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ABSTRACT: Despite advances in precision medicine ap-
proaches over the past decade, the majority of nonsmall cell
lung cancers (NSCLCs) are refractory to treatment with
targeted small molecule inhibitors. Previous work has
identified mutations in the Discoidin Domain Receptor 2
(DDR2) kinase as potential therapeutic targets in NSCLCs.
While DDR2 is potently targeted by several multitargeted
kinase inhibitors, most notably dasatinib, toxicity has limited
the clinical application of anti-DDR2 therapy. Here, we have
characterized compound 1 and other tool compounds
demonstrating selectivity for DDR2 and show that while
these compounds inhibit DDR2 in lung cancer model systems,
they display limited antiproliferative activity in DDR2 mutated cell lines as compared to dual DDR2/SRC inhibitors. We show
that DDR2 and SRC are binding partners, that SRC activity is tied to DDR2 activation, and that dual inhibition of both DDR2
and SRC leads to enhanced suppression of DDR2 mutated lung cancer cell lines. These results support the further evaluation of
dual SRC/DDR2 targeting in NSCLC, and we report a tool compound, compound 5, which potently inhibits both SRC and
DDR2 with a distinct selectivity profile as compared to dasatinib.

Lung cancer is the leading cause of cancer-related mortality
in the United States with approximately 160 000 deaths

per year.1 The most common type of lung cancer, nonsmall cell
lung cancer (NSCLC), accounts for 85% of cases carrying a
poor prognosis.2 The majority of patients present with locally
advanced or metastatic disease and require treatment with
systemic therapies.
For patients with lung adenocarcinoma, the most common

subtype of NSCLC, the discovery of oncogenic drivers and
effective targeted therapeutics have resulted in significant
survival improvements in certain patient subsets, notably
those carrying alterations in EGFR3−5 and ALK.6,7 Compared
to standard treatment with platinum-based chemotherapy,
these targeted therapies are both more efficacious and less toxic
in selected populations and have led to a paradigm shift in the
management of lung adenocarcinoma.2 In contrast, for patients
with lung squamous cell carcinoma (lung SqCC), the second
most common subtype of NSCLC, targeted therapies
developed for lung adenocarcinoma are not very effective,
and standard chemotherapy remains the standard of care given
the lack of overlapping targetable genomic alterations with lung
adenocarcinoma.8,9

Recently, genomic profiling studies of SqCC have been
completed and have identified a number of new potential
therapeutic targets for this disease. Notably, lung SqCCs do not
harbor at appreciable frequencies the genomic alterations
associated with response to targeted therapies in patients with
lung adenocarcinoma.10 In lung SqCC, preclinical data have
described amplification, mutations, and translocations of
Fibroblast Growth Factor Receptors (FGFRs),11−15 copy
number increases and/or mutations in PIK3CA,16 Discoidin
Domain Receptor Tyrosine kinase 2 (DDR2) mutations,10,17

and kinase-inactivating BRAF mutations18,19 as potential
therapeutic targets. FGFR alterations and DDR2 mutation
have been associated with the response to targeted agents in
both preclinical models and in early phase clinical trials, and
several selective inhibitors of FGFR kinases are moving forward
clinically.20,21

DDR2 is a receptor tyrosine kinase which was found to be
mutated in approximately 4% of patients with lung SqCC in
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studies utilizing both Sanger sequencing and next-generation
sequencing approaches.10,17 DDR2 mutations have also been
reported in lung adenocarcinoma, gastric cancer, breast cancer,
and brain cancers.22−24 DDR2 is a receptor for extracellular
collagens, and previous work has shown that DDR2, following
collagen binding, activates a complex signaling network
involving SHP-2 as well as SRC and MAP kinases.25−27

DDR2 regulates epithelial-mesenchymal transitions (EMT),
and a subset of mutations in DDR2 are oncogenic in cellular
model systems.17,26,28,29

DDR2 is potently targeted by FDA-approved multitargeted
kinase inhibitors including dasatinib, imatinib, nilotinib, and
ponatinib, and these agents suppress the proliferation of DDR2
mutated cancer cell lines.30−32 Dasatinib, the most potent of
these inhibitors, has been studied in multiple lung cancer
clinical trials, including studies focused on subjects with DDR2
mutations.33,34 While two responses to dasatinib have been
reported in patients with the DDR2 S768R mutation, the highly
multitargeted nature of dasatinib and its associated toxicity have
limited its clinical development in lung cancer.17,33

