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Introduction

Epithelial ovarian cancer is the fifth leading cause of can-
cer death among US women and is the most lethal gynecologic 
malignancy. Unfortunately, mortality rates have not appreciably 
decreased over the past decade largely because recurrent platinum-
resistant ovarian cancer remains incurable. While improvements 
in clinical outcome have been achieved with VEGF inhibitors, 
disease control with these agents remains finite.1 To date, the 
majority of studies have focused more on how well anti-angio-
genic treatment blocks target lesion growth and less on metasta-
sis. However, given the recent observation that tumors may elicit 

evasive resistance marked by increased metastasis in response to 
VEGF inhibition, investigation of agents with combined anti-
angiogenic and anti-metastatic activity is needed.2 This study 
examines the unique therapeutic potential of focal adhesion 
kinase (FAK) inhibitors to induce dual anti-angiogenic and anti-
metastatic effects in preclinical models of ovarian cancer.

Focal adhesion kinase is a non-receptor tyrosine kinase that 
functions as a central node in signaling networks arising from 
focal adhesions. Focal adhesions are multi-protein complexes that 
mediate cell contact with the extracellular matrix (ECM) and 
relay information between the ECM and the cell cytoplasm.3,4 
Thus, FAK interfaces cells with their microenvironment. 
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This investigation describes the clinical significance of phosphorylated focal adhesion kinase (FAK) at the major 
activating tyrosine site (Y397) in epithelial ovarian cancer (EOC) cells and tumor-associated endothelial cells. FAK gene 
amplification as a mechanism for FAK overexpression and the effects of FAK tyrosine kinase inhibitor VS-6062 on tumor 
growth, metastasis, and angiogenesis were examined. FAK and phospho-FAKY397 were quantified in tumor (FAK-T; pFAK-T) 
and tumor-associated endothelial (FAK-endo; pFAK-endo) cell compartments of EOCs using immunostaining and qRT-
PCR. Associations between expression levels and clinical variables were evaluated. Data from The Cancer Genome Atlas 
were used to correlate FAK gene copy number and expression levels in EOC specimens. The in vitro and in vivo effects of 
VS-6062 were assayed in preclinical models. FAK-T and pFAK-T overexpression was significantly associated with advanced 
stage disease and increased microvessel density (MVD). High MVD was observed in tumors with elevated endothelial cell 
FAK (59%) and pFAK (44%). Survival was adversely affected by FAK-T overexpression (3.03 vs 2.06 y, P = 0.004), pFAK-T (2.83 
vs 1.78 y, P < 0.001), and pFAK-endo (2.33 vs 2.17 y, P = 0.005). FAK gene copy number was increased in 34% of tumors and 
correlated with expression levels (P < 0.001). VS-6062 significantly blocked EOC and endothelial cell migration as well as 
endothelial cell tube formation in vitro. VS-6062 reduced mean tumor weight by 56% (P = 0.005), tumor MVD by 40% (P = 
0.0001), and extraovarian metastasis (P < 0.01) in orthotopic EOC mouse models. FAK may be a unique therapeutic target 
in EOC given the dual anti-angiogenic and anti-metastatic potential of FAK inhibitors.
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Although FAK predominantly controls integrin-mediated sig-
nal transduction, accumulating evidence indicates that FAK 
activation also occurs in response to diverse stimuli including 
growth factors, phospholipids, neuropeptides, and cytokines.5 
Engagement of integrins and numerous other receptors results 
in FAK autophosphorylation at tyrosine residue 397 (pFAKY397), 
which is the most critical site for kinase activation.6 FAK activa-
tion initiates a cascade of signaling events that promote cell sur-
vival, proliferation, migration, invasion, and angiogenesis.7 Thus, 
FAK scaffolding and kinase activity control cell functions that 
fundamentally become deregulated in the course of malignant 
progression including pro-angiogenic endothelial cell behaviors.8 
We have previously demonstrated that FAK mRNA and protein 
levels are elevated in epithelial ovarian cancer.9,10 While mecha-
nistic data explaining this observation are lacking, it is notewor-
thy that amplification of 8q, where FAK gene is located (8q24.3), 
is one of the most frequent genetic alterations in primary ovarian 
cancers and is associated with poorly differentiated tumors.11,12 

