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Background: Focal adhesion kinase (FAK) is overexpressed in many types of tumours, including lung cancer. Y15, a small
molecule which inhibits Y397 FAK autophosphorylation, decreases growth of human neuroblastoma, breast and pancreatic
cancers. In this study, we investigated the in vitro and in vivo effects of Y15, and the underlying mechanism on non-small cell lung
cancer cells.

Methods: The cytotoxic effects of Y15 targeting FAK signalling were evaluated. Gene-knockdown experiments were performed to
determine the anti-cancer mechanism. Xenografts with RAS or EGFR mutations were selected for in vivo Y15 treatment.

Results: Y15 blocked autophosphorylation of FAK in a time- and dose-dependent manner. It caused dose-dependent decrease of
lung cancer cell viability and clonogenicity. Y15 inhibited tumour growth of RAS-mutant (A549 with KRAS mutation and H1299 with
NRAS mutation), as well as epidermal growth factor receptor (EGFR) mutant (H1650 and H1975) lung cancer xenografts. JNK
activation is a mechanism underlying Y15-induced Bcl-2 and Mcl-1 downregulation. Moreover, knockdown of Bcl-2 or Bcl-xL
potentiated the effects of Y15. The combination of various inhibitors of the Bcl-2 family of proteins with FAK inhibitors
demonstrated synergy in multiple lung cancer cell lines in vitro.

Conclusions: FAK inhibition demonstrated efficacy both in vitro and in vivo in lung cancers with either oncogenic RAS or EGFR
mutations. In addition, FAK inhibition in combination with inhibitors of Bcl-2 family of anti-apoptotic proteins has synergistic
activity in these MAPK-activated non-small cell lung cancer cell line models.

One of the vital hallmarks of cancer which distinguishes it from
benign tumours is its capability for tissue invasion and distant
metastasis (Lazebnik, 2010). Focal adhesion kinase (FAK) is a non-
receptor protein tyrosine kinase identified as a critical signalling
molecule mediating host-tumour interactions that affect cell
adhesion, invasion, angiogenesis and metastasis via its cross-linked
processes with Src-, integrin- and growth factor receptor signalling
pathways (Mitra et al, 2005; Siesser and Hanks, 2006). FAK is
overexpressed in various malignancies, including lung cancer,

wherein associated FAK gene amplification portends a worse
prognosis (Agochiya et al, 1999; Carelli et al, 2006). Indeed, FAK
activation has been implicated in conferring a more invasive
phenotype to malignancies through its effects on the epithelial-to-
mesenchymal transition process by promoting E-cadherin deloca-
lisation and upregulation of caveolin-1 (Bailey and Liu, 2008;
Cicchini et al, 2008).

Y15 is a small molecule identified through in silico screening
that selectively targets the Y397 autophosphorylation site of FAK
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(Golubovskaya et al, 2008). This is the same interaction site
between activated FAK and Src, as well as the binding site for other
signalling proteins (Schlaepfer et al, 1994; Cary et al, 1996). Y15
has shown activity, either alone or in combination with
chemotherapy, both in vitro and in vivo, against breast, pancreatic,
neuroblastoma and colon cancer tumour growth (Golubovskaya
et al, 2008; Hochwald et al, 2009; Beierle et al, 2010; Heffler et al,
2010, 2011).

The FAK-Src signalling network appears to be deregulated in
high-grade lung cancers. Phosphoproteomic analysis comparing
KRAS-mutant/LKB1 wild-type lung tumours with KRAS-mutant/
LKBI1-deficient lung tumours revealed hyperphosphorylation of
FAK and Src which promoted cell migration in the latter
(Carretero et al, 2010). This may provide mechanistic explanation
for the observation that inactivation of the tumour suppressor
LKBI1 results in greater propensity for metastasis compared with
loss of other tumour suppressors in a KRAS-driven murine lung
cancer model (Chen ef al, 2012). We thus sought to characterise
the effects of FAK inhibition using Y15 and other FAK inhibitors
in various lung cancer cell lines with or without RAS mutations.