Given the paucity of effective targeted therapeutics for
patients with lung SqCC with DDR2 mutations,22 we sought to
develop potent and selective inhibitors of DDR2 that could be
used to pharmacologically address the impact of inhibiting the
kinase activity of DDR2. We previously generated and
characterized selective DDR1 inhibitors; however, these
compounds did not display appreciable activity against
DDR2.31 Novel potent DDR2 inhibitors have been reported
by others,32 but these compounds have not been explored in
cellular models, nor do they exhibit the same degree of
selectivity for DDR2 as compared to selective DDR1 inhibitors.

We report here the characterization of compound 1, a
molecule previously characterized for its ability to inhibit
Ephrin-family kinases,35 as a potent inhibitor of DDR2. In
addition, we also characterize additional potent DDR2
inhibitors 2,36 3, and 4. We show that these DDR2 inhibitors
decrease DDR2 kinase activity in vitro and in cellular systems
with comparable potency and with a greater degree of
specificity as compared to previously characterized DDR2
inhibitors. Using these compounds, we show that DDR2
activation is intimately linked to SRC function, that SRC
phosphorylates DDR2 in a complex, and that SRC activity is
dominant to DDR2 in maintaining the survival of DDR2
mutated cancer cell lines. Further, we show that either selective
SRC or DDR2 inhibition is potentiated by inhibition of the
other kinase, suggesting a coordinated role of SRC and DDR2
in mediating the survival of cells with DDR2 mutations.
Additionally, we present a dual SRC/DDR2 inhibitor,
compound 5, which suppresses DDR2 mutated lung cancer
models. Our results indicate that selective inhibition of DDR2
will likely not be a successful sole therapeutic strategy to target
tumors with DDR2 mutations in contrast to dual SRC/DDR2
inhibition.

■ RESULTS AND DISCUSSION

Development of a Selective Inhibitor of the Discoidin
Domain Receptor 2 Kinase. To identify novel and potent
DDR2 inhibitors, we screened a previously generated “type-II”
kinase inhibitor library that was designed to conform to a type
II inhibitor pharmacophore model.37,38 We constructed a
library of inhibitors based on the well-established pharmaco-
phore of type II kinase inhibitors and performed kinome-wide
selectivity profiling in an effort to identify new inhibitors and

Figure 1. Characterization of compound 1, a selective DDR2 inhibitor. (A) Structure of the DDR2 inhibitor compound 1. (B) KinomeScan kinase
selectivity profiles for 1. Compound 1 was profiled at a concentration of 1 μM against a diverse panel of 353 kinases by DiscoverX. (C) Top hits of
compound 1 against 353 kinases. Shown here are the subset of kinases that exhibited a score of 10 or below (score is percent relative to DMSO
control, smaller numbers indicate stronger binding). Biochemical kinase IC50’s (performed at ATP concentrations equal to the apparent Km) were
determined for some kinase targets using enzymatic assays and are reported in nanomolar concentrations.
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the kinases that might be susceptible to inhibition by type II
inhibitors. A library of approximately 100 potential type II
inhibitors was screened against a panel of over 350 kinases
using the KinomeScanTM approach. The structure of 1
presents a typical pharmacophore for type-II kinase inhibitors:
5-substituted nicotinamide as a “head” motif which interacts
with the hinge region with hydrogen bonds, a 1,3,5-substituted
phenyl ring as a “linker” motif which is often vertical to the
“head” and traverses the area proximal to the gatekeeper
residue of kinases, and 3-substituted (trifluoromethyl)benzene
as the “tail” motif that occupies the hydrophobic pocket around
the “DFG” motif of kinases and prevents the “DFG-in”
conformation which is favorable for activated kinases (Figure
1A). As one of our type-II inhibitors, compound 1 was screened
against a panel of over 350 kinases (KinomeScan, Discov-
erX);39,40 the results suggested a small number of kinases were
potential hits, and DDR2 was the top hit among them (Figure
1C). Compound 1 exhibits a S(1) score of 0.02, which
compares favorably to other selective inhibitors.41 As the
KinomeScan assays measure binding, we also performed
enzymatic assays for potential targets (SelectScreen, Life
Technologies),42 which demonstrated that compound 1
exhibited potent inhibition of DDR1/2 with two-digit nano-
molar IC50s, whereas it showed micromolar IC50’s against most
other kinases (Figure 1). With its excellent overall kinase
selectivity and apparent potency for DDR2, we further
characterized the inhibition of DDR2 signaling and related
proliferation by compound 1 in a cellular context.
Compound 1 Decreases DDR2 Phosphorylation but

