modest effects
on inhibiting tumor growth in PCIOGR xenografts;
however, when combined, we observed significantly great-
er inhibition of growth, including tumor regression con-
sistent with our apoptosis results (Fig. 5B). These results
demonstrate that Src inhibitors effectively enhance anti-
tumor effects of irreversible EGFR-TKI in gefitinib-resistant
NSCLC xenografts with T790M, providing a rationale to
evaluate this strategy in patients with NSCLC who have
acquired EGFR-TKI resistance related to T790M.

Tyrosine phosphoproteomes in lung adenocarcinoma
samples with TKI-sensitive EGFR mutations

To validate that our cell line models and data are appli-
cable to human lung cancer tissues, we conducted a mass
spectrometry tyrosine phosphoproteomics analysis on four
NSCLC tumor samples with TKI-sensitive EGFR mutations.
In total, we identified 279 unique pTyr sites corresponding
to 189 unique proteins across all four tumor samples. For
each tumor, we identified 158, 153, 157, and 109 unique
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Figure 4. Effects of dasatinib combined with afatinib
on EGFR signaling and cell growth in gefitinib-
resistant NSCLC cells with T790M. A, pTyr proteins
corresponding to pTyr peptides identified in PCS
and PC9GR cells are linked to SFK using InnateDB
to capture literature reports and displayed in
Cytoscape. Pink circle, pTyr sites upregulated by
erlotinib or higher expression in PCOGR than in PC9
cells. Blue circle, pTyr sites downregulated by
erlotinib or less expression in PCOGR than in PC9
cells. Yellow circles or V, SFK (SRC, YES1, FYN).
Gray circle, pTyr proteins showing no difference
between PC8 and PCIGR cells and no change with
erlotinib treatment. Gray parallelogram, pTyr
proteins altered by erlotinib across PC9 and PCOGR
datasets. Gray V, pTyr proteins different between
PC9 and PCOGR cells. Gray diamond, pTyr proteins
different between PC9 and PCOGR cells and
showing changes with erlotinib treatment. B,
PC9GR and H1975 cells were incubated for 6 hours
(or 24 hours for PARP) in the absence or presence of
erlotinib (100 nmol/L), afatinib (10 and 100 nmol/L),
dasatinib (10 and 100 nmol/L), or afatinib and
dasatinib in combination (10 and 100 nmol/L), as
indicated. Cell lysates were subjected to protein
expression analysis with antibodies to pEGFR,
EGFR, pAkt, Akt, pErk, Erk, pSrc family, Src, or
PARP along with antibodies to $-actin as a loading
control. (Continued on the following page.)
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pTyr sites corresponding to 117, 95, 111, and 87 proteins,
respectively (Supplementary Table S4). Importantly, 83
unique pTyr sites on 65 proteins identified from mass
spectrometry experiments in PC9 cells were also observed
active in human patient tissues (Supplementary Fig. S11
and Supplementary Table S5). This included: EGFR
(pTyr1172, 1197), MET (pTyr1234), SFKs including SRC
(pTyr 419), FYN (pTyr 214, 420), LYN (pTyr 32, 193, 104,
397), YES1 (pTyr223, 426), MKO1 {pTyr 187), MKO3 (pTyr
204), STAT3 (pTyr 705), and AXL (pTyr 886). These results
in human tumor tissues from patients with EGFR mutations
well validate our findings gained from cell line model,

suggesting the potential of clinical application of our find-
ings in this study.

Activation of Src or MET in human lung tumor samples
with T790M gatekeeper EGFR mutations

To validate that Src phosphorylation is indeed observed
as a target in human NSCLC samples with T790M gate-
keeper mutation, we examined the expression of phos-
phorylated Src (Tyr 416) in tumor samples with T790M
using immunohistochemical staining. We found pSrc in
all EGFR T790M-positive tissue specimens, including 2
paired samples of pre- and post-EGFR-TKI treatment, with
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varied intensities and cellularity (Table 1; Fig. 5C). These
results confirmed results from cell lines that Src activity
persists in EGFR T790M-positive tumor tissues. We fur-
ther examined changes in tyrosine phosphorylated MET
expression in matched pre- and post-EGFR-TKI treatment
patient tumor tissue specimens. We found evidence for
increased tyrosine phosphorylated MET in one patient
(patient 10 in Table 1) that was not due to increased total
MET protein (Fig. 5D), whereas no evidence was found
in the second patient (patient 9 in Table 1) for which pre-
and posttreatinent biopsy tissues were available for study.
These results provide further support using tumor tissues
that MET tyrosine phosphorylation can occur in T790M-
containing tissues and this can be independent of total
MET expression.

