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Abstract

Background: Focal adhesion kinase (FAK) mediates survival of normal pancreatic islets through activation of AKT. Upon
malignant transformation of islet cells into pancreatic neuroendocrine tumors (PanNETs), AKT is frequently overexpressed
and mutations in the AKT/mTOR pathway are detected. Because mTOR inhibitors rarely induce PanNET tumor regression,
partly because of feedback activation of AKT, novel combination strategies are needed to target FAK/AKT/mTOR signaling.

Methods: We characterized the activation of FAK in PanNETSs using immunohistochemistry and Western blot analysis and
tested the FAK inhibitor PF-04554878 in human PanNET cells in vitro and in vivo (at least three mice per group). In addition,
we evaluated the effect of combined FAK and mTOR inhibition on PanNET viability and apoptosis. All statistical tests were

two-sided.

Results: We found that FAK is overexpressed and hyperphosphorylated in human PanNETs and that PF-04554878 strongly
inhibited FAK (Tyr397) autophosphorylation in a dose-dependent manner. We found that PF-04554878 inhibited cell
proliferation and clonogenicity and induced apoptosis in PanNET cells. Moreover, oral administration of PF-04554878
statistically significantly reduced tumor growth in a patient-derived xenograft model of PanNET (P =.02) and in a human
PanNET xenograft model of peritoneal carcinomatosis (P = .03). Importantly, PF-04554878 synergized with the mTOR

inhibitor everolimus by preventing feedback AKT activation.

Conclusions: We demonstrate for the first time that FAK is overexpressed in PanNETs and that inhibition of FAK activity
induces apoptosis and inhibits PanNET proliferation. We found that the novel FAK inhibitor PF-04554878 synergizes with
everolimus, a US Food and Drug Administration-approved agent for PanNETs. Our findings warrant the clinical investigation

of combined FAK and mTOR inhibition in PanNETS.

Pancreatic neuroendocrine tumors (PanNETs) are increas-
ing in incidence, and therapeutic options are limited (1). The
role of the PI3K/mTOR pathway in these tumors has recently
been elucidated (2), and in 2011 the mTOR inhibitor everolimus
became the first agent approved for this disease in nearly three
decades as a result of the RADIANT-3 study (3). Surprisingly,

while everolimus doubled the progression-free survival of
PanNET patients, the overall response rates were extremely
low (4.8% partial response (PR), 0% complete response (CR))
(4). The lack of tumor regressions observed is proposed to be
attributed to the observation that everolimus and other rapa-
logs are potently cytostatic, but not cytotoxic, in cancer cells
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(5-7). Therefore, novel therapeutic approaches to enhance the
activity of everolimus in PanNET patients are needed.

PanNETs have been historically understudied because of
their perceived rarity, and as a result molecular mechanisms
underlying their progression and clinical aggressiveness remain
to be fully elucidated (1). For example, while overexpression of
AKT is observed in the majority of PanNET specimens, with stud-
ies reporting that 61% to 76% of PanNETs display increased AKT
activity (8-10), only 15% of these tumors have genetic mutations
in PI3K/AKT/mTOR pathway genes (2), Therefore, the increased
AKT activity observed in most PanNET cases may be explained
by aberrations in other oncogenic signaling proteins upstream
of AKT, such as focal adhesion kinase (FAK).

Studies of AKT signaling in normal pancreatic islets (the pre-
cursor cells of PanNETSs) have shown that AKT survival signaling
protects normal islet cells from apoptosis (11,12). This prosur-
vival effect of AKT in normal islets was demonstrated to occur
following activation of FAK. For example, in vitro exposure of
harvested islets to basement membrane extracellular matrix
proteins results in increased phosphorylation of FAK and AKT,
inhibition of apoptosis, and increased islet survival (12,13). These
findings implicate FAK and AKT in the evasion of apoptosis by
normal islet cells and suggest that FAK/AKT survival signaling
continues to be functional in PanNET cells. In agreement with
this hypothesis, FAK has been shown to activate AKT signaling,
resulting in evasion of apoptosis in breast, colon, liver, soft tis-
sue, and brain cancers (14-18) and chemoresistance in prostate
and ovarian cancers (19, 20), highlighting the documented role
of FAK as a proximal oncogenic signaling protein. In addition,
FAK is overexpressed in a wide variety of tumors including gas-
trointestinal (GI) cancers, such as pancreatic ductal adenocarci-
noma (21-26), as well as neuroendocrine tumors (NETSs) of the
thyroid (27), in some cases because of increased copy number of
the FAK gene locus that is observed in GI cancers, thymic NETs,
and gastroenteropancreatic neuroendocrine tumors (GEP-NETS)
(28-31).