Has Little Effect on the Proliferation of DDR2 Mutated
Cancer Cell Lines. To investigate the biochemical and cellular

potency of compound 1, we first utilized HEK293T (293T)
cells transfected with wild type DDR2. This cell type does not
display detectable endogenous DDR2 protein levels by
immunoblot. After overnight treatment with dasatinib or
DMSO, immunoprecipitation of cell lysates was performed
using a polyclonal anti-DDR2 antibody, followed by Western
blotting with anti-DDR2 or antiphosphotyrosine (4G10) to
measure DDR2 phosphorylation status. We observed that
compound 1 decreased p-DDR2 in a dose-dependent fashion
similar to dasatinib but with less potency (Figure 2A). Given
that we had previously observed an antiproliferative effect of
dasatinib in two lung cancer cell lines with DDR2 mutations,
NCI-H2286 and HCC-366, we treated these cell lines with
compound 1 to assess whether this compound might display a
similar phenotype. Unexpectedly, compound 1 displayed very
modest potency as compared to dasatinib in these cell lines in
cell proliferation assays (Figure 2B).
Prior work has shown that SRC phosphorylates DDR2,

which, in turn, drives DDR2 autophosphorylation, and that
overexpression of SRC increases DDR2 kinase activity.43 SRC
family kinases (SFKs) are potently inhibited by dasatinib, and
we reasoned that dasatinib might result in more complete
inhibition of DDR2-dependent signaling as compared to
compound 1 given that it targets both DDR2 and SRC family
kinases. To confirm that dasatinib but not compound 1 could
inhibit SFK phosphorylation, we treated NCI-H2286 and
HCC-366 with either drug and observed a robust decrease in p-
SFK with dasatinib but not compound 1 (Figure 2C),
consistent with the in vitro kinase profiles of these drugs.

Characterization of Additional Selective DDR2 Inhib-
itors. Given the unexpected result that compound 1 led to a

Figure 2. Comparative analysis of compound 1 and dasatinib. (A) DDR2 was transiently expressed in 293T cells by the pCMV6 expression vector.
Cells were treated with depicted concentrations of compound 1 or dasatinib. Cell lysates were immunoprecipitated with anti-DDR2, followed by
Western blotting with anti-DDR2 or antiphosphotyrosine. (B) Proliferation of NCI-H2286 and HCC-366 grown for 5 days in the presence of
compound 1 or dasatinib. Graph shows mean ± SD from a single experiment representative of three independent experiments with three replicates
per treatment per experiment. (C) Effects of dasatinib and compound 1 treatment on p-SFK levels in NCI-H2286 and HCC-366. Cells were treated
for 3 h with 0.5 μM of each drug.
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decrease in p-DDR2 with very little associated antiproliferative
activity in DDR2 mutated lung cancer cells, we characterized
three additional selective DDR2 inhibitors, compounds 2,36 3,
and 4, to determine whether the phenotypes observed with
compound 1 would be observed with other selective DDR2
inhibitors (Figure 3A, Supporting Information Figure 1 and
Table 1). Compounds 3 and 4 were developed in an effort to
identify an analog with improved kinome selectivity and mouse
microsomal stability to enable eventual use in vivo. Compounds
3 and 4 were also designed to display orthogonal off targets as
compared to compound 1. These inhibitors with distinctive
hinge binders or DFG-pocket-occupying tails displayed potency
against DDR2, whereas they were weak or inactive against SRC
in biochemical assays (Figure 3B).44,45 Similar to compound 1,
compounds 2, 3, and 4 displayed very modest potency against
DDR2 mutated cell lines (Figure 3B). In contrast to this, two
dual DDR2/SRC inhibitors, compounds 5 and 6,35 were more
potent in suppressing DDR2 mutated cell lines (Figure 3B).
Compound 5 was generated in an attempt to improve the
selectivity profile of 6 while retaining potent DDR2 and SRC
inhibitory activity (Supporting Information Figure 1 and Table
1).
To assess whether these inhibitors might display differential