Discussion

We applied tyrosine phosphorylation profiling using
LC/MS-MS to directly compare an EGFR-TKI-sensitive
cell line versus its acquired resistance counterpart to
uncover additional resistance mechanisms and propose
cotargeting strategies to enhance the effects of agents
specifically targeting the T790M EGFR allele. To our
knowledge, this is the first such report to apply a mass
spectrometry~based phosphoproteomics approach to
compare the molecular networks between EGFR-TKI-
sensitive and -resistant pairs. The driving force behind
this approach is the limited efficacy of irreversible EGFR-
TKIs in targeting T790M, as shown in both preclinical
and clinical studies (8, 9, 12, 14-19), and the ability of
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Figure 8. (Continued.) C, evidence for activation of Src in the T790M-
positive biopsy specimens. Immunchistochemical staining was used to
detect expression of tyrosine phosphorylation Src (Tyr416) in 10 EGFR
T790M-positive tissue specimens. H score (intensity x cellularity) was
calculated for each sample, with scores 0 and 9 representing the lowest
and highest expression, respectively. Three representative x200 images
show the different levels of pSrc expression in EGFR T790M-positive
human lung specimen. D, evidence for increased MET tyrosine
phosphorylation in posttreatment T790M biopsy specimens. Proximity
ligation assays (PLA) for MET and pY 100 were performed to assess MET
phosphorylation in serial biopsy specimens obtained from an
adenocarcinoma patient (right lung, lower lobe, 33 months apart). Original
biopsy confirmed EGFR exon21 L858R mutation; rebiopsy confirmed
L858R/T790M mutation. Top, evidence of MET-pY PLA signal in
pretreatment biopsy, while clusters of highly phosphorylated MET are
observed in the posttreatment biopsy. MET-pY PLA was localized to
cytokeratin (+)-staining regions (data not shown). Bottom, increased
MET-pY PLA signal is not due to increased total MET protein.

other tyrosine kinases, especially RTKs, to limit EGFR-TKI
efficacy. Through a systematic interrogation of pTyr pep-
tides and proteins using LC/MS-MS, we identified both
RTKs and non-RTKs able to be recruited to confer erlo-

tinib sensitivity, In PCIGR cells, we identified higher
levels of pTyr peptides corresponding to MET signaling,
including more MET, ROR1, and Gab1/2 proteins. Inter-
estingly, this coordinated activation of MET signaling
was not secondary to MET gene amplification, as our
FISH results revealed no amplification of the MET gene.
The results with the basal phosphoproteome corre-
sponded to HGF's strong effects in protecting both PC9
and PCYGR cells from erlotinib or afatinib, respectively.
In addition, these results suggest a form of "lineage”
addiction, whereby resistant cells with T790M can carry
forward RTKs that can cooperate to drive resistance.
Importantly, these results suggest that interrogating pro-
tein activation status or network signaling may highlight
proteins that play a role in protecting cells against EGFR-
TKI, especially when in a microenvironment rich with
cognate growth factor ligands. Despite observing more
AXL pTyr peptides in PCIGR cells, we demonstrated no
ability of AXL pathway activation by Gas6 ligand to drive
resistance to either erlotinib or afatinib. The reasons for
this are not clear, but one limit of our approach was the
lack of absolute measurements of pTyr peptides. It is
possible that, compared with MET or IRS2 pTyr peptides,
plyr peptides corresponding to AXL are far lower in
absolute amount and thus are inefficient to compete for
downstream signaling effectors. It will be interesting and
important to determine how basal phosphoproteome
measurements can predict the effects of growth factor
protection against targeted agents. As AXL signaling still
remains poorly understood, another explanation for our
results could be the limited or absence of key adaptors or
other effector proteins involved in AXL signaling.
Using pTyr peptide data obtained from both PC9 and
PCIGR cells exposed to erlotinib, we identified proteins
downstream of EGFR in these cells with mutant gain-of-
function EGFR proteins. One of the more interesting
findings was that nearly half of the statistically significant
pTyr peptides were increased in abundance following
erlotinib treatment. It is increasingly recognized that
signaling pathways display large amounts of crosstalk
and that adaptive resistance mechanisms have been
observed in cells exposed to targeted agents (41). Our
results match our investigations using purified Src
homology-2 domains to profile tyrosine kinase signaling
in lung cancer cells, where we observed increased pTyr
signaling in multiple lung cancer cells exposed to TKls
(42). Similar events have also been observed in crizoti-
nib-treated EML4-ALK cells and dasatinib-treated DDR2-
mutant lung cancer cells, arguing that these paradoxical
changes are consistent across multiple tumor types and
kinase inhibitors (unpublished observations). The
underlying mechanisms of these changes require addi-
tional study, as they could be important in promoting
adaptive resistance to targeted agents and could in some
cases cooperate with microenvironmental factors, such
as growth factors, to limit TKI efficacy. Collectively, these
results suggest that cell intrinsic (receptors, signaling
proteins) and extrinsic (ligands) factors can collaborate
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Table 1. Src phosphorylation detected in human NSCLC samples with T790M gatekeeper mutation
Patient ID EGFR mutant H score Intensity Cellularity
1 T790M/L858R 3 1 3