Given the role of FAK signaling in the evasion of apoptosis
by normal islet cells, as well as the overexpression of FAK in
neuroendocrine and GI cancers, we proposed that FAK provides
critical anti-apoptotic and prosurvival signals in PanNETs. In the
present study we demonstrate that FAK is overexpressed and
hyperphosphorylated in PanNETs, and we show that a novel
ATP-competitive kinase inhibitor of FAK inhibits PanNET growth
and induces apoptosis. In addition, we identified a novel com-
bination strategy that uses FAK kinase inhibition to synergisti-
cally potentiate the activity of the mTOR inhibitor everolimus to
induce apoptosis and inhibit PanNET growth.

Methods

Human PanNET Patient Samples and
Immunohistochemistry

PanNET samples were prospectively obtained from patients
undergoing surgical tumor resection under an institutional
review board-approved study through the University of Florida
Clinical and Translational Science Institute Biorepository.
Although PanNET patient samples were difficult to obtain, we
were able to analyze several good-quality samples of matched
adjacent normal pancreas, tumor, and metastasis. Additional
details are provided in the Supplementary Methods (available
online). All patients provided written informed consent prior to
surgical resection.

Cell Lines and Culture Conditions

BON cells, derived from a serotonin-secreting PanNET (32),
were a gift from Kirk Ives (University of Texas Medical Branch,
Galveston, TX). QGP-1 cells, derived from a somatostatin-secret-
ing PanNET (33), were purchased from the Japan Health Sciences
Foundation Health Science Research Resources Bank. CM cells,
derived from an insulin-secreting PanNET (34), were a gift from
Aldo Scarpa (University of Verona, Italy). Additional details are
provided in the Supplementary Methods (available online).

Reagents and Antibodies

The FAK inhibitor PF-04554878 was provided by Pfizer (New York,
NY) via MTA. Phospho-FAK (Y397) antibody was purchased from
Cell Signaling Technology (Beverly, MA). FAK clone 4.47 antibody
was purchased from EMD Millipore (Merck KGaA, Darmstadt,
Germany). Additional antibodies used are described in the
Supplementary Methods (available online).

Immunoblot Analysis

Cells were lysed in culture plates in 1% IPEGAL CA-630
(Octylphenoxypolyethoxyethanol) (Sigma). Patient samples
were homogenized and lysed with RIPA Lysis Buffer System
(Santa Cruz Biotechnology, TX). Additional details are provided
in the Supplementary Methods (available online).

Viability, Clonogenicity, and Proliferation Assays

Cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT, Sigma-Aldrich) assay as
recommended by the manufacturer. Additional details are pro-
vided in the Supplementary Methods (available online).

Determination of Apoptosis

To assess apoptosis, we used the In-Situ Cell Death Detection Kit
(Roche) to visualize DNA strand breaks as recommended by man-
ufacturer. Additional details are provided in the Supplementary
Methods (available online).

In Vivo Experiments

Five-week-old male and female NOD.CB17-Prkdc*¢/NcrCrl (NOD/
SCID) mice were injected intraperitoneally with 5x10° CM cells sta-
bly expressing firefly luciferase (CM-Luc). For the patient-derived
xenograft experiment, a fresh biopsy from a human PanNET
lymph node metastasis with moderate differentiation was estab-
lished and passaged exclusively in immunodeficient mice never
cultured on plastic in vitro. The tumor was isolated, lentivirally
transduced with firefly luciferase while mincing into 3 x 3 x
3mm pieces, and implanted subcutaneously into NOD.Cg-Prkdcs
N2rg™%Wi/Sz] (NSG) mice. Treatment details are provided in the
Supplementary Methods (available online). All animal experi-
ments were performed under an approved University of Florida
Institutional Animal Care and Use Committee protocol.