Thus, FAK gene amplification could be an important mecha-
nism for high FAK in ovarian cancer. Evidence of this genetic 
link to FAK protein overexpression would strengthen the ratio-
nale for targeting FAK in this particular malignancy. Given the 
emergence of small molecule inhibitors that target FAK catalytic 
activity (e.g., TAE226, Novartis Inc.; VS-6062/PF-562,271, 
Verastem/Pfizer; PF-573,228, Pfizer; defactinib/VS-6063, 
Verastem; VS-4718, Verastem; GSK2256098, GlaxoSmithKline; 
BI 853520 Boehringer Ingelheim)13-19 and limited information 
regarding FAK activation in ovarian cancer, we conducted the 
current investigation to evaluate the expression, clinical signifi-
cance, and anti-tumor effects of inhibiting FAK phosphorylation 
at the major activating tyrosine site (Y397) in epithelial ovarian 
cancer cells and tumor-associated endothelial cells. Additionally, 
we ascertained whether changes in FAK gene copy number track 
with changes in expression using data available through The 
Cancer Genome Atlas (TCGA) in order to gain mechanistic 
understanding of increased FAK expression in ovarian cancer.

Figure 1. Tumor cell FAK and pFAKY397 expression in human epithelial ovarian cancer. (A) Representative tumor cell FAK (FAK-T) immunohistochemical 
staining in advanced stage, high grade serous ovarian cancer specimens. Negative FAK-T expression and FAK-T overexpression are represented in the 
left and right panels, respectively. (B) Representative tumor cell pFAKY397 (pFAK-T) immunohistochemical staining in advanced stage, high grade serous 
ovarian cancer specimens. Negative pFAK-T expression and pFAK-T overexpression are represented in the left and right panels, respectively. Images 
were captured at original magnification 200×. (C) Kaplan–Meier plot depicting the impact of tumor cell FAK (FAK-T) expression on ovarian cancer patient 
survival using the log-rank statistic. (D) Kaplan–Meier plot depicting the impact of tumor cell pFAKY397 (pFAK-T) expression on ovarian cancer patient 
survival using the log-rank statistic. (E) Correlation between FAK gene copy number and mRNA expression levels determined in human epithelial ovar-
ian cancers using CGH arrays and Affymetrix U133A expression arrays, respectively.
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Results

FAK and pFAKY397 expression in epithelial ovarian cancer 
cells

First, the tumor cells were evaluated for FAK (FAK-T) and 
pFAKY397 (pFAK-T) expression by immunohistochemistry in 80 
epithelial ovarian cancers. Consistent with our previous findings, 
FAK-T overexpression was observed in 69% of cases (Fig. 1A). 
Overexpression of pFAK-T was identified in 50% of cases 
(Fig. 1B). There was a strong link between FAK-T and pFAK-T 
expression levels (P < 0.01). Correlations between clinicopatho-
logical variables and tumor cell FAK and pFAK expression are 
summarized in Table  1. FAK-T overexpression was associated 
with advanced stage (P < 0.001) and high grade (P = 0.044) dis-
ease. FAK-T overexpression was found in 25% and 77% of ovar-
ian cancers limited to (stage I/II) and spread beyond (stage III/
IV) the pelvis, respectively. Overexpression of pFAK-T was also 
significantly associated with disease dissemination; high pFAK-T 
levels were detected in 57% of stage III/IV compared with only 
8% of stage I/II ovarian cancers (P = 0.002). On the basis of find-
ing strong associations between FAK-T and pFAK-T expression 
and stage, we examined the effect of expression levels on patient 
survival. Mean overall survival among patients with FAK-T over-
expression was 2.16 y, compared with 3.06 y for patients with 
low FAK-T expression (P = 0.005, Fig.  1C). Survival was also 
adversely affected by pFAK-T overexpression. Mean overall sur-
vival was 3.04 vs. 1.81 y for patients with low and high pFAK-T 
expression, respectively (P < 0.001, Fig. 1D).

Relationship between FAK gene copy number and expres-
sion in ovarian cancer

Based on finding FAK overexpression and activation to por-
tend poor prognosis, we investigated the underlying mechanism 

of increased FAK protein expression in this malignancy. Several 
recent reports characterizing recurrent chromosomal aberrations 
in ovarian cancer have revealed a high frequency of gains in 8q, 
the chromosomal locus of the FAK gene. These data prompted 
us to investigate the presence of FAK gene amplification and 
whether changes in FAK copy number track with changes in gene 
expression in a subset of ovarian cancers. Using a circular binary 
segmentation (CBS) cutoff of 0.5, we detected increases in FAK 
copy number in 13 of the 38 tumors evaluated. Recurrent loss of 
8p was also observed. This aberration was not detected in any of 
the benign ovaries we examined (n = 10); the magnitude of all 
CBS values was less than 0.05.