2 T790M/19del(E746-A750) 4 2 2

3 T790M/19del(E746-A750) 6 2 3

4 T790M/L858R 6 2 3

5 T790M/19del(E746-A750) 6 2 3

6 T790M/19del(E746-A750) 9 3 3

7 T790M/19del(E746-A750) 9 3 3

8 T790M/L858R 9 3 3

9 (Pre-TKI) 19del(E746-A750) 9 3 3

9 (Post-TKI) T790M/19del(E746-A750) 9 3 3

10 (Pre-TKI) L858R 4 2 2

10 (Post-TKI) T790M/LB58R 9 3 3

NOTE: Patient 9 was treated with "gefitinib and erlotinib." Patient 10 was treated with "gefitinib and erlotinib + ARQ197 (MET-TKI)."

to drive resistance to kinase inhibitors in a systems-level
manner.

Our phosphoproteomics analyses in PC9 and PCIGR
cells demonstrated that SFKs are also critical as an EGFR-
independent cosignal in NSCLC cells with T790M. These
results were enabled by tyrosine phosphorylation profil-
ing combined with analysis of proteins based on known
protein-protein interactions. We validated the inferences
derived from the phosphoproteomics by showing
that afatinib combined with dasatinib resulted in antitu-
mor activity regarding cell proliferation and apoptosis in
PCYGR, H1975, HCC4006-T790M, and HCC827-T790M
cells (each harboring T790M). These results appear to be
generalized to additional T790M EGFR-TKIs, as dasatinib
demonstrated similar combination effects with the
T790M-selective EGFR-TKI WZ4002 (40). We did not
observe combination effects with afatinib plus dasatinib
compared with either agent alone in cells with TKl-sen-
sitive EGFR mutation only (PC9, HCC4006, and HCC827
cells) or wild-type EGFR (H460, A549, and H1299 cells).
The enhanced apoptosis with combined afatinib and
dasatinib in the cells with T790M translated into
improved in vivo effects on tumor growth in PCOGR cells.
Collectively, our results suggest that dasatinib can be
generally used as a combination therapy with irreversible
or T790M-selective EGFR-TKIs for patients with NSCLC
who acquired EGFR-TKI resistance associated with
T790M.

As our approach was limited to examining the tyrosine
phosphoproteome, we were unable to detect serine/thre-
onine signaling including mTOR/AKT or MEK/Erk path-
ways both of which are also essential for carcinogenesis.
Previous studies have indicated that mTOR inhibitor
combined with MEK inhibitor or irreversible EGFR-TKI
is potential strategy to overcome T790M (21, 43). Further
studies examining the global phosphoproteome, such as
with immobilized metal affinity chromatography which

can detect serine/threonine phosphopeptides (44), could
identify other proteins and pathways that may play roles
in EGFR TKI resistance.