MATERIALS AND METHODS

Cell lines. KRAS-mutant (H157, H358, H727, A549), NRAS-
mutant (H1299) and EGFR-mutant (H1650, H1975) cell lines were
obtained from the American Type Culture Collection. Cell lines
were cultured in RPMI-1640 (Life Technologies, Grand Island, NY,
USA) supplemented with 10% FBS (Sigma-Aldrich, St Louis, MO,
USA) and penicillin-streptomycin and incubated at 37 °C in a fully
humidified atmosphere containing 5% CO,. All cell lines were used
at low passage in our laboratory, and were authenticated using
viability, morphology and growth curve analysis on a regular basis,
and tested negative for Mycoplasma.

Compounds. Y15 and the ATP-competitive FAK inhibitor
PF-573228 were purchased from Sigma-Aldrich. Other ATP-
competitive FAK inhibitors PF-562271 and NVP-TAE226
(TAE-226), as well as Bcl-2 inhibitors ABT263, GX15-070 and
ABT-737 were obtained from Selleckchem (Houston, TX, USA). FAK
inhibitor C4 (Kurenova et al, 2009) was obtained from the laboratory
of Dr Elena Kurenova and was used as control in the MTS assays to
screen for the effect of Y15 on lung cancer cell viability.

Antibodies. The antibodies of p-FAK (Y397), FAK, p-Akt (S473),
Akt, p-Erk1/2 (T202/Y204), Erk, p-Src (Y416), Src, cleaved
caspase-3, cleaved poly (ADP-ribose) polymerase (PARP),
p-STAT3 (Y705), p-P70S6K (T389), p-mTOR (S2448), Bcl-2,
Bcl-xL and Mcl-1 were obtained from Cell Signaling Technology
(Danvers, MA, USA). p-JNK (T183) and JNKI antibodies were
from Santa Cruz Biotechnology (Dallas, TX, USA). f-Actin
antibody was purchased from Sigma-Aldrich.

Clonogenicity assays. In all, 5 x 10° cells were seeded into 6-well
plates and treated with escalating dosages of Y15 (or DMSO) and
incubated at 37 °C for 14-20 days. Media were changed every 3-4
days. Colonies were then visualised and counted after staining with
crystal violet.

Cell-viability assays. Initial screening of Y15 effect on lung cancer
cell line viability was performed using trypan blue exclusion assay
as previously described (Zhang et al, 2014) using C4 as comparator
agent. MTS assay was used for all subsequent experiments. Briefly,
cells of 1x10* were seeded in 96-well plates and treated with
concurrent administration of Y15 with each of the drugs for 48 or
96 h. Then 20 ul per well of CellTiter 96 AQueous One Solution
Reagent (Promega, Madison, WI, USA) was added. After 1h at
37°C in a humidified, 5% CO2 atmosphere, the absorbance at
490 nm was recorded using a microplate reader.

Western blot analysis. For immunoblot analysis, the cells were
treated with the indicated agents and then collected in cell lysis
buffer (Cell Signaling Technology). Total protein was quantified
using Coomassie protein assay reagent (Bio-Rad, Hercules, CA,
USA). An equal amount of protein (60 ug) was separated by SDS-
PAGE and electrotransferred onto nitrocellulose membrane. The
primary antibodies were then tested. f-Actin was used as
endogenous control for equal loading. Immunocomplexes were
visualised with enhanced chemiluminescence detection kits (Pierce,
Rockford, IL, USA).

RNA interference studies. RNA interference was based on
pGreenPuro system (System Bioscience, Mountain View, CA,
USA) expressing small-hairpin RNA (shRNA). pGreen-Aktl,
pGreen-Bcl-2, pGreen-Bcl-xL and pGreenPuro-vec constructs,
encoding shRNA for Aktl (shAktl), Bcl-2 (shBcl-2), Bcl-xL
(shBcl-xL) or a negative control (vector), respectively, were
prepared by inserting the target sequence for human Aktl
(5'-ATGACTTCCTTCTTGAGGATC-3") or Bcl-2 (5-CCCTGA
TTGTGTATATTCA-3') or Bcl-xL (5-CCCTTGCAGCTAGTT
TTCT-3') into pGreenPuro. 293TN cell was stably transfected
with the constructs and three packaging plasmids using Lipofecta-
mine 2000 reagent (Invitrogen, Carlsbad, CA, USA) to package
lentivirus; and then lung cancer cells were infected with lentivirus
with multiplicity of infection of 5. Clones with stable down-
regulated Aktl, Bcl-2 or Bcl-xL expression were selected with
puromycin (1 ugml ™).