activity against WT versus mutated DDR2, we generated 293T
cells expressing DDR2 L239R or DDR2 I638F, the DDR2
mutations found in HCC-366 and NCI-H2286, respectively.
We observed that compounds 1 and 5 decreased p-DDR2 with
similar potency with mutated DDR2 as compared to wild-type
DDR2 (Supporting Information Figure 2).
Combination Therapy with Selective DDR2 Inhibitors

and Saracatinib Displays Additive Effects on DDR2
Kinase Activity and Cell Viability of DDR2 Mutated Cells.
From these results, we hypothesized that SFK activity and
DDR2 activity might coordinately drive proliferation of DDR2

mutated cancer cell lines. To investigate the relationship
between SFKs and DDR2 in more detail, we first tested a
selective SFK inhibitor, saracatinib, in 293T cells expressing
wild-type DDR2. Saracatinib inhibits SRC and other SFKs with
low nanomolar potency and displays an IC50 for DDR2 of 291
nM.17 Immunoprecipitation/Western blotting showed that
compound 1 decreased p-DDR2, and this was further decreased
upon the addition of saracatinib (Figure 4A), consistent with
prior work placing SRC upstream of DDR2 and catalyzing
DDR2 autophosphorylation.43 The observed incomplete
inhibition of phosphorylation also suggests that DDR2 is
phosphorylated by other upstream kinases. We next treated
DDR2 mutated cancer cell lines with saracatinib and observed a
greater inhibition of cell proliferation as compared to
compound 1 in viability assays (Figure 4B). This effect was
dominant to inhibition of DDR2, as the addition of compound
1 to saracatinib did not display a synergistic effect, but rather an
additive effect, on cell viability.
To confirm these results with chemically distinct DDR2

inhibitors, we also probed compounds 2, 3, and 4, agents which
similarly displayed very modest antiproliferative potency as
single agents against DDR2 mutated cell lines but did lead to a
comparable decrease of p-DDR2 in treated cells (Supporting
Information Figures 3A and 3B). Similar to compound 1,
compounds 2, 3, and 4 did not inhibit SFK activity (Supporting
Information Figure 4) but did inhibit p-DDR2 (Supporting
Information Figure 3B). Inhibition of p-DDR2 was increased
by cotreatment with saracatinib (Supporting Information
Figure 3B). This contrasted with dasatinib, and compounds 5
and 6, all of which displayed potent inhibition of both SFK
(Supporting Information Figure 4) and DDR2 phosphorylation
(Supporting Information Figure 5B) as well as suppression of
the DDR2 mutated cell lines NCI-H2286 and HCC-366
(Supporting Information Figure 5A).

Figure 3. Development and characterization of additional DDR2 inhibitors. (A) Structures of DDR2 inhibitors 2, 3, 4, 5, and 6. (B) Enzymatic
activities against DDR2 and SRC kinases and antiproliferative activity of DDR2 inhibitors against DDR2-mutated lung cancer cell lines.
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To further examine the role of SRC in DDR2 activity, we
used 293T cells cotransfected with SRC and DDR2. We
observed that SRC and DDR2 form a complex that can be
immunoprecipitated (Figure 4C and D) and that saracatinib
decreases both p-SRC and p-DDR2 in this complex in a dose-
dependent fashion (Figure 4C). In this experiment, immuno-
bloting for SRC after immunoprecipitation with a DDR2
antibody indicated that SRC and DDR2 could form a complex
and that the SFK activity in this complex was likely SRC itself.
Interestingly, we observed an increase in total SRC with
saracatinib treatment, perhaps representing a feedback
mechanism in response to the antiproliferative effects of
saracatinib.
To examine whether SRC activity directly contributes to

dasatinib-sensitive DDR2 phosphorylation, we used 293T cells
transfected with a SRC or DDR2 transgene with a mutation in
the gatekeeper (GK) residue (T341 M or T654I), respectively.
Immunoprecipitation followed by immunoblotting showed that
DDR2 or SRC GK mutants blocked the effects of dasatinib on
p-DDR2 to a substantial degree (Figure 4D). In this
experiment, we also observed an increase of total SRC in
immunoblotting after immunoprecipitation with dasatinib
treatment similar to what was observed with saracatinib in
Figure 4C.