Combination Experiments and Determination of
Synergy

To assess synergistic effects on cell growth, individual drugs
alone and in combination were analyzed using CalcuSyn
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software (BIOSOFT, Cambridge, UK) according to the Chou and
Talalay method (35). Additional details and descriptions of
fixed and varying molar ratio combinations are provided in the
Supplementary Methods (available online).

Statistical Analyses

Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Software, Inc. La Jolla, CA). When comparing
means of two groups, an unpaired two-tailed Student’s t test
was used. When comparing tumor growth curves, a repeated
measures two-way analysis of variance was performed using
GraphPad Prism software to assess the effect of treatment inter-
vention in comparison to control. Error bars reflect the stand-
ard deviation of the mean. Additional details are provided in
the Supplementary Methods (available online). All statistical
tests were two-sided and a P value of less than .05 was consid-
ered statistically significant. Additional statistical methods are
described in the Supplementary Methods (available online).

Results

FAK Expression in Pancreatic Neuroendocrine Tumors

Because FAK signaling promotes normal islet cells to evade
apoptosis (12,13), we first sought to determine whether FAK is
expressed in human PanNETs. Using primary human PanNET
specimens and matched adjacent normal pancreas, we evalu-
ated the protein expression of FAK by immunoblot analysis
using a pan-FAK antibody. FAK activation was determined using
a phospho-FAK-specific antibody (¥397). We found that FAK is
overexpressed (1.9- to 8.7-fold) and hyperphosphorylated (1.2-
to 6.4-fold) in all PanNET tumor samples tested, which included
one metastasis, as compared with matched adjacent normal
pancreas (Figure 1A). We also tested the human PanNET cell
lines BON, QGP-1, and CM (32-34) to determine FAK expression in
PanNET cells. We found that FAK was expressed and autophos-
phorylated in all three PanNET cell lines tested (Figure 1B).
Because immunoblot analysis does not allow for discern-
ment of which cell types express FAK, we performed immu-
nohistochemical analysis on 20 matched normal and tumor
samples, which included one metastasis. We found that tumor
samples displayed increased FAK staining in tumor cells while
adjacent stromal cells and matched normal samples exhibited
basally low FAK staining (Figure 1C). Furthermore, analysis by a
masked pathologist revealed that tumor samples (n = 11) dis-
played statistically significantly higher FAK staining intensity
as compared with matched normal samples (n = 9) (normal:
2.111+0.601; tumor: 3.182+0.751, P = .002) (Figure 1D).

Effect of PF-04554878, an ATP-Competitive Kinase
Inhibitor of FAK, on Proliferation and Clonogenicity
of PanNET Cells

Because we detected increased FAK activation in human
PanNET patient samples and cell lines, we next sought to deter-
mine the effect of FAK kinase inhibition in PanNET cell lines.
Using the ATP-competitive FAK inhibitor PF-04554878, we evalu-
ated the effect of FAK kinase inhibition on clonogenic colony
formation and cell growth. PF-04554878 inhibited PanNET clo-
nogenicity in a dose-dependent manner in all three cell lines
tested (Figure 2A), with CM cells being five- and 10-fold more
sensitive as compared with BON and QGP-1 cells, respectively
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(CM, 50% growth inhibition (GI,;) 0.34 uM; QGP-1, GI, 3.34 uM;
BON, GI; 1.56 uM) (Figure 2A; Supplementary Table 1, available
online). We also found that 72 hours of PF-04554878 treatment
inhibited PanNET viability in a dose-dependent manner, with
CM cells showing a three-fold decrease in GI,  as compared with
QGP-1 and BON cells (CM, GI, 1.77 uM; QGP-1, GL, 4.90 uM; BON,
GI,, 5.42 uM) (Figure 2B; Supplementary Table 1, available online).
To determine the effect of FAK kinase inhibition on proliferation,
we counted live cells daily following treatment with GI,, and
GI,, concentrations of PF-04554878. We found that PF-04554878
markedly inhibited PanNET proliferation over five days in BON,
QGP-1, and CM cells (Figure 2C).