Small-interfering RNA (siRNA) targeting JNK (MAPKS Silencer
Select siRNA S11154) were purchased from Life Technologies.
Transient transfection of siRNAs was carried out using Lipofecta-
mine 2000 (Life Technologies) according to the manufacturer’s
instructions. Briefly, cells were seeded in 24-well plate. On the
second day, cells were transfected with 20 pMol siRNA per well
with lipofectamine 2000 (Invitrogen), and media were changed 4h
after transfection. Twenty-four hours later, cells were then treated
with Y15 for cell-viability analysis.

In vivo xenograft experiments. All in vivo experimental protocols
were approved by the Institutional Animal Care and Use
Committee of Roswell Park Cancer Institute (RPCI; Buffalo, NY,
USA). Female SCID mice, 6-8-week old, were used for the
experiments. Lung cancer cells (5 x 10°) were injected s.c. into the
flank of SCID mice (RPCI). Tumours were monitored until they
reached a mean tumour volume of 100 or 250 mm® before starting
Y15 dosing. Mice were assigned randomly to different groups (five
mice per treatment group).Y15 was administered by oral gavage
once daily at respective doses shown in the accompanying figures
(see the ‘Results’ section). Tumour volume was measured in two
dimensions (length and width) twice-weekly using Ultra Cal-IV
calipers (Fred V. Fowler Company, Inc., Newton, MA, USA) and
was analysed using studylog software (Studylog Systems, San
Francisco, CA, USA). Tumour volume (mm?) = (length x width?)/
2. Mouse body weights were also recorded twice-weekly and the
mice were observed daily. Mice with tumour volumes >2000 mm®
or with losses in body weight >20% from their initial body weight
were promptly killed per Institutional Animal Care and Use
Committee guidelines.

Immunohistochemistry. Immunohistochemistry was performed in
Pathology department of RPCI as previously described (Shao et al,
2012). Briefly, tumour tissue was fixed overnight in 10% neutral-
buffered formalin at room temperature, transferred to 70% ethanol
and processed for paraffin embedding using a Thermo Electron
Excelsior tissue processor (Thermo Fisher Scientific, Pittsburgh, PA,
USA). Paraffin blocks were sectioned to 4-mm thickness and placed
on positively charged glass slides. Tissues were stained using a
Discovery automated slide machine (Ventana Medical Systems,
Tucson, AZ, USA). Sections were counter-stained with hematoxylin
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to enhance visualisation of tissue morphology. After treatment in
terminating buffer (300mm sodium chloride and 30 mm sodium
citrate), the sections were incubated in streptavidin—peroxidase
complex for 30min and then developed with diaminobenzidine-
tetra-hydrochloride for 1-5min as a substrate.

Statistical analysis. The reported values represent the means + s.d.
for at least three independent experiments performed in triplicate.
To determine the significance between the tested groups, Student’s
test was used, with P<0.05 considered as significant. Median dose—
effect analysis was performed using CalcuSyn software version 2
(Biosoft, Great Shelford, Cambridge, UK) to determine additive,
synergistic or antagonistic interactions of drug combinations.