The correlation between the two Affymetrix probes targeting 
FAK was high (r = 0.78). The correlation between FAK CBS 
levels and gene expression levels was statistically significant using 
either probeset 208820_at (rho = 0.61, P = 3.7e−06) or probeset 
207821_s_at (rho = 0.40, P = 0.0054). Fitting a regression model 
using CBS value to predict expression levels of 208820_at gave 
a slope coefficient of 0.76 and a multiple R-squared of 0.36 (P = 
6.5e−05). Thus, unit increase in CBS value would lead us to pre-
dict an increase of 0.76 units in the Robust Multichip Algorithm 
(RMA) value (Fig. 1E).

Relationship of ovarian cancer cell FAK and pFAKY397 
expression to angiogenesis

There are emerging data that FAK is a key mediator of angio-
genesis.20,21 To explore the relationship between ovarian cancer 
cell FAK and pFAK expression and the tumor vasculature, we 
stained the specimens for CD31 and quantified microvessel den-
sity (MVD). The median MVD was 21.6 vessels/high power 
field (range, 8.6–38.3 vessels/high power field). High FAK-T 
expression and activation (pFAK-T) were significantly associated 
with high MVD (P = 0.04 and P = 0.002). It is well-established 

Table 1. Correlation of clinicopathologic variables with epithelial ovarian cancer tumor cell (-T) FAK and pFAK expression

Variable
FAK-T

P value
pFAK-T

P value
No Yes No Yes

Stage

Low (I–II) 9 3
< 0.001

11 1
0.002

High (III–IV) 16 52 29 39

Grade

Low (I) 5 3
0.044

6 2
0.14

High (II–III) 20 52 34 38

Histology

Serous 22 48
0.93

32 38
0.04

Other 3 7 8 2

MVD*

Low 10 10
0.04

16 4
0.002

High 15 45 24 36

Cytoreduction

Optimal 8 22
0.49

13 17
0.36

Suboptimal 17 33 27 23

*MVD, microvessel density.
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that high MVD is a poor prognostic factor in ovarian cancer.22,23 
Consistent with this, MVD exceeding 12.7 vessels/HPF pre-
dicted poor overall survival (3.22 vs. 2.19 mean years, P = 0.002).

FAK and pFAKY397 expression in ovarian cancer vasculature
Given the link between ovarian cancer cell FAK and tumor 

vascularity, as well as recent data pointing to a direct role for endo-
thelial cell FAK in angiogenesis, we examined the clinical signifi-
cance of tumor endothelial cell FAK (FAK-endo) and pFAKY397 
(pFAK-endo). We detected high FAK-endo and pFAK-endo 

expression in 59% and 44% of cases, respectively 
(Figs.  2A and B). FAK-endo and pFAK-endo 
expression levels strongly correlated (P < 0.01). 
However, endothelial cell FAK expression and 
activation did not correlate with tumor cell FAK 
status. Activated FAK in the tumor vasculature 
was confirmed using immunofluorescence dual-
labeling for CD31 and p-FAK (Fig. 2C). To vali-
date our immunohistochemical detection of FAK 
overexpression in tumor-associated endothelial 
cells, we used quantitative real-time PCR to mea-
sure FAK transcript in endothelial cell isolates 
from normal ovary (n = 7) and ovarian carcinoma 
(n = 10). We detected a 5.4-fold increase in FAK 
transcript in tumor-associated endothelial cells 
compared with endothelial cells isolated from 
normal ovaries (Fig. 2D, P < 0.01).

Correlations between tumor-associated endo-
thelial cell FAK and pFAK expression and clinico-
pathological variables are summarized in Table 2. 
FAK-endo and pFAK-endo expression signifi-
cantly correlated with high MVD (P = 0.01 and 
P = 0.001). FAK-endo and pFAK-endo overex-
pression was detected in 65% and 53% of tumors 
with high MVD, respectively. Additionally, high 
FAK activation in the tumor-related vasculature 
was associated with poor overall survival. Mean 
overall survival was 1.86 y compared with 2.93 y 
for patients with and without activated FAK in 
tumor-associated endothelial cells (P = 0.001, 
Fig. 2E).