Effect of PF-04554878 on FAK Phosphorylation and
Oncogenic Signaling in PanNET Cells

To confirm selectivity of PF-04554878 for inhibition of FAK
phosphorylation, we performed immunoblot analysis of phos-
phorylated and total FAK in human PanNET cell lines follow-
ing treatment with PF-04554878. After one hour of PF-04554878
treatment, we observed a marked inhibition of Y397 FAK
autophosphorylation, the most proximal indicator of FAK acti-
vation (36) (Figure 3A). Densitometric analysis revealed that
50% inhibition of FAK autophosphorylation occured between 50
and 100nM in BON cells, and between 10 and 50nM in QGP-1
and CM.

To confirm that the nanomolar inhibition of FAK activation
observed in PanNET cells was not because of global decreases
in cellular phosphorylation and to explore the effect of FAK
kinase inhibition on downstream oncogenic signaling proteins,
we treated human PanNET cell lines with varying concentra-
tions PF-04554878 for one hour and used immunoblot analysis
to examine the phosphorylation status of FAK as well as AKT
(Figure 3B), which is a key downstream signaling molecule
(14-20). We also chose to evaluate ERK phosphorylation, as this
is an important indicator of aberrant oncogenic proliferation,
although it is not directly regulated by FAK (37). We found that
while Y397 phosphorylation of FAK was markedly inhibited at
100nM in all three cell lines, inhibition of ERK phosphorylation
was not observed, but rather appeared to increase at the 10 pM
dose only, while AKT phosphorylation was markedly inhibited
at this dose in all three cell lines (Figure 3B). Densitometric
analysis revealed that PF-04554878 inhibited FAK phosphoryla-
tion by more than 50% at the 100nM dose at one hour in all
cell lines, while this extent of inhibition of AKT phosphoryla-
tion was only observed at the 10 pM dose. To determine whether
lower doses of PF-04554878 could also modulate AKT and ERK
signaling, we examine the effects of 1 pM and 5 yM concentra-
tions of PF-04554878 in PanNET cell lines after three hours of
treatment. We found that AKT phosphorylation was inhibited
at three hours at the 5 pM dose in BON, QGP-1, and CM cells
(Figure 3C).

Effect of PF-04554878 on Apoptosis in PanNET Cells

Because inhibition of AKT signaling was observed follow-
ing PF-04554878 treatment and because the AKT pathway is
implicated in cellular evasion of apoptosis (38), we sought to
determine whether PF-04554878 treatment is associated with
induction of apoptosis in PanNETs. To identify the optimal
time requirement for PF-04554878 to induce apoptosis, we per-
formed a time course experiment, and harvested BON cells at
12, 24, 48, and 72 hours after treatment. We then performed
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Figure 1. Focal adhesion kinase (FAK) expression in pancreatic neuroendocrine tumors (PanNETs). A) Immunoblot analysis of Y397 phospho- and total FAK in PanNET
patient tumors (T) and/or matched metastatic sample (Met) as compared with matched normal pancreas (N). Numbers (2710, etc.) indicate samples obtained from the
same patient. For densitometric analysis, results were normalized to tubulin and are expressed as fold induction over matched normal sample. For the unmatched
tumor sample, results are expressed as fold induction over the mean of the other three normal samples. B) Immunoblot analysis of phospho- (Y397) and total FAK in
human PanNET cell lines. Tubulin is shown as a loading control, and densitometric analyses are expressed as fold induction over BON cells. C) Representative images
of FAK immunohistochemistry staining in human PanNET samples (scale bar = 200 pm). D) Analysis of FAK immunohistochemistry staining intensity in nine normal
samples and 11 matched PanNET tumor samples (including one unmatched tumor and one matched metastasis sample) as determined by a masked pathologist using
a two-tailed Student’s t test (P < .01). Error bars represent standard deviation of the mean. FAK = focal adhesion kinase.

immunoblot analysis to assess proteolytic PARP-1 cleavage as
a marker of apoptosis (39), as well as caspases 3, 8, and 9. We
observed maximum levels of cleaved PARP-1 and cleaved cas-
pase 9 at 72 hours after treatment and chose this time point
to determine the dose of PF-04554878 required for apoptosis
induction (Figure 4A).