RESULTS

Y15 decreases lung cancer cell viability and clonogenicity
in vitro in a dose-dependent manner. To characterise the effect
of FAK inhibition using Y15 in various lung cancer cell lines, the basal
expression levels of Y397-pFAK and total FAK in several lung cancer
cell lines were analysed (Figure 1A). Levels of Y397-pFAK and FAK

were variable across cell lines. We then screened for the efficacy of
Y15 against five cell lines with 3-day exposure to escalating doses of
Y15. Results showed decreased cell viability by MTS assay, whereas
the control agent C4, a FAK scaffold inhibitor which disrupts FAK-
VEGFR3 signalling and is not anticipated to be cytotoxic in lung
cancer cell lines, had virtually no effect (Figure 1B). MTS assay was
also performed for the ATP-competitive small molecule FAK
inhibitors PF-562271, PF-573228 and TAE-226. Table 1 demonstrates
comparative IC50 values as determined by MTS assay, showing that
Y15 is more potent compared with the most selective FAK inhibitor
PF-573228, with comparable to slightly more potent activity
compared with PF-573228 and TAE-226 (Table 1). We also treated
lung cancer cell lines for 72 h and determined IC50 values for Y15 by
clonogenic assay (Figure 1C). Y15 decreased clonogenicity in a dose-
dependent manner in multiple cell lines regardless of RAS mutation
status (Figure 1C).

Y15 effectively inhibits the growth of lung cancer xenografts
in vivo. To test the efficacy of Y15 on RAS-mutant lung cancer
growth in vivo, we implanted A549 cells subcutaneously into mice.
As shown in Figure 2A, Y15 significantly decreased tumour
growth. The same effect was observed with H1299 xenograft
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Figure 1. Y15 decreased viability and clonogenicity of lung cancer cell lines in a dose-dependent manner. (A) Expression of Y397-pFAK and FAK
in lung cancer cell lines. Western blotting with Y397-pFAK and FAK was performed on different lung cancer cell lines. f-Actin was used as a

loading control. Y397-pFAK and FAK levels are variable across different cel

I lines. (B) MTS assay. RAS-mutant (H1299, H727, H358, A549) or EGFR-

mutant (H1650) cell lines were treated with Y15 or control FAK inhibitor C4 (not targeting Y397-pFAK) for 72 h. Y15 increased cell death in all cell
lines, whereas control C4 did not. (C) Different lung cancer cells were treated with increasing doses of Y15 for 2 weeks and clonogenicity assay was
performed. Y15 significantly decreased clonogenicity in a dose-dependent manner.
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(Figure 2B). Immunohistochemical staining demonstrated that Y15
decreased Y397 FAK phosphorylation and triggered activation of
caspase-3 in the harvested A549 tumour xenografts compared with
the PBS-treated group (Figure 2C). We observed similar growth
inhibition in EGFR-mutant H1650 and H1975 xenografts (Figure
2D and E). There was no significant difference in body weights
(data not shown) and side effects between the vehicle and Y15-
treated animals even when the dosages evaluated. Thus, Y15 can
inhibit the growth of lung cancers with oncogenically driven
MAPK pathway activation through either RAS or EGFR mutation.

Y15 inhibits Y397 FAK autophosphorylation and downregulates
Bcl-2, Bcl-xL and Mcl-1 in a time-dependent manner in non-
small cell lung cancer cell lines. To determine the time-
dependent effect of Y15 on FAK autophosphorylation, we
performed Western blotting on cell lysates at different time points
from 0.5 through 72h exposure to Y15 at 5 uM concentration in
the H1299 cells (IC50 ~4 uM). Figure 3A shows time-dependent
reduction in Y397-pFAK level. We also detected immediate and

Table 1. The effect of Y15 and other FAK inhibitors on lung
cancer cell line viability (MTS assay)

sustained reduction of phosphorylation of downstream substrate of
FAK: p-Src (Y416). There was decreased phosphorylation of Akt,
STAT3, P70S6K, GSK3ff and mTOR at 72 h as well. There was also
evidence of pro-apoptotic effects with decrease in Bcl-2, Bcl-xL and
Mcl-1 levels. Intriguingly, phosphorylation of JNK was signifi-
cantly increased until the 24-h time point, wherein cleavage of
PARP and caspase-3 began to increase. However, Erk1/2 (T202/
Y204) phosphorylation was not affected. Indeed, reduction of ERK
phosphorylation with Y15 treatment was cell line-dependent (data
not shown). Similar results were observed in additional cell lines
(Figure 3B). Activation of JNK was induced upon treatment of Y15
until 8-h time point, whereas Bcl-2, Bcl-xL and Mcl-1 were
decreased with increasing drug exposure time course. In summary,
Y15 caused time-dependent decrease of Y397-pFAK, Bcl-2, Bcl-xL
and Mcl-1 across multiple cell lines.

