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Abstract Recurrence and spread of ovarian cancer is the
5th leading cause of death for women in the United States.
Focal adhesion kinase (FAK) is a cytoplasmic proteintyrosine kinase located on chromosome 8q24.3 (gene is
Ptk2), a site commonly amplified in serous ovarian cancer.
Elevated FAK mRNA levels in serous ovarian carcinoma
are associated with decreased (logrank P = 0.0007, hazard
ratio 1.43) patient overall survival, but how FAK functions
in tumor progression remains undefined. We have isolated
aggressive ovarian carcinoma cells termed ID8-IP after
intraperitoneal (IP) growth of murine ID8 cells in C57Bl6
mice. Upon orthotopic implantation within the peri-ovarian
bursa space, ID8-IP cells exhibit greater tumor growth,
local and distant metastasis, and elevated numbers of
ascites-associated cells compared to parental ID8 cells.
Kristy K. Ward and Isabelle Tancioni contributed equally to this
study.
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ID8-IP cells exhibit enhanced growth under non-adherent
conditions with elevated FAK and c-Src tyrosine kinase
activation compared to parental ID8 cells. In vitro, the
small molecule FAK inhibitor (Pfizer, PF562,271, PF-271)
at 0.1 uM selectively prevented anchorage-independent
ID8-IP cell growth with the inhibition of FAK tyrosine
(Y)397 but not c-Src Y416 phosphorylation. Oral PF-271
administration (30 mg/kg, twice daily) blocked FAK but
not c-Src tyrosine phosphorylation in ID8-IP tumors. This
was associated with decreased tumor size, prevention of
peritoneal metastasis, reduced tumor-associated endothelial
cell number, and increased tumor cell-associated apoptosis.
FAK knockdown and re-expression assays showed that
FAK activity selectively promoted anchorage-independent
ID8-IP cell survival. These results support the continued
evaluation of FAK inhibitors as a promising clinical
treatment for ovarian cancer.
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Abbreviations
ANOVA
Analysis of variance
BSA
Bovine serum albumin
DMSO
Dimethylsulfoxide
EDTA
Ethylenediaminetetraacetic acid
FACS
Fluorescence-activated cell sorting
FAK
Focal adhesion kinase
FBS
Fetal bovine serum
FITC
Fluorescein isothiocyanate
GFP
Green fluorescent protein
IP
Intraperitoneal
KD
Kinase dead
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OCT
PBS
PF-271
PFA
Poly-HEMA
Scr
shRNA
TUNEL
WT
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Optimal cutting temperature
Phosphate-buffered saline
PF-562,271
Paraformaldehyde
Polyhydroxyethylmethacrylate
Scrambled
Short hairpin RNA
Terminal deoxynucleotidyl transferase
dUTP nick end labeling
Wild type

Introduction
Epithelial ovarian carcinoma ranks 9th among invasive
malignancies diagnosed in US women in 2012 and it is the
5th leading cause of cancer death. Over 22,000 women will
be diagnosed this year and over 15,000 will die from the
disease [1]. First line chemotherapy with carboplatin and
paclitaxel is very effective with an 80 % response rate;
however, 70 % of those patients who respond to initial
therapy will eventually recur [2, 3]. Most with recurrence
will die of their disease secondary to the development of
tumor chemo-resistance [4].
Epithelial tumors are the most common type of ovarian
cancer [5]. Unlike most other human malignancies, ovarian
cancer primarily disseminates by exfoliative mechanisms.
Cells dissociate from the primary tumor and can continue
to survive as multi-cellular spheroids within the peritoneal
space and re-implant to form new tumors on the peritoneal
surface [6]. As such, the majority of epithelial ovarian
cancers present with advanced disease with diffuse intraabdominal spread [7, 8]. Understanding the mechanism by
which these spheroids can survive and proliferate is vital in
the development of targeted therapies for this disease.
Focal adhesion kinase (FAK) is canonically thought of
as cytoplasmic protein-tyrosine kinase that associates with
integrins and growth factor receptors and acts to regulate
various intracellular signaling pathways associated with
tumor progression [9, 10]. However, under conditions of
FAK inhibition, FAK localizes to the cell nucleus whereby
it can modulate gene expression and cell survival [11, 12].
The gene for FAK (termed Ptk2) is located at the tip of
chromosome 8q24.3 which is an ovarian cancer susceptibility locus and a site commonly amplified in ovarian
cancer [13, 14]. FAK protein is elevated in serous ovarian
tumors compared to normal ovary [15] and women with
higher FAK expression in tumors exhibit high levels of
metastasis and decreased overall survival [16]. Shortinterfering RNA knockdown approaches to reduce FAK
expression can increase ovarian cancer apoptosis and
decrease tumor size in mouse models [17, 18]. In
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combination with Src-family tyrosine kinases, FAK is
implicated in promoting adrenergic receptor-stimulated
ovarian carcinoma cell survival [19]. However, as Src
inhibitors such as dasatinib did not show single agent
activity in patients with recurring epithelial ovarian cancer
[20], it is possible that FAK signaling connections may be
distinct from Src in promoting ovarian tumor progression.
Small molecules that act as ATP-competitive inhibitors
of FAK activity are in various stages of development [21–
24]. Completed Phase I human studies of PF-562,271 (PF271) are encouraging as oral administration of this FAK
inhibitor is tolerable and was associated with prolonged
stable disease in 12 % of patients [25]. Studies in human
xenograft or syngeneic mouse tumor models have associated PF-271 administration with the inhibition of breast
[26, 27], liver [28], prostate [29, 30], pancreatic [31], and
squamous cell [32] tumor progression. However, the proposed mechanism(s) of action associated with FAK inhibition are varied and may also involve alterations in the
tumor microenvironment [33]. Previous studies using a
FAK inhibitor from Novartis (TAE-226) or Poniard (PND1186) revealed an inhibition of ovarian carcinoma tumor
growth [22, 23], but whether this reflects a direct inhibition
of FAK activity remains undetermined. Moreover, PF-271
effects on ovarian carcinoma cells are unknown.
Here, we have isolated an aggressive population of ID8
murine ovarian carcinoma cells after intraperitoneal (IP)
growth in C57Bl6 mice (ID8-IP cells) that exhibit enhanced
growth under anchorage-independent conditions and tumor
metastasis in mice. ID8-IP growth in vitro and in vivo is
sensitive to PF-271-mediated FAK inhibition whereby PF271 functions to selectively block FAK but not c-Src tyrosine
phosphorylation. Pharmacological FAK inhibition also
prevents the growth of various human ovarian carcinoma
cells under anchorage-independent conditions. In ID8-IP
cells, genetic knockdown and cell reconstitution assays show
that anchorage-independent survival is dependent upon FAK
expression and activity. Together, these results support the
continued evaluation of FAK inhibitors as a new therapeutic
treatment option for ovarian cancer.