To determine whether apoptosis occurs in a dose-dependent
manner, we performed a dose response experiment and immu-
noblot analysis of caspases 3, 8, and 9 as well as PARP-1. We
found that PF-04554878 induced apoptosis at 5 uM to 10 uM with
induction of PARP-1 cleavage and decreased full-length caspases
3, 8, and 9 observed at these doses (Figure 4B). Interestingly,
while PARP-1 cleavage and decreases in full length caspases 3,
8, and 9 were consistently observed, cleaved caspase 9 was the
only cleaved caspase detected in all three cell lines (Figure 4,
A and B; Supplementary Figure 1, available online), suggesting
that apoptosis induced by PF-04554878 in PanNET cells may be

mitochondrial in nature, because caspase 9 is the most proximal
caspase activated following mitochondrial cytochrome C release
(40).

To confirm our findings that PF-04554878 can induce dose-
dependent apoptosis, we next performed TUNEL staining for
DNA strand breaks in BON, QGP-1, and CM PanNET cell lines. We
found that PF-04554878 caused a dose-dependent induction of
apoptosis in all cell lines tested (Figure 4, C and D). CM cells were
the most sensitive to PF-04554878 induction of apoptosis, with
statistical significance reached at the 2.5 pM dose, as compared
with 5 uM in BON and QGP-1 cells (Figure 4D).

Effect of Oral Administration of PF-04554878 on
Human PanNET Growth Inhibition In Vivo

Given the observed antitumor effects of PF-04554878 on PanNET
cell growth, clonogenicity, AKT signaling, and induction of
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Figure 2. Effect of PF-04554878, a novel inhibitor of focal adhesion kinase (FAK) kinase activity, on growth of human pancreatic neuroendocrine tumor (PanNET) cells.
A) Dose-response effect of PF-04554878 on colony formation of BON, QGP-1, and CM cells at low cell density after two- to four-week treatment as determined by the
clonogenicity assay, and quantification of colonies for BON, QGP-1, and CM cells as determined by mechanical tally counter. Percent clonogenicity was calculated by
normalizing colony counts to DMSO control. Error bars represent standard deviation of the mean. B) Viability of BON, QGP-1, and CM cells treated for 72 hours with
increasing doses of PF-04554878 as determined by MTT assay. Percent viability was calculated by normalizing absorbance to DMSO control. Error bars represent stand-
ard deviation of the mean. C) Proliferation growth curves of BON, QGP-1, and CM cells treated for five days with DMSO control or PF-04554878 at GI,; or G, concentra-
tions. Error bars represent standard deviation of the mean. GI;, = 50% growth inhibition, GI,, = 25% growth inhibition.
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Figure 3. Effect of PF-04554878 on phosphorylation of focal adhesion kinase (FAK), AKT, and ERK. A) Immunoblot analysis of phosphorylated (Y397) and total FAK
protein levels after one hour of treatment with increasing doses of PF-04554878 in human pancreatic neuroendocrine tumor cell lines. B) Effect of one hour or (C) three
hours of PF-04554878 treatment on FAK, AKT, and ERK1/2 activation as determined by immunoblot analysis of phosphorylated FAK (Y397), AKT (S473), and ERK1/2
(Thr202/204) in comparison with total protein levels. Tubulin or GAPDH were used as loading controls. *Loading control for phosphoproteins. tLoading control for total

proteins. FAK = focal adhesion kinase.