Y15-induced downregulation of Bcl-2 family members is
independent of caspase activation. Given that caspase activation
induced protein degradation during cell apoptosis, we evaluated
whether caspase was involved in the downregulation of Bcl-2
family members. H1299 cells treated with 5 um Y15 were cultured
in the presence or absence of 20 um pan-caspase inhibitor, z-VAD-
fmk, for 8-48h. As shown in Figure 3C, reduction in both Bcl-2
and Bcl-xL was evident from 8h onwards under Y15 treatment

Cell line H157 | H358 | H727 | H1299 | A549 | H1650 | H1975 alone as expected. However, no significant difference in this effect
IC50 (um) was found with the addition of caspase inhibitor z-VAD. Similar
TAE226 746 | 318 ] 030 | 298 | 259 | 230 | 288 result was found in Mcl-1 from 24-48 h treatment. Taken together,
PF-562271 576 | 638 | 226 | 394 | 541 531 | 547 the above results showed that downregulation of Bcl-2 family
PF-573228 | 11.39 | 27.49 | 280 | 918 | 9.08 | 2070 | 13.20 members accompanying Y15-induced apoptosis was independent
Y15 2.10 272 | 1.30 3.88 3.49 1.90 1.56 of caspase activation.
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Figure 2. Y15 decreased Ras-mutant and EGFR-mutant lung cancer tumour growth in vivo. (A) KRAS-mutant cell A549 were injected
subcutaneously into the flank of mice (n=5), and Y15 was administrated at 100mgkg ™" orally by gavage 5 days a week. 1 x PBS was
administered orally by gavage to untreated group. Tumour volume was measured as described in the ‘Materials and Methods' section. *P<0.05,
Student’s t-test. (B) The same experiment was performed with NRAS-mutant cell H1299 xenograft tumour growth. Y15 was administrated at
180mgkg ' by gavage (based on dose-response across multiple cell lines showing that 180mgkg ~ ' can consistently show difference in tumour
growth inhibition compared with 100mgkg ~ "' dose). (C) Y15 decreased Y397-pFAK in tumour xenograft tissues. Tumours from A549 xenograft
were collected and used for immunohistochemical staining with Y397-pFAK, FAK and caspase-3. Y15-treated tumours expressed less Y397-pFAK
than untreated tumours. Activation of caspase-3 was observed in Y15-treated tumours. (D, E) Same treatments performed with EGFR-mutant
H1650 (D) with intrinsic resistance to EGFR TKI and H1975 cell line (E) with known EGFR T790M resistance mutation.
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Figure 3. Y15 inhibits Y397 FAK autophosphorylation and downregulates Bcl-2 family members. (A) Y15 decreased Y397-pFAK and downstream
p-Src, p-Akt targets in a time-dependent manner. H1299 lung cancer cell line was treated with 5 um of Y15 for 0-72h and western blotting
was performed with Y397-pFAK, FAK, p-Src, Src, p-Akt, Akt and other targets. Y15 increased cleaved PARP and caspase-3 starting from 24 h.
(B) Y15 performed similar effects in H727 and H1650 in a time-dependent manner. (C) Downregulation of Bcl-2 family members was independent
of caspase activation. Twenty um of broad-spectrum caspase inhibitor, z-VAD-fmk, was treated with or without 5 um Y15 at different time points
after 8-48h in the H1299 cells. Western blotting was performed to evaluate the effect on Bcl-2 family members.