DDR2 Mutant Cell Lines Are Rescued from Dasatinib
Suppression by SRC Gatekeeper Mutation. To confirm
the effect of SRC on DDR2 phosphorylation, we performed
Western blotting for phosphotyrosine after immunoprecipita-
tion with an anti-DDR2 antibody in 293T cells treated with
dasatinib. In this experiment, 293T cells were transfected with
SRC WT or SRC GK. We observed that the phosphorylation of
SRC bound to DDR2 was maintained after dasatinib treatment
in 293T cells with expression of the SRC GK mutation (Figure
5A). We also observed that SRC GK could partially rescue p-
DDR2, consistent with the results in Figure 3 (Figure 5A). To
elucidate whether SRC activity was a relevant target of dasatinib
in DDR2 mutated cancer cell lines, we introduced the SRC
transgene with gatekeeper mutations into NCI-H2286, HCC-
366, and A549 cells. Cell proliferation assays showed that
DDR2 mutated cell lines (NCI-H2286 and HCC-366) were
rescued from dasatinib induced cell death by SRC GK mutation
to a degree comparable to what we previously observed with
DDR2 GK mutation.17 We also observed the expected lack of
activity of saracatinib in NCI-H2286 and HCC-366 with
expression of the SRC GK mutation (Supporting Information
Figure 6). We observed no effect on viability in the non-DDR2
mutated A549 cells expressing the SRC GK mutation when

Figure 4. SFK inhibition decreasing DDR2 phosphorylation and suppressing DDR2 mutated cancer cell lines. (A) DDR2 was ectopically expressed
in 293T cells, and phosphorylation was measured by Western blotting with antiphosphotyrosine (4G10) after immunoprecipitation with an anti-
DDR2 antibody. Cells were treated with the indicated concentration of 1 in combination with or without 1 μM of saracatinib. (B) Proliferation of
NCI-H2286 and HCC-366 cells grown for 5 days in the presence of compound 1 in combination with DMSO or 1 μM of saracatinib or in the
presence of different concentrations of saracatinib with DMSO. Graph shows mean ± SD from a single experiment representative of three
independent experiments with three replicates per treatment per experiment. (C) DDR2 WT or SRC WT was ectopically expressed in 293T cells.
Cells were treated with saracatinib. Receptor phosphorylation was measured by Western blotting with antiphosphotyrosine after
immunoprecipitation with an anti-DDR2 antibody. Western blotting for anti-DDR2, anti-t-SRC, anti-p-SFK, and antiactin was performed with
the same lysate. (D) DDR2 WT, DDR2 GK, SRC WT, or SRC GK was ectopically expressed in 293T cells. Cells were treated with a vehicle or
dasatinib. Western blotting with antiphosphotyrosine, anti-DDR2, or total SRC was performed after immunoprecipitation with an anti-DDR2
antibody.
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treated with dasatinib, though the intrinsic sensitivity to
dasatinib in this line was modest (Figure 5B).
Inhibition of SRC or DDR2 Increases the Sensitivity of

DDR2 Mutated Cell Lines to Selective DDR2 Inhibition
or Selective SRC Inhibition. To determine if decreased
expression of SRC or DDR2 themselves, but not simply
decreased kinase activity, might affect the sensitivity of DDR2
mutated cell lines to a selective DDR2 inhibitor or selective
SFK inhibitor respectively, we performed RNAi knock down
experiments. At first, we used a previously described shRNA for
DDR2 and confirmed that this shRNA potently knocked down
DDR2 protein levels and strongly inhibited cell viability in
NCI-H2286 and HCC-366 (Supporting Information Figure
7A−C). Western blotting also showed that expression of this
shRNA was associated with p-SRC depletion, suggesting a
scaffold effect of DDR2 on SRC. The potency of this shRNA
was so great that experiments assessing the additional benefit of
selective SFK inhibition were challenging to interpret.
To overcome this limitation, we used siRNAs targeting