In vitro effects of FAK tyrosine kinase inhib-
itor VS-6062 on FAK phosphorylation, ovar-
ian cancer cell proliferation and migration, and 
endothelial cell tube formation

Novel ATP-competitive small molecule inhib-
itors of FAK with improved specificity and bio-
availability, such as VS-6062, are now emerging 
from drug development. To evaluate the thera-
peutic potential of VS-6062 using preclinical 
models of ovarian cancer, we first determined 
the dose and time kinetics of VS-6062 in block-
ing phosphorylation of the FAK Y397 activation 
site in vitro. Treatment of HeyA8 ovarian cancer 
cells with VS-6062 resulted in dose dependent 
inhibition of pFAKY397 with pFAKY397 blockade 
persisting for up to 12 h (Fig. 3A). HeyA8 cell 

viability was not by affected by VS-6062 treatment until doses 
≥0.1 μM were used, with an IC

50
 of 57.5 μM (Fig. 3B). Given 

that FAK integrates growth factor and integrin signals to pro-
mote cell migration, we tested the effect of VS-6062 on this 
endpoint. Treatment with the IC70 dose for FAK catalytic activ-
ity (0.5 μM) blocked HeyA8 migration by > 50% (P < 0.001, 
Fig.  3C). Since our clinical data suggest FAK is an important 
therapeutic target in both ovarian cancer tumor and endothelial 
cells, we also evaluated the effect of FAK inhibition on human 

Figure 2. Tumor-associated endothelial cell FAK and pFAKY397 expression in human epithe-
lial ovarian cancer. (A) Representative tumor-associated endothelial cell FAK (FAK-endo) 
immunohistochemical staining in advanced stage, high grade serous ovarian cancer 
specimens. Negative FAK-endo expression and FAK-endo overexpression are represented 
in the left and right panels, respectively. (B) Representative tumor-associated endothelial 
cell pFAKY397 (pFAK-endo) immunohistochemical staining in advanced stage, high grade 
serous ovarian cancer specimens. Negative pFAK-endo expression and pFAK-endo overex-
pression are represented in the left and right panels, respectively. Images were captured 
at original magnification 200×. (C) Representative CD31 (left panel) and pFAKY397 (center 
panel) immunofluorescent staining in advanced stage, high grade serous ovarian cancer. 
Dual CD31 and pFAKY397 staining (right panel) demonstrates activated FAK in the tumor vas-
culature. Images were captured at original magnification 200×. (D) Quantitative real-time 
PCR of endothelial cell FAK expression. FAK gene expression in 10 ovarian cancer isolates 
was calculated as the mean fold change relative to 7 normal ovarian endothelial specimens 
(normal = 1) using the 2−ΔΔC

T method. (E) Kaplan–Meier plot depicting the impact of tumor-
associated endothelial cell pFAKY397 (pFAK-endo) expression on ovarian cancer patient sur-
vival using the log-rank statistic.
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umbilical vein endothelial cell (HUVEC) migration and tube 
formation to assess the anti-angiogenic activity of VS-6062 in 
vitro. VS-6062 completely blocked VEGF-stimulated endothe-
lial cell migration (Fig. 3D) and potently inhibited endothelial 
cell branched tube formation by > 70% (P < 0.001, Fig. 3E).

In vivo effects of FAK tyrosine kinase inhibitor VS-6062 on 
ovarian cancer growth, metastasis, and angiogenesis

To determine the in vivo therapeutic potential of VS-6062, 
we tested the effect of this inhibitor on tumor growth in the 
HeyA8 intraperitoneal mouse model of ovarian cancer. VS-6062 
treatment reduced mean HeyA8 tumor weight by 56% and 
mean number of tumor implants by 55% (P = 0.005 and P = 
0.001, Fig. 4A). Western blot for pFAKY397 was used to confirm 
target modulation in tumors. VS-6062 decreased mean tumor 
pFAKY397 levels by >80% (P = 0.01, Fig. 4B). Mean mouse weight 
did not differ between VS-6062 and control treated mice (22.6 
vs. 22.3 g). Based on the clinical significance of endothelial 
pFAKY397 and the ability of VS-6062 to inhibit endothelial tube 
formation in vitro, we assayed tumor MVD. VS-6062 treated 
tumors were significantly more avascular. Specifically, VS-6062 
reduced tumor MVD by 40% compared with vehicle control 
(P = 0.0001, Fig. 4C), suggesting that the therapeutic potential 
of VS-6062 may be in part related to anti-angiogenic effects of 
FAK inhibition.