Materials and methods
Antibodies and reagents
Site and phospho-specific antibodies pY397 FAK (clone
141-9) and pY416 c-Src (2101) were from Life technologies and Cell Signaling, respectively. Antibodies to FAK
(clone 4.47, Millipore), c-Src (sc-18, Santa Cruz Biotechnology), E-cadherin (clone 36, Life Technologies), CD31
(clone MEC13.3 BD Pharmingen), and b-actin (clone AC74, Sigma) antibodies were purchased. PF-562,271 (PF-
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271) was synthesized as described [21] and PND-1186 was
from Poniard. For in vitro studies, PF-271 and PND-1186
were dissolved in dimethyl sulfoxide (DMSO) and stored at
-80 °C until time of use. Final experimental DMSO
concentration did not exceed 0.1 %. For in vivo tumor
experiments, oral PF-271 (30 mg/kg) or PND-1186
(150 mg/kg) administration was twice daily by gavage
starting 7 days after tumor cell injection. The vehicle for
PF-271 was 30 % 2-hydroxypropyl-beta-cyclodextrin in
3 % dextrose and the vehicle for PND-1186 was water.
Cells
Human ovarian cancer cell lines IGROV1, SKOV3, HEY,
and A2780 were from J. Chien (Mayo Clinic, Rochester,
MN), 2008 cells were from S. Howell (UCSD), and murine
ovarian ID8 carcinoma cells were from K. Roby [34] at the
Kansas University Medical Center. All cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10 % fetal bovine serum (FBS), 1 mM non-essential amino
acids, 2 mM glutamine, 100 U/ml penicillin, and 100 lg/ml
streptomycin. ID8 cells were injected into the intraperitoneal
cavity of C57Bl6 mice, ascites-associated cells isolated after
45 days as described [23], and a population of ID8-IP cells
was obtained and expanded by culture under anchorageindependent conditions on low binding poly 2-hydroxyethyl
methacrylate (poly-HEMA) coated plates for 3–4 weeks.
ID8-IP cells were stored frozen as a low passage stock and for
experiments, cultured under adherent or suspended conditions for less than 6 passages.
Cloning and lentiviral constructs
The coding sequence for fluorescent mCherry protein
(pmCherry-C1, Clontech) was subcloned into the lentiviral
expression vector (pCDH-CMV-MSC1, System Biosciences) and recombinant lentivirus produced as described
[11]. Lentivirus-transduced mCherry-expressing ID8 and
ID8-IP cells were selected by growth in puromycin (2 lg/
ml), expanded, and frozen as low passage stocks. Shorthairpin RNA (shRNA) expression from pLentiLox 3.7Puro (subcloning was used to replace GFP with puromycin
selectable marker) was used to knockdown FAK using
forward (50 -tgaagggatcagttacctgattcaagagatcaggtaactgatcc
cttcttttttc-30 ) and reverse (50 -tcgagaaaaaagaagggatcagttac
ctgatctcttgaatcaggtaactgatcccttca-30 ) targeting sequences
coding for murine FAK residues (278-284). A scrambled
(Scr) shRNA using forward (50 -tgtctccgaacgtgtcacgtttcaagagaacgtgacacgttcggagacttttttc-30 ) and reverse (50 -tcgaga
aaaaagtctccgaacgtgtcacgttctcttgaaacgtgacacgttcggagaca-30 )
targeting sequences cloned into pLentiLox 3.7-Puro was
used as a control. Lentiviral transduced ID8-IP cells were
selected by growth in puromycin, cell clones were isolated
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by single cell sorting (FACS Aria, BD Biosciences) into 96
well plates, expanded, and characterized by immunoblotting for FAK. Three cell clones were pooled, expanded, and
stored frozen as stable pools of Scr- or FAK shRNAexpressing ID8-IP cells. shRNA-resistant FAK constructs
were created by site-directed mutagenesis using the forward
(50 -gaagaaggtatttgctatctgacagacaaaggctgc-30 ) and reverse
(50 -ctgtcagatagcaaataccttcttctgggccgattg-30 ) primers targeting the coding sequence for FAK residues (279-282) but do
not change the translated amino acids in this region. Green
fluorescent protein (GFP) tagged FAK-wildtype (WT) or
FAK kinase-dead (KD) in pEGFP-C1 [35] were mutated
into shRNA-resistant constructs and subcloned into the
lentiviral vector pCDH1-MCS1-EF1-Puro (System Biosciences). For reconstitution studies, FAK shRNA ID8-IP cells
were lentiviral transduced to express GFP-FAK WT or
GFP-FAK KD, sorted by flow cytometry, and used directly
in experimental analyses within 10–14 days.
Cell growth assays
Cells were plated under adherent (5 9 104 cells, tissue culture-treated) and non-adherent conditions (2.5 9 105 cells,
poly-HEMA-coated) in 6-well plates (Costar) in 2 ml growth
media. Between 24 and 144 h, all cells were collected by
limited trypsin–EDTA treatment, a single cell suspension was
prepared, and the viable total cell number determined by
automated trypan blue staining and counting (ViCell XR,
Beckman). For soft agar assays, 48-well plates were coated
with a 1:4 dilution of 2 % agar (EM Science) in 0.2 ml growth
media (bottom layer). For each well, 1 9 104 cells per well
were plated in 0.3 % agar in 0.2 ml growth media (middle
layer). After solidification, a top layer of 0.3 % agar in 0.15 ml
of growth media was added. Cell growth media (0.2 ml) was
added and either DMSO or PF-271 added (inhibitor concentration determined for 0.75 ml total volume). After 7 days,
colonies were stained with crystal violet, imaged in phase
contrast, and enumerated by counting the center field of each
well. All experimental points were performed in triplicate or
quadruplicate and repeated two or three times.
Immunoblotting
Protein extracts of cells were made using lysis buffer (RIPA)
containing 1 % Triton X-100, 1 % sodium deoxycholate,
0.1 % SDS, 50 mM Hepes pH 7.4, 150 mM NaCl, 10 %
glycerol, 1.5 mM MgCl2, 1 mM EGTA, 10 mM sodium
pyrophosphate, 100 mM NaF, 1 mM sodium orthovanadate, and 10 lg/ml leupeptin. Tumors were resected and
homogenized using a Pro 200 tissue homogenizer (Pro
Scientific) in RIPA lysis buffer without sodium deoxycholate and SDS. Total protein levels were determined by bicinchoninic acid assay (Pierce), proteins were resolved by
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NuPAGE 4-12 % Tris-Bis gels (Invitrogen), and transferred
to polyvinylidene difluoride membranes (Immobilon, Millipore) for antibody immunoblotting. Ratios of pY397 FAK
to total FAK and pY416 c-Src to total c-Src analyses were
performed by sequential reprobing of membranes as