DDR2. We identified two independent siRNAs which
decreased both DDR2 mRNA and protein, though to a degree
less than what we observed with the shRNA used above
(Supporting Information Figure 8A,B). siRNA depletion of
DDR2 itself had little effect on cell growth, similar to what was
observed with compound 1 and treatment with other selective
DDR2 inhibitors. However, it increased the potency of selective
SFK inhibition on DDR2 mutated cell lines (Supporting
Information Figure 8C). Similarly, two independent siRNAs
strongly depleted SRC mRNA and protein and decreased
proliferation of NCI-H2286 and HCC-366 cells to a degree
comparable to saracatinib treatment. The addition of
compound 1 to SRC siRNA also led to more killing
(Supporting Information Figure 8D). These results suggested
that the kinase activity of SRC was dominant as compared to
the kinase activity of DDR2 and also suggested a role for DDR2
itself in regulating SRC activity. Consistent with this, we

observed that overexpression of DDR2, WT, or kinase dead
(KD) in DDR2 mutated cells increased p-SRC levels
(Supporting Information Figure 9).

Discussion. Here, we have presented biochemical and
cellular characterization of DDR2 inhibitors (compounds 1−4)
with improved potency and selectivity profiles as compared to
currently available DDR2 inhibitors. These compounds inhibit
p-DDR2 in a dose-dependent manner but have very modest
potency as a single agent in DDR2 mutated lung cancer cells.
Among them, compounds 1 and 3 are most potent and
selective against DDR2 (Figure 1, 3), and they have the
potential to serve as tools to interrogate the biological functions
of DDR2 kinase activity in cellular assays. Compound 3
additionally displayed murine microsomal stability with a T1/2

of 21 min, whereas compound 1 was less stable with a T1/2 of
3.3 min, suggesting that it may be the most promising of these
tool compounds for in vivo studies if its pharmacokinetic
properties are acceptable.
We have observed that combination therapy with selective

DDR2 inhibitors and the selective SFK inhibitor saracatinib
demonstrates additive effects on DDR2 kinase activity and cell
viability of DDR2 mutated cancer cells with the effects on SRC
dominant to those on DDR2. Further, we have shown that
inhibition of SRC or DDR2 increases the sensitivity of DDR2
mutated cell lines to selective DDR2 inhibition or selective
SRC inhibition, respectively, suggesting a coordinated role of
SRC and DDR2 in maintaining proliferation of DDR2 mutated
lung cancer cell lines and present a dual SRC/DDR2 inhibitor,
compound 5.
Small molecules targeting tumor specific genomic alterations

in cancer can be not only more effective but also less toxic than
cytotoxic chemotherapy. However, many targeted agents also
display unique toxicities which limit their clinical application
despite their efficacy.46 While some of the toxicities associated
with targeted agents are due to inhibition of their intended
target, such as rash and diarrhea with EGFR inhibitors, some

Figure 5. DDR2 mutated cell lines rescued from dasatinib by SRC gatekeeper mutation. (A) Western blotting for phosphotyrosine was performed
after immunoprecipitation with a DDR2 antibody. 293T cells were transfected with DDR2 and/or SRC with GK mutations and treated with
dasatinib. (B) Cell proliferation assay performed with cells expressing ectopic SRC GK mutation as compared to parental cell lines. Graph shows
mean ± SD from a single experiment representative of three independent experiments with three replicates per treatment per experiment.
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toxicities can be limited by increasing the selectivity of targeted
agents to avoid off-target toxicities.
Given that the kinase inhibitors reported to potently target