Activation of JNK contributes to Y15-induced downregulation
of Bcl-2 family members. It was reported that JNK is involved in
downregulation of Bcl-2 family members (Yamamoto et al, 1999;
Inoshita et al, 2002; Basu and Haldar, 2003). To elucidate the
effects of JNK activation on induction of apoptosis, knockdown of
JNK by siRNA (si-JNK) was used in selected Y15-sensitive cells
(H1299, H1650 and H358). As shown in Figure 4A, in the
presence of 5um Y15 treatment alone, p-JNK (T183) was
significantly activated, whereas both p-FAK (Y397) and p-Akt
(S473) were inhibited in the tested cell lines. In contrast with the
siRNA-negative control, the expression of JNK was totally
abrogated by siRNA in HI1299, H1650 and H358 si-JNK cell
lines. Furthermore, the previously observed degradation
of Mcl-1, Bcl-xL and Bcl-2 upon treatment with Y15 alone was
substantially attenuated upon knockdown of JNK (Figure 4A).
Notably, the decrease of Mcl-1 and Bcl-2 in Y15-treated si-JNK
cells was minimal to absent, suggesting that JNK activation
is the process upstream of Mcl-1 and Bcl-2 regulation, and
exhibits a functional role in the attenuation of apoptosis in si-JNK
cells. JNK downregulation by siRNA protected cells from
Y15-induced cell death in HI1299, H358 and HI1650 cells
(Figure 4B; P<0.001, 0.00368, <0.001, respectively. Raw data

is provided in the Supplementary Materials), supporting the
hypothesis that activation of JNK contributes to Y15-induced
apoptosis. Together, these results demonstrate that JNK activa-
tion has an important role in Y15-induced downregulation of Bcl-
2 family members.

Abrogation of anti-apoptotic Bcl-2 family proteins synergizes
with inhibition of FAK in lung cancer. As there was decreased
Akt phosphorylation and downregulation of both Bcl-2 and Bcl-xL
upon treatment with Y15 over time, we hypothesised that targeting
these proteins may modulate the efficacy of Y15. To determine the
role of these proteins, we knocked down Bcl-2, Bcl-xL or Aktl by
shRNA in H1299 cells. Stable clones propagated after puromycin
selection (1 ugml ™~ 1Y were then treated with Y15 and the results
were compared with parental H1299 cell lines using trypan blue
exclusion method. Figure 5A shows that knockdown of either Bcl-2
or Bcl-xL significantly decreased cell viability upon exposure to
Y15, whereas no additional effect was observed with knockdown of
Aktl. Figure 5B shows the expression of Aktl, Bcl-2, Bcl-xL in
infected clones vs control cells that express the vector alone. In
contrast to treatment control cells, there was minimal or modest
decrease of Mcl-1 observed in shAktl clones upon treatment with
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Figure 4. Knockdown of JNK by siRNA significantly attenuates Y15-induced cytotoxicity, and subsequently abrogates Mcl-1 and Bcl-2
downregulation induced by Y15. H1299, H1650 or H358 cells were transfected with siRNA targeting JNK and were treated with Y15 for 48 h, after
which whole-cell lysates were prepared and subjected to western blot analysis (A). The extent of apoptosis was determined as described in the
‘Materials and Methods’ section (B). Twenty-four hours after siRNA transfection, cells were treated with Y15 (2.5 um for H1299, and 5 um for H358
and H1650) for 24 h. Then cells were collected and live cells were quantified with trypan blue exclusion methods. Results of Y15-treated cells were
presented as % relative to values of vehicle-treated cells (defined as 100%). Data represents means * s.d. of three independent experiments

(*P<0.05, compared with scrambled siRNA control).

Y15. In comparison, Mcl-1 levels were markedly reduced in shBcl-
xL and shBcl-2 clones treated with Y15.

To investigate the signalling effects with pharmacologic
inhibition, the effects of the combination of Y15 and the
Bcl-2/Bcl-xL inhibitor ABT263 are illustrated in Figure 5C-E.
The combination of Y15 and ABT263 decreased Mcl-1 levels to a
greater degree than either Y15 or ABT263 alone. This combination
also abrogated Akt (S473) and STAT3 (Y705) phosphorylation to a
greater degree than that can be achieved by Y15 alone (Figure 5C).
Consistent with the signalling effects, cell-viability tests showed
that either Y15 or ABT263 alone was minimally toxic to H1299
cells. However, exposure of cells to the combination markedly
increased cell death (i.e, >72%; Figure 5D). Median dose-effect
analysis yielded combination index values considerably<1.0,
corresponding to a highly synergistic interaction (Figure 5E).