described [36]. Relative expression levels and phosphospecific antibody reactivity were measured by densitometry
analyses of blots using Image J (Version 1.43).
Immunohistochemistry
Tumors were divided into thirds and either fixed in formalin, snap-frozen in Optimal cutting temperature (OCT)
compound (Tissue Tek), or processed for protein lysates
(as above). Formalin-fixed tumors were paraffin-embedded, sectioned, and processed for hematoxylin and eosin
(H&E) staining. To visualize mCherry tumor-associated
protein expression, formalin-fixed paraffin-embedded sections were incubated at 60 °C for 30 min, deparaffinized in
xylene washes, and rehydrated in ethanol/water washes.
Antigen retrieval (boiling for 10 min in 10 mM sodium
citrate pH 6) and peroxidase quenching (0.3 % hydrogen
peroxide for 10 min) were performed. Sections were
incubated in Blocking Buffer (PBS with 5 % normal goat
serum, 0.5 % BSA, and 0.1 % Triton X-100) for 45 min at
room temperature and then incubated with anti-DsRed
polyclonal antibody (Clontech 1:100 dilution in Blocking
Buffer) overnight. Biotinylated goat-anti-rabbit IgG
(1:300), Vectastain ABC elite, and diaminobenzidine
(Vector Labs) were used to visualize DsRed antibody
binding and slides were counter-stained with hematoxylin.
Images were captured at 49, 109, and 209, using an
inverted microscope (Nikon Eclipse Ti 90), color camera
(Nikon DS-Fi1), and NIS Elements software (Nikon).
For apoptosis and anti-CD31 staining analyses, frozen
tumors were thin sectioned (7 lm) using a cryomicrotome
(Leica CM1950) and mounted onto glass slides. Sections
were fixed with acetone, permeabilized in PBS/0.5 % BSA
for 5 min, and blocked with 8 % goat serum in PBS/0.5 %
BSA for 30 min at room temperature. Tumor apoptosis was
measured by terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining using the fluorescein
isothiocyanate (FITC) kit as per the manufacturer’s
instructions (Roche). For CD31 staining, sections were fixed
in acetone, rinsed in 0.5 % BSA and PBS, and blocked with a
solution of PBS containing 0.5 % BSA and 1 % goat serum.
FITC-conjugated anti-CD31 antibodies at 1 lg/ml in 0.5 %
BSA and PBS were incubated overnight. Cell nuclei were
visualized by incubation with 1:50,000 dilution of Hoechst
33342 (Invitrogen). Images were sequentially captured at
109 and 409 (UPLFL objective, 1.3 NA; Olympus) using a
monochrome charge-coupled camera (ORCA ER; Hamamatsu), an inverted microscope (IX81; Olympus), and
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Slidebook software (v5.0, Intelligent Imaging). Images were
pseudo-colored, overlaid, merged using Photoshop CS3
(Adobe), and quantified using Image J (v1.43).
Mice
Female C57BL/6 mice (Charles River) were housed in
pathogen-free conditions according Association for the
Assessment and Accreditation for Laboratory Animal Care
guidelines. Studies were performed with approved institutional animal care and use protocols and adhere to
ARRIVE guidelines. No body weight loss or morbidity was
associated with the study protocols.
Orthotopic tumor model
Growing tumor cells were harvested by limited trypsinization, washed in PBS, and counted (ViCell XR, Beckman).
Surgical implantation of mCherry-labeled ID8 or ID8-IP
cells unilaterally under the bursa surrounding the ovary of
8–10 week old C57Bl6 mice was performed as described
[37]. Briefly, 0.5 9 106 (non-inhibitor) or 0.75 9 106
(inhibitor) cells were mixed with growth factor-depleted
Matrigel (BD Biosciences) injected (7 ll) using a Hamilton
syringe, 29.5 gauge needle, and incisions closed with surgical staples. Mice were evaluated daily for signs of distress
and initiation of FAK inhibitor or vehicle administration
started at day 7 and was maintained through termination. All
mice were euthanized at day 28, at which time ascites was
collected and peritoneal washings performed with 5 mL of
PBS, ovary-tumor and uterine horns removed-photographed,
and the tumor was dissected and weighed. In peritoneal
washings, erythrocytes were lysed using RBC lysis buffer
(eBioscience), cells collected by centrifugation, enumerated
(ViCell XR), and then fixed in 4 % paraformaldehyde. The
percent of mCherry-positive tumor cells was determined by
flow cytometry (FACSAria, BD Biosciences) and the number of ascites-associated tumor cells was determined by
multiplying the total cell number by the percent of mCherrypositive cells. For evaluation of tumor spread, fluorescent
images of the intra-abdominal cavity and internal organs
(intestines, lungs, spleen, omentum, kidneys, uterus, contralateral ovary, and diaphragm) were acquired using an
OV100 Small Animal Imaging System (Olympus). For
quantitation, a common threshold for mCherry fluorescence
was set and metastatic sites were enumerated using Image J.
Database analyses
The cBio Cancer Genomics Portal was accessed (http://
www.cbioportal.org/public-portal/). All cancer studies
were queried for percentage of Ptk2 gene amplification in
different cancers and significance determined by Chi
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squared test using Prism (GraphPad Software, v5.0d).
Expression array data was evaluated using the online tool
termed the Kaplan–Meier Plotter (http://www.kmplot.
com/ovar) as described [38]. The datasets include gene
expression and survival data from Gene Expression
Omnibus and The Cancer Genome Atlas (Affymetrix HGU133A, HG-U133A 2.0, and HG-U133 Plus 2.0 microarrays). The probe set used for Ptk2 analyses was
208820_at that contains 11 antisense probes. Query
parameters were: overall survival, split patients by median,
auto-select best cut-off, and follow up threshold of
10 years. Signal range of the probe was 369-9759 and the
auto-cutoff value was 1861. Restriction analyses were
stage (all), histology (serous), grade (all), debulk (all), and
chemotherapy treatments (all). 961 patient samples were
analyzed.
Statistics
Significant difference between groups was determined
using one-way ANOVA with Tukey post hoc. Differences
between pairs of data were determined using an unpaired
two-tailed student’s t test. All statistical analyses were
performed using Prism (GraphPad Software, v5.0d). Pvalues of \0.05 were considered significant.