DDR2, such as dasatinib, are known to inhibit a number of
kinases with low nanomolar potency, we reasoned that a
selective DDR2 inhibitor might retain the antitumor efficacy of
dasatinib and reduce the toxicity associated with this agent,
especially if the toxicities associated with dasatinib therapy were
due to inhibition of targets other than DDR2. However, the
data we report here do not suggest that selective DDR2
inhibition will be a fruitful therapeutic strategy and instead
indicate that dual SRC/DDR2 inhibition is superior to
inhibiting either kinase alone in DDR2 mutated lung cancer
cell lines. In this way, these studies are similar to several
recently reported cancer models in which combinations of SRC
inhibitors and other selective kinase inhibitors appear superior
to the use of the kinase inhibitor alone. Combined treatment
with RAF inhibitors and SRC inhibitors has been shown to be
superior to the use of selective RAF inhibitors in BRAFV600E

positive thyroid cancer cells.47 Combinations of saracatinib and
the MEK inhibitor selumetinib have also been reported to more
effectively suppress the growth and invasion of melanoma cells
as compared to either agent alone.48 Further, off-target effects
of BTK inhibitors on SRC family kinases also appear to be
important for the efficacy of this class of drugs.49,50 We feel that
these studies, in combination with our data, suggest that there
are likely to be many cancer contexts in which SRC family
kinase inhibitors can potentiate the effects of selective kinase
inhibitors or in which the use of less selective kinase inhibitors
may be advantageous either for initial efficacy or to suppress
adaptive resistance mechanisms.
Our data suggest that dual targeting of SRC and DDR2 may

be more effective than selective inhibition of either kinase alone
in DDR2 mutated lung cancer models and indicates that a
combination of these two activities may be sufficient to target
DDR2 mutated tumors. Such an approach could be better
tolerated than the use of dasatinib and warrants further
investigation with the compounds described here (e.g.,
compound 5) or with other selective DDR2 and SRC
inhibitors. Given that some lung cancer patients with DDR2
mutations appear to benefit from dasatinib therapy, identifying
treatment regimens which maintain efficacy but spare as much
toxicity as possible will be important to develop and explore in
appropriate models moving forward.

■ METHODS
Enzymatic Assays. The enzymatic activities DDR2 were tested in

LanthaScreen binding assays, the activities against SRC were tested in
Z′-Lyte assays with ATP concentrations of Km (50 μM). All the
protocols are available from Life Technologies. Z′-Lyte assays: http://
www.lifetechnologies.com/content/dam/LifeTech/migration/files/
d r u g - d i s c o v e r y / p d f s . p a r . 6 0 2 5 6 . fi l e . d a t /
20130430%20ssbk%20customer%20protocol%20and%20assay%20con
ditions.pdf. TTK assay: http://tools.lifetechnologies.com/content/sfs/
manuals/TTK_LanthaScreen_Binding.pdf
Cell Culture and Proliferation Assays. Lung cancer cell lines

(NCI-H2286, HCC-366, and A549) were obtained from the ATCC
and maintained in RPMI 1640 (Life Technologies) plus 10% fetal calf
serum (Gibco). Cell proliferation was measured with the Cell-Titer-
Glo reagent (Promega) per the manufacturer’s instructions. Cells were
plated in clear-bottomed 96-well plates at a density of 1500 cells per
well. The drug was added the following day, and cell proliferation was
measured 5 days later using a standard 96-well plate luminometer.
Relative proliferation at a given drug concentration was determined by
comparing the luminescence at the concentration to that of DMSO

treated cells of the same cell type. The IC50 was defined as the drug
concentration that induced 50% cell viability in comparison with
DMSO control, which was calculated by nonlinear regression analysis
(Prism, GraphPad 6.0). Eight different doses of drug were added for
calculating IC50’s. All experiments were performed in triplicate
independent assays.

Vectors. DDR2 retroviral expression vectors (p-Wzl-Blast-DDR2
wild-type (WT), p-Wzl-Blast-DDR2 T654I (gatekeeper mutant), p-
Wzl-Blast-DDR2 K608E (kinase dead mutant), p-Wzl-Blast-DDR2
L239R, and p-Wzl-Blast-DDR2 I638F) were described previously.17

pCMV6-DDR2 was obtained from Origene. For SRC lentiviral
expression vectors, wild-type pDONR223-SRC was obtained from
Addgene. pDONR223-SRC T341M (gatekeeper mutant) was made by
site-directed mutagenesis using a QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies). pLX301-SRC WT and
PLX301-SRC T341M lentiviral vectors were made from
pDONR223-SRC WT and pDONR223−SRC T341M, respectively,
by performing LR clonase reactions with the pLX301 destination
vector (Life Technologies).