Although single-agent dasatinib has no activity in
patients with NSCLC with TKI-sensitive EGFR mutation
who acquired resistance to EGFR-TKI (45), our results
suggest a role for SFKs in maintaining downstream sig-
naling despite irreversible EGFR-TKIs and support further
studies of irreversible EGFR-TKIs combined with dasati-
nib in patients with NSCLC who acquire resistance to
EGFR-TKI. Src is known to be both an upstream activator
and a downstream mediator of EGFR, and its phosphor-
ylation is detected in about one-third of lung cancer
tumors (46, 47). Although MET activation might not be
always observed in the presence of T790M based on our in
vitro and tumor tissue analysis, pSrc seems to be generally
detected in our NSCLC tumor samples harboring T790M,
consistent with our results of cell models. In addition, our
mass spectrometry data from tumor samples with TKI-
sensitive EGFR mutation demonstrated a high degree of
overlap with results from cell models, thereby validating
the overall approach. These results from tumor samples
suggest that our results from lung cancer cell line models
are applicable to translate in to the clinic. Our previous
chemical and phosphoproteomic characterization iden-
tified nearly 40 different kinase targets of dasatinib and
showed that SRC, FYN, and EGFR are relevant targets for
dasatinib action in NSCLC (32). Our recent phase /Il
study showed that dasatinib combined with erlotinib is
tolerable, with 63% of patients with advanced NSCLC
showing disease control, including two having partial
response and one having bone response (48). Another
group also showed that dasatinib combined with erloti-
nib is safe and feasible in NSCLC (49).

On the basis of these clinical studies along with the
experiments reported here, dasatinib has potential clinical
activity in NSCLC treatment, but this is limited to
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combinations with T790M-targeted agents and in genotype-
specific patients. This will be formally tested in a phase I trial
of afatinib and dasatinib (NCT01999985). Our results also
highlight the ability of phosphoproteomics to identify other
important mediators of drug sensitivity, and examination of
these proteins may be important in clinical studies of
T790M-targeting agents.
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Abstract: Certain genetically defined cancers are dependent on a single overactive
oncogene for their proliferation and survival, a phenomenon known as “oncogene addiction”.
A new generation of drugs that selectively target such “driver oncogenes” manifests a
clinical efficacy greater than that of conventional chemotherapy in appropriate genetically
defined patients. MET is a proto-oncogene that encodes a receptor tyrosine kinase, and
aberrant activation of MET signaling occurs in a subset of advanced cancers as result of
various genetic alterations including gene amplification, polysomy, and gene mutation. Our
preclinical studies have shown that inhibition of MET signaling either with the small-molecule
MET inhibitor crizotinib or by RNA interference targeted to MET mRNA resulted in marked
antitumor effects in cancer cell lines with MET amplification both in vitro and in vivo.
Furthermore, patients with non-small cell lung cancer or gastric cancer positive for MET
amplification have shown a pronounced clinical response to crizotinib. Accumulating
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preclinical and clinical evidence thus suggests that MET amplification is an “oncogenic
driver” and therefore a valid target for treatment. However, the prevalence of MET
amplification has not been fully determined, possibly in part because of the difficulty in
evaluating gene amplification. In this review, we provide a rationale for targeting this
genetic alteration in cancer therapy.

Keywords: MET; gene amplification; non-small cell lung cancer; gastric cancer;
fluorescence in situ hybridization (FISH); polymerase chain reaction (PCR); crizotinib

1. Introduction

Certain genetically defined cancers are dependent on a single overactive oncogene for their
proliferation and survival, a phenomenon known as “oncogene addiction” that is exemplified by the
BCR-ABL fusion gene in chronic myeloid leukemia as well as by mutant forms of the epidermal growth
factor receptor (EGFR) gene and by the EML4-ALK fusion gene in non-small cell lung cancer (NSCLC).
A new generation of drugs that selectively target such “driver oncogenes” and which include tyrosine
kinase inhibitors (TKIs) has shown a therapeutic efficacy greater than that of conventional chemotherapy
in individuals with these specific molecular alterations [1,2]. The identification of additional kinase
oncogenes would thus be expected to facilitate the development of new molecularly targeted therapies.