To better evaluate the anti-metastatic effects of VS-6062, we 
utilized a fully orthotopic mouse model generated by injecting 
SKOV3ip1 human ovarian cancer cells directly into the ovary. 
VS-6062 treatment reduced mean SKOV3ip1 tumor weight and 
intraperitoneal dissemination by 58% and 85%, respectively 
(P < 0.001, Fig. 4D). Further, we observed a significant decrease 
in site-specific extraovarian metastasis in VS-6062 treated ani-
mals (P < 0.05, Fig. 4E). Taken together, these findings suggest 

that the therapeutic potential of FAK inhibitors may stem from 
dual anti-angiogenic and anti-metastatic activity.

Discussion

The key findings from this investigation are that elevated 
FAK protein expression and activation occur in both the tumor 
cells and tumor-associated vasculature of a substantial propor-
tion of epithelial ovarian carcinomas. A strong link between 
FAK gene copy number and expression provides one mechanis-
tic explanation for increased FAK in ovarian cancer. FAK and 
pFAKY397 overexpression in ovarian cancer cells is significantly 
associated with advanced stage disease and compromised sur-
vival. Furthermore, high FAK activation in tumor and endothe-
lial cells occurs in ovarian carcinomas with increased vascularity. 
Overexpression of pFAKY397 in the tumor vasculature is also clini-
cally relevant in portending poor prognosis. While FAK has been 
shown to control a wide range of cellular processes, our clinical 
data support a role for FAK in driving ovarian cancer metastasis 
and angiogenesis. Data from preclinical models of ovarian cancer 
evaluating the anti-tumor effects of FAK downregulation with 
small molecule inhibitor VS-6062 provide a biological basis for 
this. Tumor growth, spread, and angiogenesis were abrogated by 
VS-6062 induced FAK inhibition at the major auto-phosphory-
lation and activating Y397 site.

To our knowledge, this study is the first to add functional sig-
nificance to newly emerging comparative genomic hybridization 
(CGH) analyses of ovarian cancer by acting on knowledge of 8q 
amplification to link increases in FAK expression to gene copy 
number gains. This association suggests that induced changes in 
FAK may be persistent as opposed to transient, further increasing 

Table 2. Correlation of clinicopathologic variables with FAK and pFAK expression in endothelial cells (-endo) of epithelial ovarian cancers

Variable
FAK-endo

P value
pFAK-endo

P value
No Yes No Yes

Stage

Low (I–II) 5 7
0.97

9 3
0.16

High (III–IV) 28 40 36 32

Grade

Low (I) 3 5
0.82

5 3
0.71

High (II–III) 30 42 40 32

Histology

Serous 26 44
0.048

37 33
0.11

Other 7 3 8 2

MVD*

Low 12 8
0.04

17 3
0.003

High 21 39 28 32

Cytoreduction

Optimal 12 18
0.86

16 14
0.68

Suboptimal 21 29 29 21

*MVD, microvessel density.
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the appeal of FAK as a drug target. While FAK gene amplifi-
cation may be a prominent mechanism underlying high FAK 
expression in ovarian cancer, FAK upregulation might also arise 
in response to epigenetic changes.24 Recent analysis of the human 
FAK promoter identified binding sites for several transcription 
factors including p53.25 However, the fact that p53 is mutated 
in nearly all serous ovarian adenocarcinomas (the most common 
histologic subtype), suggests that the mechanism for FAK expres-
sion in ovarian cancer is more complex than p53 status.26,27 There 
is some evidence to suggest that phosphatases, such as phospha-
tase and tensin homolog (PTEN), suppress FAK activation by 
dephosphorylation of tyrosine residues.28 Thus, disruption of 

PTEN, which can result from allelic loss, intragenic 
mutation, or epigenetic silencing in epithelial ovar-
ian carcinoma, could contribute to high levels of 
FAK activation in this malignancy as well.29