apoptosis, we next tested whether PF-04554878 could inhibit
human PanNET cell growth in vivo. Since peritoneal carcino-
matosis occurs in PanNETs (41,42), and is a negative prognos-
tic marker in GEP-NETs (41,42), we performed intraperitoneal
injection of the human PanNET cell line CM stably expressing

luciferase (CM-Luc) in NOD/SCID mice as a model of human
PanNET carcinomatosis. Animals were assigned to receive either
vehicle or 50mg/kg of PF-04554878 by oral gavage once daily.
Tumor burden was assessed every four days via biolumines-
cent imaging. We found that oral administration of PF-04554878
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PF-04554878 on induction of apoptosis as determined by caspase 3, 8, and 9 levels, as well as PARP-1 cleavage. B) Effect of increasing doses of PF-04554878 on caspases
3, 8, and 9 activation and PARP-1 cleavage in BON cells after 72 hours of treatment. C) Representative images of TUNEL staining for apoptosis in three independent
dose-response experiments in CM cells following 72 hours of treatment with PF-04554878 (scale bar = 200 pm). D) Graphical quantification of PF-04554878 induction
of apoptosis in human PanNET cell lines as determined by TUNEL staining. For each experiment, five images of each slide were analyzed, and the percentage of apop-
totic cells was calculated by counting the number of TUNEL positive nuclei (green) in relation to total nuclei stained with DAPI (blue). Results are composite of three
independent experiments. A two-tailed Student’s t test was used to compare each group with DMSO control (*P < .05, *P < .01, ***P < .001). Error bars represent standard

deviation of the mean.

resulted in a statistically significant inhibition of carcinomatotic
growth as compared with vehicle-treated mice (P = .03) (Figure 5,
A and B).

Because a cell line xenograft model may not fully rep-
resent tumor responses observed in human patients, we
next sought to confirm our findings in a patient-derived
xenograft model. In this model, a primary human PanNET
specimen freshly obtained following surgical resection, dis-
playing high levels of FAK activation and moderate AKT acti-
vation (Figure 5C), was implanted subcutaneously into NSG
mice. Mice were assigned to receive either vehicle or 50 mg/
kg of PF-04554878 orally, daily. We found that oral admin-
istration of PF-04554878 resulted in a statistically signifi-
cant inhibition of tumor growth (P = .02) (Figure 5D, Day 24:

Control: 1003.97 +85.91 mm?, PF-04554878: 429.35 + 53.75 mm?,
P = .001).

Effect of Dual Targeting of FAK and mTOR on
PanNET Viability

Since maximal induction of apoptosis and inhibition of cell
growth and clonogenicity were observed at relatively high
doses of PF-04554878, and because solid tumors frequently
acquire resistance to small molecule kinase inhibitors (43), we
next sought to combine PF-04554878 with the mTOR inhibitor
everolimus, which is currently an approved agent for the treat-
ment of PanNETs. We chose to target mTOR because genes in
this pathway are mutated in PanNETs (2). We found that dual
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Figure 5. Effect of PF-04554878 on growth of human human pancreatic neuroendocrine tumors (PanNETSs) in vivo. A) Effect of daily oral administration of PF-04554878
on growth of CM-Luc cells in NOD/SCID mice as measured by bioluminescent luciferase signal intensity in CM-Luciferase model of PanNET carcinomatosis. Fold induc-
tion bioluminescent signal intensity was calculated for each mouse by normalizing bioluminescent signal value to first measurement (Day 10 post-injection). Based on
bioluminescent imaging, mice were assigned on Day 15 to vehicle control (n = 3) or 50 mg/kg of PF-04554878 (n = 4). B) Bioluminescent imaging of mice on final day of
study (Day 26). C) Immunohistochemical staining of FAK (Y397) and AKT (S473) phosphorylation in PanNET patient-derived xenograft tumor model (scale bar = 200 pm).
D) Effect of daily oral administration of PF-04554878 on growth of human PanNET patient-derived xenograft transplant model in NSG mice. Animals were implanted
with a 3 x 3 x 3mm piece of a human PanNET tumor sample 10 days prior to treatment assignment and commencement (Day 1) with vehicle control or 50 mg/kg of
PF-04554878. Tumors were measured when palpable using calipers, and tumor volume was calculated using the formula V = L? x W x /6. Statistical analysis of the
effect of treatment intervention as compared with control was performed using a repeated measures two-tailed two-way analysis of variance. Error bars represent

standard deviation of the mean.