Reagents. Compounds 1, 2, and 6 were synthesized as previously
described,35,36 and the structures and synthetic procedures of
compounds 3, 4, and 5 are available in the Supporting Information.
Dasatinib was obtained from LC laboratories. Saracatinib was
purchased from Selleckchem.com.

Immunoprecipitation and Immunoblotting. Cellular lysates
were prepared using RIPA buffer supplemented with protease and
phosphatase inhibitors. The concentration of lysates was determined
by Bradford assay (Bio-Rad). Immunoblotting was performed using
the Nupage system (Life Technologies) with 100 μg of lysate. The
primary antibodies used were DDR2 (Bethyl Laboratories), p-TYR
clone 4G10 (Millipore), t-Src (Cell Signaling Technologies), p-Src
family kinase (Tyr416; Cell Signaling Technologies), β-actin (Cell
Signaling Technologies), and vinculin (Sigma). Immunoprecipitation
was performed by incubating 1 mg of lysate with 5 μL of antibody for
1 h at 4 °C with shaking. Fifty microliters of protein A magnetic beads
(Milipore) was then added, followed by a 2 h incubation at 4 °C with
shaking. The beads were washed three times with RIPA buffer and
resuspended in SDS sample buffer (Boston BioProducts). Immuno-
blotting was then performed using the Nupage system (Life
Technologies).

Quantitative RT-PCR. Total cellular RNA was prepared from the
cells by using an RNeasy Mini Kit (Qiagen), and 1.0 μg of the RNA
was then reverse transcribed to cDNA using the High Capacity RNA
to c-DNA kit (Life Technologies). For quantitative RT-PCR analysis,
we used an ABI Prism 7300 Sequence Detection System (Life
Technologies). Human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used for normalization of input cDNA.

siRNA for DDR2 and SRC. NCI-H2286 and HCC-366 cell lines
were transfected with DDR2 siRNA, SRC siRNA, or negative control
siRNA (DDR2; #s9761 for DDR2 siRNA #1 and #s9762 for DDR2
siRNA #2, SRC; #s13413 for SRC siRNA #1 and #s13414 for SRC
siRNA #2, control; silencer select negative control #2 for control
siRNA). For Western-blotting, NCI-H2286 was transfected with a final
concentration of 20 nM DDR2 siRNA or control siRNA; for the other
experiments, cells were transfected with a final concentration of 5 nM
DDR2 siRNA, SRC siRNA, or control siRNA. These concentrations
were determined based on titration experiments to identify the lowest
siRNA concentrations providing measurable target knock-down.
Silencer select and negative control silencer select (Ambion) were
used according to the manufacturer’s instructions. For transfection,
Lipofectamine 2000 (Life Technologies) was used according to the
manufacturer’s protocol. Knockdown of DDR2 and SRC expression
was confirmed using quantitative reverse transcription-PCR and
Western-blotting. For the viability assays, cells were seeded in 96-
well plates at 1500 cells per well; the following day, cells were
transfected with DDR2 siRNA #1−2, SRC siRNA #1−2, or control
siRNA.

After 24 h of incubation, cells were treated with five different doses
of compound 1 or saracatinib for an additional 96 h. Cell proliferation
was measured using a standard 96-well plate luminometer. Relative
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proliferation at a given drug concentration was determined by
comparing the luminescence of DMSO treated to siRNA transfected
cells. All experiments were performed as independent triplicates.
shRNA for DDR2. shRNA vectors targeting DDR2 were originally

obtained from the RNAi Consortium (TRCN0000121117) at the
Broad Institute. The use of this vector was described previously.17

Briefly, lentiviral infections were performed with 293T cells transfected
with the combination of 1 μg of pLKO plasmid, 100 ng of VSVG, and
900 ng of delta 8.9. Virus was collected and used to infect the lung
cancer cell lines in the presence of Polybrene. Stable cell lines were
generated using puromycin selection at a concentration of 2 μg/mL
for NCI-H2286 and 4 μg/mL for HCC-366.
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