The recognition of FAK as a critical mediator 
of cellular motility combined with the reality that 
most cancer deaths are attributable to distant spread 
as opposed to local complications explains why the 
kinase has garnered increasing interest in clinical 
research.7,30 In fact, there is evidence that FAK oper-
ates at multiple points along the metastatic cascade. 
FAK signaling modulates changes in cell adhe-
sion, motility, and invasion capabilities, homing to 
the metastatic target organ, and angiogenic switch 
activation.31 The strong association we identified 
between FAK activation and advanced stage disease 
is a clinical corollary of this. Our in vivo observa-
tion of reduced upper abdominal tumor involvement 
with FAK inhibition may also have clinical rele-
vance. Large volume upper abdominal primary and 
recurrent ovarian cancer involving the diaphragm, 
liver, and/or spleen is a major obstacle to achiev-
ing optimal surgical cytoreduction.32 Furthermore, 
there are Gynecologic Oncology Group (GOG) data 
indicating that stage III ovarian cancer patients with 
initial disease in the upper abdomen have a worse 
prognosis despite cytoreductive surgery to micro-
scopic residual, implying that factors beyond cytore-
ductive effort are important in predicting survival.33 
Whether differences in tumor biology, such as FAK 
upregulation, account for this remains unknown.

Some of the most provocative data implicate FAK 
in both physiologic and pathologic angiogenesis. 
FAK null embryos fail to develop vascular networks 
and endothelial FAK-deletion in adult mice impedes 
tumor growth by diminishing angiogenesis. In both 
settings it is apparent that endothelial FAK is an 
important mediator of VEGF-induced neovascular-
ization.20,21 Taken together, these findings provide 
strong rationale for targeting FAK to simultaneously 
counter tumor metastasis and angiogenesis. To this 
end, there has been a surge in the discovery and pre-
clinical development of agents directed against FAK. 
These approaches include the various small molecule 

inhibitors and FAK silencing using FAK targeted short interfer-
ing RNA (siRNA).34,35 Recently, VS-6062 was the first-in-class 
FAK inhibitor to enter phase I dose-escalation trials in advanced, 
terminal solid malignancies. Disease stability (≥ six 21 d cycles) 
was observed in 15 of 91 patients (16%) with measurable dis-
ease, which is noteworthy for a heavily pre-treated population.36 
Achievement of prolonged disease stabilization highlights the 
therapeutic potential of FAK inhibitors to slow the growth of 
established metastatic lesions and extend patient survival.

The challenge remains how to best integrate FAK targeting 
with current and emerging therapies. Ovarian cancer is a com-
plex and heterogeneous disease. Our data indicate that FAK gene 

Figure 3. Effect of VS-6062 induced pFAKY397 inhibition on ovarian cancer cell viabil-
ity and migration as well as endothelial cell migration and tube formation. (A) Dose 
(left panel) and time (right panel) kinetics of VS-6062 induced inhibition of pFAKY397 in 
HeyA8 ovarian cancer cells (c, vehicle control). HeyA8 cells were treated with 0.1–10 μM 
VS-6062 for 8 h to examine VS-6062 dose dependent inhibition of pFAKY397 by western 
blot. Time-kinetic experiments were performed to determine the onset and duration 
of action of VS-6062 in downregulating pFAKY397. Following treatment with 0.5 μM of 
VS-6062, lysates were collected at 1, 8, 12, and 24 h and then analyzed for FAK phos-
phorylation at residue Y397 by western blot. Relative band intensity of pFAK relative 
to FAK corresponding to each dose/time point is plotted in the histograms below each 
panel. (B) Effect of increasing concentrations of VS-6062 on HeyA8 cell viability normal-
ized to vehicle control. Points, means of three independent experiments ± SE. (C) Effect 
of VS-6062 (0.1–1 μM) on HeyA8 cell migration (c, vehicle control). Bars, mean number of 
migrated cells per high power field (HPF) ± SE. (D) Effect of VS-6062 (0.5 μM) on VEGF-A 
stimulated HUVEC migration. (E) Effect of VS-6062 (0.5 μM) on HUVEC tube formation. 
Bars, mean number of tubes per high power field (HPF) ± SE. Representative photomi-
crographs appear above the histogram. Images were captured at original magnifica-
tion 100×. FAKi, FAK inhibitor VS-6062; Vehicle, equivalent DMSO in PBS diluent.
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amplification and overexpression occur in some but not in all 
cases. Further, FAK was not found to be elevated or activated in 
a number of cases with increased microvessel density. In these 
cases, other mediators of angiogenesis (e.g., platelet-derived 
growth factor, fibroblast growth factor, the polycomb group pro-
tein enhance Zeste homolog 2 [EZH2], notch family, the angio-
poietin [Ang]–TIE system, and the miR-200 family of miRNA) 
are likely to play a role.37,38 There is a small but growing body 
of literature that initial tumor response to anti-angiogenic ther-
apy may paradoxically be followed by enhanced tumor progres-
sion by promoting an invasive phenotype. Experimental models 
have recently shown that tumors can develop anti-VEGF escape 
programs associated with metastatic dissemination to lymph 
nodes and distant sites.2,39,40 Whether FAK may be one potential 

candidate for molecular targeting of such angioadaptic mecha-
nisms deserves consideration. Furthermore, the present study 
is fundamentally important for the clinical application of FAK 
tyrosine kinase inhibitors as it emphasizes that host cells, such as 
endothelial cells, should be accounted for in the development and 
characterization of novel biologic agents.