The proto-oncogene MET encodes the receptor tyrosine kinase c-MET (or MET). The binding of its
ligand—the hepatocyte growth factor (HGF)—to MET results in tyrosine phosphorylation of the
receptor and activation of downstream signaling pathways mediated by phosphoinositide 3-kinase
(PI3K) and AKT, by signal transducer and activator of transcription 3 (STAT3), or by RAS and
mitogen-activated protein kinase (MAPK). Whereas normal activation of MET is essential for wound
healing and embryonic development [3,4], excessive activation of MET signaling in a subset of
advanced cancers [5-9] results in the up-regulation of cell proliferation, motility, migration, and
invasion [3,10]. Although such aberrant MET signaling potentially arises from genetic alteration or
dysregulation of MET [11], the target potential of MET alterations including polysomy, gene
amplification, and gene mutation has not been well established.

2. Preclinical Findings

To investigate the biological impact of MET amplification or mutation, we have examined the effects
of a MET-TKI and of a small interfering RNA (siRNA) specific for MET mRNA on cell survival and
signal transduction in NSCLC cells with or without such genetic alterations of MET [12]. Several types
of MET mutation, including those that affect the kinase domain or other domains of the encoded protein,
have been identified in tumors. The small-molecule drug crizotinib (PF-02341066) inhibits the tyrosine
kinase activity of MET as well as that of oncogenic fusion variants of anaplastic lymphoma kinase
(ALK) [13,14]. We found that inhibition of MET signaling with crizotinib or MET siRNA induced
apoptosis that was accompanied by attenuation of the phosphorylation (activation) of AKT and the
MAPK extracellular signal-regulated kinase (ERK) in NSCLC cells with MET amplification but not in
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those positive for a non-kinase domain mutation (N375S or deletion of exon 14) of MET [12]. These
results suggest that MET signaling is essential for the survival of NSCLC cells with MET amplification
but not for that of those without this genetic alteration, including those with a non-kinase domain
mutation of MET, although MET-TKIs have been shown to be active against MET with mutations in the
kinase domain [15]. Crizotinib also showed a marked antitumor effect on lung cancer xenografts
positive for MET amplification, whereas it had little effect on those negative for MET amplification,
including those with a MET mutation, consistent with our results obtained in vifro. Together, these
findings suggest that gene amplification, but not gene mutation, renders MET active as a driver oncogene.

In gastric cancer, in which gain-of-function ‘mutations of MET are exceedingly rare [16—18],
activation of MET has been attributed to gene amplification [19-21]. A highly selective MET-TKI,
PHA-665752, was shown to have potential antitumor efficacy in gastric cancer cells with MET
amplification [22]. We therefore also examined the potential antitumor action of crizotinib or MET
siRNA in gastric cancer cells positive or negative for MET amplification [23]. Consistent with our
results obtained with NSCLC cells [12], we found that inhibition of MET signaling by either of these
agents resulted in induction of apoptosis associated with inhibition of AKT and ERK phosphorylation in
gastric cancer cells with MET amplification but not in those without it, suggesting that MET signaling is
essential for the survival of MET amplification-positive cells. Crizotinib also manifested a marked
antitumor effect on gastric cancer xenografts positive for MET amplification, whereas it had little effect
on those negative for this genetic change. Crizotinib thus showed a pronounced antitumor action both
in vitro and in vivo specifically in gastric cancer cells positive for MET amplification.

In summary, our preclinical studies have shown that gene amplification, but not gene mutation,
confers “oncogenic driver” potential on MET. Tumor cells positive for MET amplification are thus
dependent on (“addicted to”) sustained MET activity for their growth and survival, with the result that
inhibition of MET signaling either with a small-molecule MET inhibitor or by RNA interference
targeted to MET mRNA has marked antitumor effects both in vitro and in vivo. These findings provide a
rationale for targeting MET amplification with MET-TKIs in the clinical setting.