targeting of FAK and mTOR by combining PF-04554878 and
everolimus, respectively, in fixed molar ratio concentrations
resulted in synergistic growth inhibition of QGP-1 and CM
PanNET cells (Figure 6A). Synergy was confirmed by analysis
of Combination Index (CI) values using CalcuSyn software. CI
values were plotted against the fractional effect of each com-
bination point (Figure 6B). According to the Chao and Talalay
method, CI values below 1.0 indicate synergy (35). CI values are
listed in Supplementary Tables 2 and 3 (available online). These
data demonstrate that PF-04554878 synergizes with everolimus
to inhibit cell growth.

To confirm that dual targeting of FAK and mTOR resulted in
maximum inhibition of oncogenic signaling and induction of
apoptosis, we performed immunoblot analysis at 72 hours for
phosphorylation of FAK, AKT, and p70 S6K, and apoptotic cleavage
of PARP-1. While PF-04554878 decreased phosphorylation of AKT,
everolimus alone appeared to increase FAK and AKT phospho-
rylation (Supplementary Figure 2, available online). Importantly,
the combination of PF-04554878 with everolimus resulted in a
complete block of everolimus induced AKT phosphorylation.
This abrogation was accompanied by maximal PARP-1 cleavage
(Supplementary Figure 2, available online). These data demon-
strate that PF-04554878 can abolish AKT-mediated evasion of
everolimus-induced apoptosis in PanNET cells.

The largely cytostatic effect of mTOR inhibitors on human
cancers is thought to be the reason why these agents rarely

induce regression of solid tumors (7). Because we observed a
potent cytostatic effect of everolimus in PanNET cells (Figure 6A),
we next sought to determine whether adding a single fixed dose
of PF-04554878 to increasing concentrations of everolimus—
using a varying molar ratio method—would change the cytostatic
profile of everolimus. We found that adding a single, nonapopto-
genic dose of PF-04554878 (2.5 pM for QGP-1 cells and 1.0 pM for
CM cells) to increasing concentrations of everolimus resulted in
a cytotoxic effect profile in comparison with everolimus alone.
In QGP-1 cells, the effect changed to resemble a classic sigmoi-
dal dose-response curve, while in CM cells the combination
effect appeared to be linearly cytotoxic (Figure 6C). Analysis of
CI values plotted against fractional effect of combination points
using CalcuSyn software indicated that the synergistic effect of
this combination strategy increased as the fractional effect and
dose of everolimus increased (Figure 6D). CI values are listed in
Supplementary Tables 4 and 5 (available online). These data indi-
cate that the addition of a single dose of PF-04554878 is sufficient
to allow everolimus to drive further synergy in PanNET cells.

Discussion

We have demonstrated for the first time that FAK is hyperphos-
phorylated and overexpressed in PanNETs. FAK signaling has
been implicated in the survival of normal pancreatic islets, and
we now show that FAK expression and activation are increased
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Figure 6. Effect of dual targeting of focal adhesion kinase (FAK) and mTOR on pancreatic neuroendocrine tumor (PanNET) cell growth. A) Effect of PF-0455878 and
everolimus alone and in combination using the fixed molar ratio method in QGP1 and CM cells. PF-0455878 and everolimus were combined in a constant EC,; ratio,
followed by serial one-half dilutions of this combination. B) CalcuSyn graph of combination index values (CI) and fraction of cells affected (Fa) from fixed molar ratio
combination of PF-04554878 and everolimus in QGP-1 and CM cells. C) Effect of everolimus alone and in combination with a single dose of PF-04554878 using the vary-
ing molar ratio method in QGP1 and CM cells. A single nonapoptogenic dose of PF-04554878 was combined with increasing concentrations of everolimus. D) CalcuSyn
graph of combination index values (CI) and fraction of cells affected (Fa) from varying molar ratio combination of PF-04554878 and everolimus in QGP-1 and CM cells.