Materials and Methods

Clinicopathological variable analysis
Among the patients included in this analysis (n = 80), 83% 

had advanced stage (III or IV) and 89% had high-grade (III) 
disease. Eighty-seven percent had serous histology and 62% 

Figure 4. Effect of VS-6062 induced pFAKY397 inhibition on tumor growth and metastasis in HeyA8 intraperitoneal and SKOV3ip1 fully orthotopic mouse 
models of ovarian cancer. (A) Effect of VS-6062 (50mg/kg gavaged BID) on mean HeyA8 tumor weight and number of tumor implants ± SE. (B) Assessment 
of pFAKY397 expression by western blot to confirm target modulation in VS-6062 treated tumors. The histogram represents mean pFAKY397 relative to 
total FAK band intensity determined by densitometry ± SE. (C) Mean HeyA8 tumor microvessel density (MVD) evaluated by CD31 immunohistochemical 
staining (rat anti-mouse CD31 monoclonal antibody, DAKO) following treatment with VS-6062 or vehicle control ± SE. Representative photomicrographs 
appear above the histograms. Images were captured at original magnification 200×. (D) Effect of VS-6062 (50 mg/kg gavaged BID) on mean SKOV3ip1 
tumor weight and number of metastases ± SE. (E) Effect of VS-6062 treatment on site-specific metastasis. The histogram displays the percent of animals 
with persistent ovarian involvement and metastasis to other organ sites following treatment with vehicle control vs. VS-6062. Paraaortic LN, paraaortic 
lymph nodes; FAKi, FAK inhibitor VS-6062; Vehicle, AEE (sterilized 90% polyethylene glycol 300 and 10% 1-Methyl-2-pyrrolidinone) diluent alone was 
used for all in vivo experiments.
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underwent optimal surgical cytoreduction. All patients under-
went primary surgical cytoreduction and received adjuvant 
taxane and platinum chemotherapy at MD Anderson Cancer 
Center (MDACC). Surgical staging was performed according to 
the International Federation of Gynecology and Obstetrics sys-
tem. A blinded gynecological pathologist reviewed all specimens. 
Clinicopathologic data collected with IRB approval included age, 
stage, grade, histology, extent of surgical cytoreduction (optimal 
defined as <1 cm residual), disease status, and survival. This 
study was based on a different cohort of patients than that previ-
ously used to establish the clinical relevance of total FAK expres-
sion in ovarian carcinoma.10

Immunohistochemistry
Surgical specimens from the 80 patients were evaluated for 

FAK and pFAKY397 expression using immunohistochemistry. 
Formalin-fixed, paraffin-embedded specimens were sectioned at 
5 μm. The specimens were hematoxylin and eosin stained for 
identification and adjacent sections were used for immunohis-
tochemical staining. Slides were heated overnight at 65 °C and 
deparaffinized through graded xylenes and ethanol. Antigen 
retrieval was performed for FAK staining in the Target solu-
tion (DAKO Cytomation) under steam for 40 min. Endogenous 
peroxidase activity was blocked by incubation in 3% hydrogen 
peroxide in methanol followed by non-specific protein blocking 
with 5% normal horse serum in phosphate buffered saline (PBS). 
Sections were incubated overnight at 4 °C with mouse anti-
human FAK and pFAKY397 primary antibodies (BD Transduction 
Laboratories) at 1:25 dilution. Secondary amplification was 
achieved using the MACH4 polymer-linked horseradish per-
oxidase (HRP) (Biocare) system. The MACH4 mouse antibody 
was applied for 20 min, followed by incubation in MACH4 anti-
rabbit HRP for 20 min at room temperature. Visualization was 
achieved with 3,3′-diaminobezidine (DAB; Open Biosystems). 
Slides were counterstained with Gill’s No. 3 hematoxylin (Sigma-
Aldrich), followed by nuclear bluing with PBS. Ovarian cancer 
cell lines found to express high levels of FAK and pFAK relative to 
normal ovarian epithelium served as positive controls. Negative 
controls were established by omitting primary antibody from the 
staining procedure.