Results
Elevated FAK expression in ovarian cancer
and connections to patient survival
Previous immunohistochemical studies of serous ovarian
carcinoma patient samples revealed that FAK overexpression was correlated with advanced tumor stage, elevated
tumor grade, tumor-positive lymph nodes, and the presence
of distant metastasis [15, 16]. In a sample size of *80
paraffin-embedded sections, FAK over-expression was
associated with poor patient survival [16]. Changes in FAK
expression can occur through gene amplification events
[39] and analyses of The Cancer Genome Atlas (TCGA)
database revealed that FAK (Ptk2) gene amplification
occurred in 24 % of serous ovarian patient cohort samples
analyzed (Fig. 1a). The rate of Ptk2 amplification in serous
ovarian cancer is significantly higher than breast, prostate,
colon, and a variety of other well-characterized cancer
patient cohorts documented in the TGCA database
(Fig. 1a).
To extend these observations, Kaplan–Meier survival
analyses of serous ovarian cancer patient mRNA samples
were compared by analysis of a microarray database containing 22,227 genes and annotated patient outcomes
(http://www.kmplot.com/ovar) [38]. By comparison of 961

Fig. 1 Elevated FAK gene (Ptk2) amplification in ovarian cancer and
Kaplan–Meier analyses of FAK mRNA levels with overall patient
survival. a The cBio Cancer Genomics Portal (http://www.cbiopor
tal.org/public-portal/) was queried for percentage of Ptk2 gene
amplification in The Cancer Genome Atlas (TCGA) with different
cancers and significance determined by the Chi squared test
(***P \ 0.001). b The Kaplan–Meier Plotter (http://www.kmplot.
com/ovar) was queried to evaluate Affymetrix microarray expression
of FAK mRNA levels in 961 annotated serous ovarian cancer patient
tumor samples. Selections were: overall survival (follow up threshold
of 10 years), split patients by median, stage (all), histology (serous),
grade (all), debulk (all), and chemotherapy treatments (all). High
levels of FAK expression (red) are associated with decreased patient
survival (logrank P = 0.0007) and the Hazard ratio (with 95 %
confidence intervals) is shown

patient samples without restriction for tumor stage, grade,
status of tumor debulking or chemotherapy treatments,
high FAK mRNA levels were associated with significantly
worse overall patient survival (logrank P = 0.0007) over
10 years (Fig. 1b). Together, this supports the notion that
Ptk2 gene amplification in serous ovarian carcinoma may
result in elevated FAK expression and a poor patient
prognosis.
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Fig. 2 In vivo passage of ID8 murine ovarian carcinoma cells in
C57Bl6 mice result in the spontaneous generation of aggressive cells.
a Schematic summarizing the intraperitoneal (IP) injection of ID8
cells, re-isolation from ascites after 43 days, growth and expansion in
anchorage-independent (poly-HEMA-coated plates) for 4 weeks with
the resulting pooled population of cells termed ID8-IP. b Adherent
proliferation of 50,000 ID8 or ID8-IP cells over 6 days. c Anchorageindependent growth of 250,000 ID8 or ID8-IP cells on poly-HEMA
coated plates over 6 days. (b, c) Values are means (± SD) of
triplicate points, (**P \ 0.01, ***P \ 0.001). d Phase contrast

images of ID8 or ID8-IP cells under adherent and confluent (day 5)
or suspended conditions (day 6). Scale is 70 lM. e Soft agar colony
number of ID8 or ID8-IP cells after 7 days. Values are means (± SD)
of triplicate points, (**P \ 0.01). Scale is 3 mm. f Cell lysates were
prepared from ID8 and ID8-IP cells growing under adherent or
suspended conditions after 3 days. Total protein was normalized for
actin and E-cadherin blotting was performed on the same membrane.
Phospho-specific immunoblotting for FAK Y397 (pY397) or c-Src
Y416 (pY416) phosphorylation was performed and the membranes
were re-probed for total FAK or c-Src, respectively

Isolation of aggressive murine ovarian carcinoma cells

proteases [40], growth factors [41], and cell surface-associated proteins influencing inflammation [12]. In order to
study these events, as well as establish a tumor model
system that is compatible with conditional FAK knockout

FAK signaling within tumor cells can alter the tumor
microenvironment by regulating the expression of
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Fig. 3 ID8-IP ovarian carcinoma cells exhibit enhanced orthotopic
tumor growth and metastasis. mCherry-expressing ID8 and ID8-IP
cells (500,000 cells in 7 lL of Matrigel) were injected into the ovarian
bursa of 8–10 week old C57Bl6 mice and evaluated after 28 days.
a Representative images of combined mCherry-fluorescence with
brightfield images of opened peritoneal cavity. Arrows (yellow)
indicate positions of ovaries injected with ID8 or ID8-IP tumor cells.
Scale is 0.5 cm. b Representative images of surgically extracted ID8

or ID8-IP ovarian tumors with uterine horns. Scale is 1 mm divisions.
c Primary tumor weights of ID8 and ID8-IP injected mice. d Ascites
was collected, peritoneal cavity washed with saline, and total
mCherry-positive cells enumerated by flow cytometry. e Peritonealassociated metastatic tumor sites were quantified by counting
mCherry-positive nodules visualized by OV100 imaging. (C-E)
Values are means (± SD) from ID8 (n = 9) or ID8-IP (n = 8)
(*P \ 0.05, ***P \ 0.001)