MTS assay was thus subsequently performed to evaluate the
effect of Y15 or other FAK inhibitors in combination with
various Bcl-2 inhibitors across different lung cancer cell lines.
Supplementary Table S1 summarises the results. Synergism is
demonstrated with the combination of FAK inhibitors with various
Bcl-2 inhibitors across multiple lung cancer cell lines.

DISCUSSION

Metastatic non-small cell lung cancer remains a difficult-to-treat
disease, and efforts to improve patient survival have yielded
moderate success so far even with genotypically selected targeted
therapies. Emerging evidence has implicated FAK to have a key
signalling role that induces cancer cell proliferation, motility,
survival, invasion and metastasis (Dunn et al, 2010). In this study,

we demonstrated that treatment with Y15 significantly decreased
viability and clonogenicity of several lung cancer cell lines. Y15 is a
non-receptor tyrosine kinase FAK inhibitor, which effectively
decreased Y397 FAK phosphorylation in a time- and dose-
dependent manner, and also decreased phosphorylation of
downstream FAK signalling players, such as Src, Akt and STAT3.
Downregulation of Bcl-2 family members (Bcl-2, Bcl-xL and
Mcl-1) was associated with Y15-induced apoptosis. This in turn
requires activation of JNK, with subsequent Mcl-1 and Bcl-2
downregulation. Y15-induced downregulation of the anti-apoptotic
Bcl-2 is an important characteristic in key contradistinction to
other FAK inhibitors where there is no significant effect on Bcl-2
or Bcl-xL levels (Yoon et al, 2014). Although Mcl-1 down-
regulation was described with another FAK inhibitor (Yoon et al,
2014), the effect was transient, whereas this is sustained with
exposure to Y15.

This is the first report to demonstrate the efficacy of FAK
inhibition in H1975, an EGFR-mutant lung cancer cell line
harbouring the T790M mutation resistant to first- and second-
generation EGFR tyrosine kinase inhibitors (TKIs). This is an
important finding as Y15 may demonstrate activity regardless of
the EGFR mutation type, particularly as different EGFR mutations
have varying sensitivity to currently used EGFR TKIs and drug
resistance continues to be a significant clinical problem despite
the development of third-generation TKIs. Moreover, we also
demonstrated the efficacy of FAK inhibition in RAS-driven lung
cancer, supporting observations reported previously that FAK
inhibitors exert potent antitumour effects in mutant KRAS non-
small cell lung cancer in association with INK4A/ARF deficiency
(Konstantinidou et al, 2013).

Recent reports demonstrated that the anti-apoptotic PI3K/Akt
cascade promotes resistance to various anti-cancer therapies,
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Figure 5. Abrogation of anti-apoptotic Bcl-2 family members synergizes the antitumour efficacy of Y15 against lung cancer cells in vitro.

(A) H1299 cells with empty vector and their respective shBcl-2, shBcl-xL or shAkt1 clones were treated with Y15 for 72h, trypan blue assay was
performed to evaluate cell viability. (B) Western blots showing differences in the expression of Bcl-2, Bcl-xL and Akt1 in control H1299 and
respective shRNA clone cells, with or without Y15. (C) Western blot showing the effect on downstream signalling proteins with the combination of
Y15 at 5 um and the Bcl-2/Bcl-xL inhibitor ABT263 at 2.5 um in H1299 cells after 24 h treatment. The combination of Y15 and ABT263 decreased
Y397-pFAK, p-Src and p-Akt more than each agent alone. (D) ABT263 potentiates Y15-mediated apoptosis. The cell growth inhibition was
determined as described in the ‘Materials and Methods' section. Data represent means * s.d. of three independent experiments. (E) Median dose-
effect analysis was performed to calculate Cl using CalcuSyn software (Biosoft) to determine interactions of Y15 combined with ABT263.