3. Prevalence of MET Amplification in Cancer Patients

Given the potential of MET-targeted therapy for cancer with MET amplification, it is important to
determine the prevalence of this gene alteration in patients with advanced cancer. Unfortunately,
however, different studies have used different methods and criteria to detect MET amplification
(Tables 1 and 2). Studies based on fluorescence in situ hybridization (FISH) analysis have identified
MET amplification in up to ~5% of patients with NSCLC [24-27] or gastric cancer [20,28,29], whereas
an increase in MET copy number was found in up to ~20% of NSCLC [30-35] and gastric cancer [36—40]
patients by Southern blot analysis or with a polymerase chain reaction (PCR)-based assay. To understand
the reason for this discrepancy, it is important to recognize the difference between the two genetic
mechanisms—gene amplification and polysomy—that can give rise to an increase in gene copy number
in malignant tumors. Gene amplification is defined as a copy number increase for a specific gene (or
group of genes) on a given chromosome arm without a change in copy number for genes located in other
regions of the chromosome [41]. On the other hand, polysomy gives rise to a copy number gain for a
given gene as a result of the presence of extra copies of the entire chromosome. Of note, polysomy for
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chromosome 7 (the chromosome on which MET is located) was indeed observed ~30% of NSCLC [27]
and gastric [29] tumors with an increased MET copy number. Furthermore, such tumors might not be
MET driven, given that breast tumors with an increased copy number for the human epidermal growth
factor receptor 2 (HER2) gene as a result of polysomy 17 behave as HER2-negative tumors [42].
Southern blot analysis and PCR-based assays identify a gain in gene copy number regardless of the
underlying cause and are thus unable to discriminate gene amplification from polysomy (Figure 1A).
This methodological limitation is sometimes overlooked in determination of the prevalence of MET

amplification in cancer.

Table 1. Prevalence of MET amplification and increased MET gene copy number (GCN)

in NSCLC.
Study Number of Patients  Technique Classification Positivity (%)
Camidge et al. (2010) [43] 66 FISH MET/CEP7 ratio > 2.0 0
Onozato et al. (2009) [33] 148 PCR based GCN>2 1.4
Kubo et al. (2009) [34] 100 PCR based GCN>5 2.0
Bean er al. (2007) [30] 16 PCR based GCN>5 3.0
Go et al. (2010) [27] 180 FISH MET/CEP7 ratio > 2.0 3.9
Okamoto et al. (2014) [44] 229 FISH MET/CEP7 ratio > 2.2 3.9
Cappuzzo et al. (2009) [45] 447 FISH MET/CEP7 ratio > 2.0 41
Onitsuka et al. (2010) [32] 183 PCR based GCN > 1.31 4.4
Okuda et al. (2008) [31] 213 PCR based GCN >3 5.6
GCN > mean + 28D of 30
Beau-Faller et al. (2008) [35] 106 PCR based 20.8

normal lung DNA samples

FISH, fluorescence in situ hybridization; PCR, polymerase chain reaction; GCN, gene copy number;

CEP7, centromeric portion of chromosome 7.

Table 2. Prevalence of MET amplification and increased MET gene copy number (GCN) in

gastric cancer.

Study Number of Patients Technique Classification Positivity (%)
Janjigian et al. (2011) [29] 38 FISH MET/CEP7 ratio > 2.0 0
Kawakami et al. (2013) [46] 266 FISH MET/CEP7 ratio > 2.2 1.5
Lennerz et al. (2011) [28] 267 (junctional and gastric) FISH MET/CEP7 ratio >2.2 2.2
Hara ef al. (1998) [20] 154 FISH NA 3.9
Liu et al. (2014) [47] 196 FISH MET/CEP7 ratio > 2.0 6.1
Graziano et al. (2011) [40] 216 PCR based GCN =5 9.7
. Ratio > 2
Tsugawa et al. (1998) [21] 70 Slot blot analysis . 10.0
(relative to normal mucosa)
. Southern blot Ratio > 2
Nakajima et al. (1999) [19] 128 . . 10.2
analysis (relative to normal mucosa)
Lee et al. (2011) [39] 472 PCR based GCN2>4 21.2
Shi et al. (2012) [48] 128 PCR based GCN >4 30.5

FISH, fluorescence in situ hybridization, PCR, polymerase chain reaction; GCN, gene copy number;

CEP7, centromeric portion of chromosome 7; NA, not available.
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On the other hand, FISH analysis is a semiquantitative method that can be performed with two probes
for determination of the number of signals both for a target gene and for the centromeric portion of the
corresponding chromosome. Given that the number of centromeric signals directly indicates the copy
number of the chromosome, FISH analysis reveals the copy number increase for the target gene from the
ratio of the copy number of the gene to that of the chromosome (Figure 1). Comparative genomic
hybridization (CGH) is another molecular cytogenetic approach to the identification of gene amplification.
CGH analyzes copy number variation for whole chromosomes or subchromosomal regions relative to
ploidy level in the DNA of a test sample in comparison with a reference sample [49]. Although CGH has
proved to be an efficient and reproducible technique, it remains relatively expensive to perform and
requires a well-equipped laboratory and a high level of operator expertise.