or knockin mice on C57Bl6 backgrounds [35, 42], we reisolated murine ID8 ovarian carcinoma cells [34] after
intraperitoneal growth in C57Bl6 mice for 43 days (Fig. 2).
Ascites-associated cells were cultured in suspension using
poly-HEMA plates for 4 weeks, and a pooled population of
cells was established (ID8-IP, Fig. 2a). Comparisons of
ID8 and ID8-IP in culture showed that ID8-IP cells grew to
higher cell densities under adherent conditions (Fig. 2b)
and ID8-IP but not ID8 cells could proliferate in suspension culture (Fig. 2c). At high densities, cell morphology
was different with ID8 cells establishing a monolayer and
ID8-IP cells exhibiting focus formation (Fig. 2d). Large
spheroid formation was not observed with ID8 or ID8-IP
cells (Fig. 2d). In soft agar, ID8-IP cells formed significantly more colonies than ID8 after 7 days (Fig. 2e).
Together, these results show that ID8-IP cells exhibit traits
consistent with a higher degree of cell transformation.
To evaluate potential cell-associated protein changes,
immunoblotting was performed on ID8 and ID8-IP cell
lysate and revealed E-cadherin down-regulation in ID8-IP
cells (Fig. 2f). This is consistent with a potential loosening
of cell attachments and ability to shed tumor cells into the

peritoneal cavity [43]. E-cadherin expression was maintained in ID8 cells grown on poly-HEMA-coated dishes
(Suspended) for 3 days. Under suspended conditions,
indirect markers of FAK (Y397 phosphorylation, pY397)
or c-Src (Y416 phosphorylation, pY416) activation were
low in ID8 cells (Fig. 2f). In contrast, both FAK pY397
and c-Src pY416 phosphorylation were high in adherent
ID8-IP cells and FAK-Src activation was maintained in
ID8-IP cells grown in suspension for 3 days (Fig. 2f).
Thus, increased FAK and c-Src activity were detected in
lysates of suspended ID8-IP but not parental ID8 cells.
ID8-IP cells exhibit enhanced tumor growth
and metastasis after orthotopic implantation in C57Bl6
mice
Cell implantation within the murine peri-ovarian bursa
space provides an optimal microenvironment to monitor
serous ovarian carcinoma tumor growth and spread [37].
ID8 and ID8-IP cells were transduced to express the fluorescent mCherry protein and injected into the peri-ovarian
bursa space of C57Bl/6 mice (Fig. 3). After 28 days, ID8-
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Fig. 4 Ovary-associated ID8 and ID8-IP tumors. a Representative 940 magnification of paraffin-embedded H&E-stained ID8 or
b ID8-IP tumors 28 days after orthotopic injection. Right, is
H&E 9200 magnification (boxed region of 940 image) and a

corresponding serial obtained tumor section stained with antibodies
to dsRed (diaminobenzidine, DAB) and haematoxylin. The area of
ID8-IP infiltration into the ovary is circled (green). The T, tumor; F,
follicle, and CL, corpus luteum. Scale is 100 lm

IP tumors were larger and exhibited macroscopic fluorescent spread to the tissues surrounding the ovary compared
to the smaller ID8 tumors that remained confined within
the injected area (Fig. 3a, b). Quantification of tumor
progression showed that ID8-IP tumors were larger and
shed an increased number of tumor cells into the peritoneal
space as collected with ascites and peritoneal washes
(Fig. 3c, d). ID8-IP tumors exhibited increased metastatic

spread to other organs (colon, stomach, kidney, liver,
spleen, and diaphragm, data not shown) and the peritoneal
wall after 28 days compared ID8 cells grown as tumors
(Fig. 3e). Differences between the growth and spread of
ID8 versus ID8-IP ovary-associated tumors were also
visualized by H&E and immunohistochemical staining to
detect mCherry-expressing tumor cells (Fig. 4a, b). ID8
tumors were detected within the peri-ovarian space or
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Fig. 5 PF-271 FAK inhibition prevents anchorage-independent ID8IP growth without effects on c-Src Y416 phosphorylation. a Adherent
proliferation of ID8 or ID8-IP cells over 6 days in the presence of
vehicle (dimethylsulfoxide, DMSO) or increasing concentrations of
PF-271 (0.1–1.0 lM). Values are average fold-change above 50,000
starting cells from triplicate points (± SD), (***P \ 0.001).
b Anchorage-independent growth of 250,000 ID8-IP cells on polyHEMA coated plates over 5 days in the presence of DMSO or
increasing concentrations of PF-271 (0.1–1.0 lM). Values are means

(± SD) of triplicate points, (*P \ 0.05, ***P \ 0.001). c ID8-IP soft
agar colony number after 7 days in the presence of DMSO or
increasing concentrations of PF-271 (0.1–1.0 lM). Values are means
(± SD) of triplicate points, (*P \ 0.05, ***P \ 0.001). d Protein
lysates of anchorage-independent ID8-IP cells on poly-HEMA plates
treated with DMSO or increasing concentrations of PF-271
(0.1–1.0 lM) were evaluated by immunoblotting for FAK Y397
phosphorylation (pY397), total FAK, c-Src Y416 phosphorylation
(pY416 Src), total c-Src, and total actin levels

within the bursa-associated mesothelium (Fig. 4a). Larger
ID8-IP tumors exhibited infiltration within various surrounding tissues and tumor cell penetration of the ovary
(Fig. 4b). Orthotopic ID8-IP tumor growth and spread
exhibits many parallels with clinical patterns of human
epithelial ovarian carcinoma clinical progression.

for effects against Src-family tyrosine kinases [21].
Treatment of adherent ID8 and ID8-IP cells with PF-271
revealed that concentrations below 1 lM were ineffective
in altering cell growth over 6 days (Fig. 5a). However,
0.1 and 0.5 lM PF-271 significantly prevented ID8-IP
anchorage-independent growth on poly-HEMA plates
(Fig. 5b) and in soft agar (Fig. 5c). Pharmacological FAK
inhibition also prevented the proliferation of human
ovarian carcinoma cells IGROV1, HEY, and A2780 but
not SKOV3 or 2008 cells under suspended culture conditions (Fig. S1). Notably, 0.1 and 0.5 lM PF-271 treatment of ID8-IP cells for 24 h selectively inhibited FAK
Y397 phosphorylation without altering Src Y416 phosphorylation under suspended culture conditions (Fig. 5d).