including EGFR TKIs (Tsuruta et al, 2002; Konstantinidou et al,
2009; Jeannot et al, 2014).The Bcl-2 family also represents a critical
group of molecules involved directly in the regulation of cell
apoptosis (Reynolds et al, 1994; Adams and Cory, 1998; Reed,
1998; Gross et al, 1999). Indeed, the lack of efficacy of combined
PI3K/Akt and MEK pathway inhibition in KRAS-mutant lung
cancers can be attributed to the inability to induce apoptosis, as
inhibition of Bcl-xL restores cytotoxicity and the apoptotic
response (Hata et al, 2014). We have demonstrated that Y15
induces apoptosis. Our results showed that Bcl-2, Bcl-xL and
Mcl-1 downregulation contributed significantly to Y15-induced
apoptosis. In addition, combination therapy with Bcl-2/Bcl-xL
inhibitor, such as ABT263, potentiates Y15-mediated apoptosis
(Figure 5D and E). Similar to what has been recently demonstrated
in ovarian clear cell carcinoma cell lines (Yoon et al, 2014), we also
demonstrated that pharmacological inhibition of Bcl-2/
Bcl-xL in combination with various FAK inhibitors including
Y15 has synergistic activity in lung cancer cell lines. One potential
mechanism for the synergistic effect between Bcl-2 pathway
inhibition with kinase inhibitors had been demonstrated previously
by multiple groups of investigators (Costa et al, 2007; Gong et al,
2007; Ng et al, 2012; Tanizaki et al, 2012; Tan et al, 2013; Zaanan
et al, 2015). These studies demonstrate that upregulation of BIM, a
pro-apoptotic member of the Bcl-2 family, improves that apoptotic
effect induced by various kinase inhibitors across different
malignancies, including MAPK pathway-activated cancers, such
as RAS-mutant or EGFR-mutant in lung cancer. Conversely,
polymorphic variants that lead to BIM isoforms lacking the

pro-apoptotic BH3 domain may underlie innate primary resistance
to therapy. Drugs such as ABT263 sequester Bcl-2 and Bcl-xL to
release BIM, thereby enhancing the efficacy of kinase inhibitors.
Moreover, paxillin, an adaptor protein that is phosphorylated by
FAK and Src, is shown to confer resistance to EGFR TKIs in
EGFR-mutant lung cancers by reducing BIM and increasing Mcl-1
expression (Wu et al, 2015). Finally, inactivation of STAT3 by Y15
contributes to reduction in Bcl-xL expression, thereby enhancing
the apoptotic potential of the combination regimen (Zhang et al,
2012; Zaanan et al, 2015).

We conducted experiments to describe another mechanism of
the synergism observed between FAK inhibition and Bcl-2 pathway
inhibition. JNK is a member of the MAPK family and is activated
by a variety of environmental stresses, inflammatory cytokines,
growth factors and GPCR agonists (Bogoyevitch et al, 2010).
Recent studies demonstrated that JNK is involved in down-
regulation of Bcl-2 family members (Yamamoto et al, 1999;
Inoshita et al, 2002; Basu and Haldar, 2003). In our study, JNK
activation has a role in Y15-induced downregulation of Mcl-1 and
Bcl-2. Knockdown of JNK by shRNA abrogated the down-
regulation of Mcl-1 and Bcl-2 by Y15 and attenuated Y15-induced
cell lethality, indicating that JNK activation is the upstream process
of Mcl-1 and Bcl-2 regulation. Altering JNK function or activity
may thus affect the efficacy of Y15, or potentially, as well as on the
combination of FAK and Bcl-2/Bcl-xL inhibitors.

In summary, this report for the first time demonstrates the effect
of FAK inhibition alone or in combination with depletion of Bcl-2
pathway in oncogenically driven, MAPK-activated lung cancers
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through either RAS or EGFR mutation. FAK signalling is a novel
therapeutic target worth exploring in the treatment of lung cancer,
and the data shown here provide the rationale for further clinical
development.
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