Figure 1. (A) Schematic comparison of gene amplification and polysomy. The ratio of the
copy number for the target gene to that for the centromeric portion of the chromosome
distinguishes an increased copy number of the target gene attributable to gene amplification
from that resulting from extra copies of the chromosome (polysomy). (B) FISH analysis of
a gastric cancer cell line (HSC58) positive for MET amplification. The image shows a
single cancer cell, with green and red signals corresponding to CEP7 (CEN7p) and the
MET locus, respectively.

Centromeric portion

Target gene

polysomy amplification
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FISH is thus currently the gold standard for detection of gene amplification. According to the recent
ASCO/CAP guidelines for HER2 testing, gene amplification is defined as positive with a target
gene/centromere ratio of >2.2, negative with a ratio of <1.8, and equivocal with a ratio between 1.8 and
2.2 [50]. Importantly, polysomy, which is mechanistically distinct from gene amplification, is mostly
associated with a ratio in the equivocal range [51].

With the strict definition of MET amplification as a MET/CEP7 (centromeric region of chromosome 7)
ratio of >2.2 as determined by FISH analysis, we identified nine out of 229 patients with advanced
NSCLC (3.9%) as being positive for MET amplification [44]. We also found that four out of 266
gastric cancer patients (1.5%) were positive for MET amplification as determined with a combination of
PCR-based screening and FISH confirmation [46]. These results suggest that MET amplification identifies a
small but clinically important subgroup of cancer patients who are likely to respond to MET-TKIs.

4. Clinical Response to Crizotinib in MET Amplification—Positive Cancer Patients

To date, at least 17 MET-TKIs with kinase selectivity profiles ranging from highly selective to
multitargeted have been or are currently being subjected to clinical evaluation [52]. Although several
agents including cabozantinib [53] and foretinib [54] have made good progress, they are multitargeted
MET-TKlIs, and so little is known of the relation between their efficacy and MET amplification.
In NSCLC, MET amplification is one of the mechanisms responsible for the development of resistance
to EGFR-TKIs, with dual inhibition of EGFR and MET having been shown to induce apoptosis in such
resistant cells [55]. Combination treatment with an EGFR-TKI and tivantinib, a selective MET-TKI with
microtubule-disrupting activity similar to that of vincristine [56], has been evaluated in clinical trials,
but the efficacy of this approach remains unclear. Among the MET-TKIs examined, however, crizotinib
has consistently shown efficacy in patients with cancer positive for MET amplification.

Preliminary reports of the clinical response of patients with MET amplification-positive cancer to
crizotinib have come from an enriched molecular cohort of individuals with advanced cancer in a phase |
trial of this drug (A8081001, ClinicalTrials.gov identifier NCT00585195). This cohort includes patients
with various tumor types harboring specific genetic alterations of MET or ALK, including MET
amplification defined as a MET/CEP7 ratio of >2.2 (but not polysomy 7, kinase domain-activating
mutations of MET, or other chromosomal translocations leading to altered transcriptional regulation of
MET) as well as ALK chromosomal translocation or gene amplification. A patient with stage IV lung
adenocarcinoma that was negative for ALK rearrangement but positive for high-level MET amplification
(MET/CEPY7 ratio of >5.0) started treatment with crizotinib at a dose of 250 mg twice a day [57]. The
patient achieved a maximum reduction in aggregate tumor measurement of 54.8% after 4 months of such
therapy and thereafter continued the study treatment showing a partial response. A patient with MET
amplification-positive glioblastoma was also treated with crizotinib at 250 mg twice a day [58]. After
2 months of treatment, the first scheduled cranial magnetic resonance imaging (MRI) scan revealed a
40% reduction in tumor size, and after 4 months a restaging cranial MRI examination confirmed this
effect to be stable. Administration of crizotinib was continued for a total of 6 months, until the patient
manifested disease progression. '

Another study revealed a pronounced clinical response to crizotinib in two of four patients with
gastric cancer positive for MET amplification (MET/CEP7 ratio of >2.2) [28]. After 1 week of crizotinib
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