Pharmacological inhibition of FAK prevents suspended
ID8-IP growth independent of effects on c-Src
The small molecule FAK inhibitor PF-271 exhibits
nanomolar IC50 activity against FAK in various tumor
cell lines and 100-fold greater concentrations are required
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Oral PF-271 administration prevents ID8-IP tumor
growth and metastasis

Fig. 6 Oral administration of PF-271 FAK inhibitor prevents ID8-IP
tumor growth and metastasis independent of effects on c-Src Y416
phosphorylation. a mCherry-labeled ID8-IP tumor cells were bursainjected and after 7 days, vehicle or PF-271 (30 mg/kg) were
administered by oral gavage twice-daily (BID). Mice were euthanized
after 28 days and a primary tumor weight was determined for mice
treated with vehicle (n = 8) or PF-271 (n = 10). b Peritonealassociated metastatic tumor sites were quantified by counting
mCherry-positive nodules visualized by OV100 imaging. (a, b)
Values are means (± SD) (*P \ 0.05, **P \ 0.01). c Evaluation of
FAK Y397 phosphorylation (pY397), total FAK, c-Src Y416
phosphorylation (pY416 Src), total c-Src, and total actin levels by
immunoblotting using normal ovary tissue or ID8-IP tumors from 5
independent vehicle- or PF-271-treated mice. d Ratio of pY397
phosphorylated FAK to total FAK levels normalized to normal ovary
(set to 1) and determined by densitometry using Image J (n = 5 per
group, ***P \ 0.001). (E) Ratio of pY416 phosphorylated c-Src to
total c-Src levels normalized to normal ovary (set to 1) and
determined by densitometry using Image J (n = 5 per group)

These results support the importance of FAK activity in
promoting the anchorage-independent growth of ID8-IP
and other human ovarian carcinoma cells.

123

Studies in human xenograft or syngeneic mouse tumor
models have associated PF-271 oral administration with
the inhibition of breast, liver, prostate, pancreatic, and
squamous cell carcinoma tumor growth [21, 26–32]. Dosing has ranged from 5 to 50 mg/kg and twice-daily
administration (BID) has shown greatest efficacy [21].
Although other small molecule FAK inhibitors have been
tested using IP injection of ovarian carcinoma cells [22,
23], true orthotopic models combined with pharmacological inhibition have not been tested for ovarian cancer and
the in vivo effect of FAK inhibition in such a model
remains unknown.
To determine the effect of FAK inhibition in vivo,
mCherry-labeled ID8-IP cells were surgically injected into
the ovarian bursa and after 7 days, oral administration of
PF-271 at 30 mg/kg or vehicle was initiated every 12 h
(Fig. 6). Mice maintained normal weight and habitus. At
experimental day 28, mice were euthanized and PF-271
treated mice showed significantly smaller primary tumors
and less peritoneal metastasis than vehicle-treated control
mice (Fig. 6a, b). Inhibition of orthotopic ID8-IP tumor
growth was also obtained after twice-daily administration
of a different FAK inhibitor (PND-1186 at 150 mg/kg)
compared to vehicle-treated mice (Fig. S2).
Analyses of primary tumors by immunoblotting showed
that FAK phosphorylation at Y397 was high in vehicletreated controls, normalized to the level of FAK expression
and Y397 FAK phosphorylation in normal mouse ovary
samples (Fig. 6c, d). Densitometry of immunoblots showed
that PF-271 treatment significantly inhibited FAK Y397
phosphorylation compared to vehicle-treated tumors
(Figs. 6c, d). Inhibition of FAK Y397 phosphorylation also
occurred after PND-1186 treatment of tumors (Fig. S2).
Interestingly, c-Src expression levels were elevated in
ovary-associated ID8-IP tumors compared to normal ovary
tissue, normalized to actin levels (Fig. 6c). However, PF271 treatment did not reduce c-Src Y416 phosphorylation
in ID8-IP tumors (Fig. 6e). Together, these results show
that PF-271 inhibition of FAK blocks ID8-IP tumor growth
and spread through a mechanism that is independent of
inhibitory effects on Src Y416 phosphorylation either
in vitro (Fig. 5) or in vivo (Fig. 6).
To elucidate a potential mechanism associated with
PF-271 inhibition of ID8-IP, primary tumor growth,
tumor sections were analyzed by staining (Fig. 7). H&E
staining revealed a high density of tumor cells within
ovaries of vehicle-treated mice (Fig. 7a). Ovaries of PF271-treated mice contained tumor cells, but cell density
was lower (Fig. 7a) and the recovered tumors were of
fragile or friable state. Frozen section analyses of
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Fig. 7 Alterations in ID8-IP
tumor-associated endothelial
cells and tumor apoptosis in PF271-treated mice.
a Representative 940 images of
paraffin-embedded H&E stained
tumors from vehicle- or PF-271treated mice. Right, boxed
region 940 image at 9200
magnification. Scale is 100 lM.
b Representative fluorescent
microscopy images of antiCD31 antibody (green) and cell
nuclei (Hoechst, blue) staining
within ID8-IP tumors from
vehicle- or PF-271-treated mice.
c Fluorescent images from five
random fields (at 910) from 3
different ID8-IP tumors from
vehicle- or PF-271-treated mice
were acquired and the number
of CD31-positive cells per field
were enumerated using Image J.
Values are means (± SD)
(*P \ 0.05). d Representative
fluorescent microscopy images
of TUNEL (green) and cell
nuclei (Hoechst, blue) staining
within ID8-IP tumors from
vehicle- or PF-271-treated mice.
Scale is 100 lM. e Images were
acquired and enumerated as
above. Values are means
(± SD) (*P \ 0.05)

tumors revealed fewer CD31-positive endothelial cells
(Figs. 7b, c) and increased levels of cell apoptosis as
determined by TUNEL staining (Fig. 7d, e) in PF-271treated tumors compared to vehicle-treated controls.
Thus, decreased tumor-associated endothelial cell density and increased tumor cell apoptosis are potential
mechanisms associated with PF-271 inhibition of ID8IP tumor growth.