upon malignant transformation of islet cells. In addition, it has
been proposed that survival of normal islets requires FAK acti-
vation mediated by exposure to basement membrane proteins
(12,13). Our findings of increased FAK expression and phospho-
rylation in PanNET metastasis and primary tumor samples as
compared with matched normal pancreas support this hypothe-
sis, suggesting that PanNET metastatic foci are seeded by tumor
cells that can survive detachment from the double-layered islet
basement membrane (44) by upregulating and activating FAK

independently of basement membrane protein contact. Thus,
our data predict that cells in the primary tumor with high lev-
els of FAK would be selected during the metastatic process, in
accord with the observation that FAK expression is increased in
many different tumor types as they become invasive and meta-
static (21,22).

We have discovered that an ATP-competitive FAK inhibitor
displays antiproliferative and pro-apoptotic activity in PanNETs
as a single-agent both in vitro and in vivo. Our findings of growth
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inhibition and apoptosis induction in vitro and in vivo following
kinase inhibition of FAK highlight the importance of FAK activ-
ity and signaling for PanNET survival. These antitumor effects
are likely facilitated by downregulation of AKT, because maxi-
mum apoptosis and inhibition of viability occurred at doses of
PF-04554878 that decreased both FAK and AKT phosphorylation.
The redundant nature of AKT signaling, which is critical to can-
cer cell evasion of apoptosis and survival (38), provides a strong
rationale of simultaneous targeting of multiple oncoproteins in
this pathway (45).

Although PF-04554878 was active as a single agent in our
PanNET xenograft models, an important finding of this study
is the discovery of a novel combination strategy using kinase
inhibition of FAK to sensitize PanNETs to the mTOR inhibitor
everolimus. Because PanNETs have been increasing in incidence
for several decades (46-48) and treatment options for PanNETs
have historically been limited (49), novel therapeutic strategies
are needed for PanNET patients. In 2011, everolimus became the
first drug approved by the FDA in nearly 30 years (followed by
Sunitinib) on the basis of an increase in progression-free survival
observed in everolimus treated patients in the RADIANT-3 trial
(3). Despite this prolongation of progression-free survival, over-
all response rates were low, highlighting the need for a combi-
nation strategy that will maximize tumor regression in PanNET
patients. One explanation for the lack of complete responses is
the observation that mTOR inhibitors increase AKT activation
and thus allow cells to evade apoptosis, limiting the efficacy of
these rapalogs (50). Our results showing the cytostatic effect and
increased FAK and AKT activation of everolimus in PanNETSs as a
single agent support this explanation, and also suggest that AKT
activation by everolimus may be secondary to FAK activation.

Since FAK/AKT signaling has been shown to be critical for
the survival of normal islets (12,13), and AKT is known to be
aberrantly activated in the majority of PanNETSs (8-10), we chose
to test the effect of the combination of FAK and mTOR inhibition
on the growth of PanNETs. We found that PF-04554878 syner-
gized with everolimus and abolished its feedback activation of
AKT. Importantly the addition of a fixed dose of PF-04554878 to
everolimus was sufficient to overcome the cytostatic effect of
everolimus in PanNET cells. Although this combination therapy
is promising for PanNETs, some potential limitations of this
study should be considered. These include the limited number
of patient samples of this tumor type available for analysis and
the number of commercially available PanNET cell lines acces-
sible for research purposes. Nevertheless, it is likely that this
strategy of targeting upstream of AKT will enhance mTOR inhi-
bition by preventing feedback AKT activation. While Phase II
clinical trials of a dual PI3K/mTOR inhibitor are already under-
way in PanNETs (ClinicalTrials.gov identifier: NCT01658436), our
data propose a role for FAK/AKT signaling in resistance to chem-
otherapy. To this end, while our manuscript was in preparation
we noted recent data showing that PF-04554878 can overcome
AKT-mediated chemotherapeutic resistance in ovarian cancer
(20). In summary, our findings warrant the clinical investigation
of combined treatment with everolimus plus FAK inhibitors in
PanNET patients.
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