Confirmation of the importance of FAK kinase activity
in promoting anchorage-independent ID8-IP cell
survival
Pharmacological FAK inhibition can alter both tumor cell
intrinsic and tumor micro-environmental properties. To
determine if PF-271-mediated inhibition of ID8-IP cell
growth under suspended cell conditions is due to the loss of
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Fig. 8 Genetic support for the importance of FAK expression and
activity in ID8-IP anchorage-independent cell survival. a Stable ID8IP FAK shRNA knockdown cells were transiently reconstituted with
GFP-FAK WT or GFP-FAK kinase-dead (KD), sorted for GFPexpression, and pooled populations of cells expanded and then used in
cell proliferation assays within 10–14 days. Flow cytometry shows
GFP (open histogram) or background cell fluorescence (dark
histogram) of GFP-FAK WT and GFP-FAK KD cells after expansion.
b Immunoblotting of ID8-IP cells lysates from scrambled shRNA
(Scr), FAK shRNA-expressing, and FAK shRNA-expressing reconstituted with GFP-FAK WT or GFP-FAK KD using antibodies to
FAK and actin as a loading control. GFP-FAK (150 kDa) and

endogenous FAK (115 kDa) are denoted. c Adherent cell viability
and proliferation of 50,000 ID8-IP cells (day 0) expressing Scr
shRNA, FAK shRNA, and FAK shRNA cells reconstituted with GFPFAK WT or GFP-FAK KD over 5 days as measured by ViCellXR
enumeration. Values are means (± SD) of triplicate points
(**P \ 0.01). d Suspended cell viability and survival of 250,000
ID8-IP cells (Day 0) expressing Scr shRNA, FAK shRNA, and FAK
shRNA cells reconstituted with GFP-FAK WT or GFP-FAK KD over
5 days as measured by ViCellXR enumeration. Values are means
(± SD) of triplicate points plotted as percent of initial cell number
(**P \ 0.01, ***P \ 0.001)

FAK activity, FAK knockdown and re-expression analyses
were performed (Fig. 8). Pooled populations of cells stably
expressing lentiviral scrambled (Scr) or anti-FAK shRNA
were selected by growth in puromycin. Cells were transduced with shRNA-resistant green fluorescent protein
(GFP) tagged FAK wildtype (WT) or GFP-FAK kinase

dead (KD), sorted by flow cytometry, expanded, and used
for proliferation-survival experiments within 10–14 days.
GFP-FAK WT or GFP-FAK KD levels were verified by
flow cytometry (Fig. 8a) and by immunoblotting (Fig. 8b)
prior to experiments. Scr and FAK shRNA-expressing ID8IP cells were transduced with GFP and expression levels
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verified by flow cytometry (Fig. S3). The same number of
Scr shRNA, FAK shRNA, FAK shRNA ? GFP-FAK WT,
or FAK shRNA ? GFP-FAK KD were evaluated for
growth under adherent (Fig. 8c) or suspended conditions
(Fig. 8d) over 5 days.
Reduction in FAK expression or re-expression of FAKKD did not alter ID8-IP cell viability under adherent
conditions. However, FAK knockdown slightly reduced
adherent cell growth and this was rescued by either FAKWT or FAK-KD re-expression (Fig. 8c). Under suspended
conditions, FAK knockdown reduced cell viability and this
remained constant with FAK-WT or FAK-KD re-expression (Fig. 8d). Strikingly, major differences in ID8-IP cell
numbers after 5 days were observed upon FAK knockdown
compared to Scr shRNA ID8-IP control cells that continued
to proliferate (Fig. 8d). Notably, FAK-WT re-expression
promoted survival and growth of FAK shRNA-expressing
ID8-IP under suspended conditions (Fig. 8d). In contrast,
the percent of initial FAK-KD expressing cells was reduced
after 5 days. These genetic results confirm and extend
pharmacological findings that FAK activity is required for
anchorage-independent ID8-IP cell proliferation. Together,
these results support the conclusion that cell intrinsic and
FAK-associated signals promote the aggressive phenotype
of ID8-IP tumors in mice.

Discussion
This is the first study to utilize an orthotopic syngeneic
murine model to evaluate the role of FAK activity in
ovarian cancer tumor progression. The injection of cells
within the bursa peri-ovarian space provides an advantage
over intraperitoneal injection since bursa injection allows
for the measureable growth of a primary tumor within the
ovarian microenvironment that can spread to distant sites
within the peritoneum. This model replicates ovarian cancer clinical progression in humans as patients can present
with a primary ovarian tumor associated with local invasion and intra-abdominal metastases [44]. As diffuse colonization of the peritoneum is usually seen in later stages,
it is believed that the ovarian tumor arises first and then
sheds cells which seed other sites.
For analysis of rapid orthotopic tumor growth, we
generated a new murine ovarian cancer cell line, named
ID8-IP, which was recovered from ascites of mice injected
intraperitoneally with ID8 cells. Previous studies have
isolated aggressive ID8 cells after orthotopic injection
exhibiting an increased rate of lethal tumor progression
reduced to 60 days compared to 114 days for parental ID8
cells [44]. ID8-IP cells exhibit an accelerated rate of tumor
progression with lethality occurring within 40 days. We
speculate that the growth of ID8-IP cells initially as
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spheroids within the peritoneal cavity and then selected for
anchorage-independent growth in culture, may have contributed to the aggressive ID8-IP phenotype. Both FAK and
Src tyrosine kinase activity are elevated within ID8-IP cells
cultured in suspension. Notably, the subcutaneous passage
of lymphoma cells in mice also resulted in increased FAK
expression within recovered tumor cells [45]. The importance of FAK signaling facilitating the establishment,
growth, or survival of tumor cells in mice is supported by
studies using conditional FAK knockout mice [29, 46–48].
Analyses of the TCGA database revealed that FAK gene
amplification occurs significantly more often in serous
human ovarian cancer compared to other cancers such as
those of breast, prostate, and colon; which also tend not to
spread exfoliatively and/or form ascites. Moreover, Kaplan–Meier analyses of 961 patient samples revealed that
high FAK mRNA levels were associated with significantly
worse overall patient survival (logrank P = 0.0007) over
10 years. Importantly, ID8-IP cells were sensitive to low
nanomolar concentrations of PF-271 in the selective prevention anchorage-independent growth. Oral administration of PF-271 inhibited ID8-IP orthotopic tumor growth
and prevented peritoneal metastasis. Much of the literature
concerning FAK is based upon studies of cells grown
adherently in 2D (two-dimensional) culture on plastic
dishes and it remains undetermined how FAK promotes
ovarian carcinoma tumor growth in suspension. However,
this sensitivity to the inhibition of FAK expression or
activity only under conditions of anchorage-independence
was also observed with breast carcinoma cells using the
PND-1186 small molecule FAK inhibitor [23]. Tumor
growth using spheroids may better reflect in vivo tumor
biology, particularly in ovarian cancer, where spheroids are
thought to represent a common mechanism of dissemination. Ongoing studies are testing the hypothesis that FAK
activity may facilitate integrin interactions with adhesion
molecules on neighboring tumor cells, and thus promote
cell survival signaling within the spheroid. Thus, therapeutic anti-integrin [49] and FAK inhibitors may target
critical signaling pathways within a spheroid environment
needed for ovarian cancer survival as well as in established
tumors and metastases.
Notably, PF-271 addition to ID8-IP cells did not prevent
activation-associated Src tyrosine phosphorylation at Y416
in suspended cells or in tumors under conditions where
FAK Y397 phosphorylation was inhibited and tumor
growth prevented. Although recent studies using squamous
carcinoma cells suggest that FAK inhibition triggers
autophagic targeting of Src to promote cancer cell survival
[50], PF-271 treatment of these cells results in combined
FAK and Src inhibition [32]. It is unclear whether this is
unique to squamous carcinoma cells as PND-1186 FAK
inhibitor treatment of 4T1 breast carcinoma cells resulted
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in FAK but not Src inhibition in cell culture and tumors
[23, 24]. Further studies are needed to determine if pharmacological FAK inhibition alters ovarian carcinoma cell
signaling pathways independently of effects on Src.
Our orthotopic tumor studies also revealed that PF-271
reduced the number of endothelial cells within tumors and
this was associated with increased levels of tumor apoptosis. Similar findings were observed in the first PF-271
study of H125 lung tumor cell xenografts [21] and this has
been extended to pharmacological FAK inhibition in
ovarian [22] and colon [51] cancer xenografts. PF-271
blocks blood vessel sprouting in chicken chorioallantoic
membrane assays [52] and mouse aortic explant assays
[42]. A related Pfizer compound (PF-573,228) reduces
human umbilical cord vein endothelial cell viability,
migration, and tube formation in vitro [53]. The strongest
support for the importance of FAK activity in promoting
vascular remodeling comes from the generation of kinaseinactive FAK knockin mice whereby embryonic lethality
was associated with the lack of yolk sac capillary plexus
formation and disorganized endothelial cell patterning [35,
54]. With the creation of an inducible FAK kinase-inactive
knockin within adult mouse endothelial cells [55], and the
back-crossing of this mouse onto a pure C57Bl/6 background, future experiments with ID8-IP cells should be
able to selectively evaluate the contribution of FAK
activity within endothelial cells in promoting ovarian
tumor progression.
Besides acting on ovarian tumor cells and endothelial
cells, PF-271 treatment can also interfere with tumorassociated fibroblast and macrophage recruitment [31].
Moreover, PND-1186 FAK inhibitor administration was
shown to decrease leukocyte infiltrate and reduce breast
tumor-associated splenomegaly [24]. As low level stimulation of inflammatory mediators such as tumor necrosis
factor-a (TNF-a) can contribute to the pathogenesis of
ovarian cancer [56], and FAK activity controls gene
expression events in response to TNF-a within endothelial
cells [12, 57], it is possible that the PF-271 inhibition of
FAK activity within various stromal-associated cells may
also alter the course of ovarian tumor progression.
Overall, primary chemotherapy is very effective in initial ovarian cancer treatment. However, the majority of
patients will succumb to chemoresistant reoccurrence and
metastasis. Thus, combinations of FAK inhibitors with
other chemotherapy regimens may further improve efficacy
and prevent recurrences [22, 31]. For example, combinations of PF-271 with another tyrosine kinase inhibitor
(sunitinib) had enhanced anti-tumor effects [28]. Clearly,
further studies are needed to elucidate the key cell targets
and FAK-associated signaling pathways promoting ovarian
tumor progression in order to optimize combinations of
chemotherapeutics.
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In summary, we show that FAK activity is important for
growth and metastasis of ovarian cancer, both in vitro and
in vivo. Targeting FAK activity with pharmacological
inhibitors in human ovarian cancer could be an important
step in decreasing the mortality from this disease. As small
molecule FAK inhibitors have been found to be safe and
well tolerated in animal studies, and Phase I human studies
of PF-271 of highly treated patient populations are
encouraging as 12 % of patients showed stable disease
[25], our studies support potential Phase II clinical trials
with small molecule FAK inhibitors in ovarian cancer.
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Figure S3. Transient GFP expression in
Scrambled (Scr) and anti-FAK shRNA ID8-IP
cells. Flow cytometry shows GFP (open
histogram) or background cell fluorescence
(dark histogram) following lentiviral transduction
and cell expansion.

Figure S1. Pharmacological FAK inhibition affects growth of human
ovarian cancer cell lines. IGROV1, SVOK3, HEY, A2780, and 2008
cells were grown in suspended conditions on ultra-low adherence
poly-HEMA plates and treated with 1 µM FAK inhibitor (PND-1186)
or DMSO (control) for 72 hours. Values are means (+/-SD) performed in triplicate (**p<0.01;***p<0.001).

Figure S2. Oral administration of PND-1186 FAK inhibitor prevents ID8-IP tumor growth. (A) mCherry-labeled ID8-IP
tumor cells were bursal-injected and after 7 days, vehicle or PND-1186 (150 mg/kg) were administered by oral gavage
twice-daily (BID). Mice were euthanized after 28 days and (A) primary tumor weight was determined for mice treated
with vehicle (n=9) or PND-1186 (n=9). (B) Peritoneal-associated metastatic tumor sites were quantified by counting
mCherry-positive nodules as visualized by OV100 imaging. (A and B) Values are means (+/- SD) (* p<0.05, ** p<0.01).
(C) Evaluation of FAK Y397 phosphorylation (pY397), total FAK, and total actin levels by immunoblotting using normal
ovary tissue or ID8-IP tumors from 5 independent vehicle- or PND-1186-treated mice. (D) Ratio of pY397
phosphorylated FAK to total FAK levels normalized to normal ovary (set to 1) and determined by densitometry using
Image J (n= 5 per group, *** p<0.001).