A blinded board-certified pathologist reviewed all sections. 
FAK and pFAK expression was determined by assessing the dis-
tribution and staining intensity of positive tumor cells and tumor-
associated endothelial cells. The distribution of positive cells was 
rated as follows: 0 points, no staining; 1 point, focal or <25%; 
2 points, 25–50%; 3 points, 50–75%; 4 points, 75–100%. The 
staining intensity was rated as follows: 1 point, focal or weak; 
2 points, moderate; 3 points, heavy. Points for distribution and 
intensity were added and an overall score ranging from 0 to 3 
was assigned. Each score was categorized into one of four groups. 
An overall score of 0 was assigned for negative expression of FAK 
or pFAK if ≤5% cells stained, regardless of intensity. An over-
all score of 1 (1–2 points) designated weak expression of FAK 
or pFAK, an overall score of 2 (3–4 points) designated moder-
ate expression of FAK or pFAK, and an overall score of 3 (5–7 
points) designated FAK or pFAK overexpression.

CD31 immunostaining
Immunohistochemical staining for MVD was performed 

using mouse anti-human CD31 monoclonal antibody (dilution 
1:20, DAKO) on the same specimens as previously described.41 
Tumor MVD was calculated as the average CD31-positive vessel 
count over 5 sections under x200 high-power fields (HPF). A 
vessel was defined as an open lumen with 1 or more immediately 
adjacent CD31-positive cell(s). The optimal, clinically relevant, 
MVD cut off point associated with death due to disease has been 
previously established to be 12.7.41

Quantitative real-time PCR
Enzymatically digested tissue specimens (7 normal ovaries 

and 10 advanced stage, high-grade serous ovarian cancers) were 
subjected to negative and positive immunoselection for endothe-
lial cells. The purity of all isolates was tested with endothelial cell 
markers, P1H12 and von Willebrand factor. Immunopurification 
yielded endothelial cell purity of >95%. Quantitative real-time 
PCR was then done on 100 ng of double amplified product from 
the endothelial cell isolates using primer sets specific for FAK and 
the housekeeping genes GAPDH, GUSB, and cyclophilin. An iCy-
cler iQ Real-time PCR Detection System (Bio-Rad Laboratories) 
was used in conjunction with the QuantiTect SYBR Green 
RT-PCR Kit (Qiagen, Inc.) according to previously described 
cycling conditions.42 To calculate the relative expression of FAK, 
the 2−ΔΔC

T
 method was used, averaging the C

T
 values for the three 

housekeeping genes for a single reference gene value.
Immunofluorescence
Immunofluorescent staining for dual pFAK and CD31 was 

performed using flash frozen invasive ovarian tumor specimens 
sectioned at 8 μm. The tissue was fixed in cold acetone for 10 min 
followed by non-specific protein blocking with 4% fish gel in 
PBS for 20 min at room temperature. Sections were incubated 
overnight at 4 °C with mouse anti-human CD31 (DAKO) at 
1:20 dilution. Goat anti-mouse Cy3 (Jackson Immunoresearch) 
secondary antibody was applied for 1 h at room temperature. 
Mouse fragment blocking to prevent secondary antibody cross-
reactivity was performed using AffiniPure goat anti-mouse IgG 
+ IgM unconjugated (Jackson Immunoresearch) at a 1:250 
dilution in protein block for 2 h followed by AffinPure F(ab’)

2
 

fragment goat anti-mouse IgG, F(ab’)
2
 fragment unconjugated 

(Jackson Immunoresearch) at a 1:10 dilution in protein block 
for 2 h. Sections were incubated overnight at 4 °C with mouse 
anti-human pFAKY397 antibody (BD Transduction Laboratories) 
diluted 1:100 in protein block and then incubated with goat anti-
mouse Cy5 secondary antibody (Jackson Immunoresearch) for 
1 h at room temperature. Nuclear labeling was achieved with a 
10 min incubation in Hoechst 33342 stain (Invitrogen) diluted 
1:10 000 in PBS. Negative controls were established by omitting 
primary antibody from the staining procedure.

Correlation between FAK gene copy number and expression
We used ovarian sample data posted by TCGA as of February 

2009.7 Specifically, we used copy number data from CGH arrays 
run at Memorial Sloan Kettering Cancer Center (MSKCC) and 
Affymetrix U133A expression arrays run at the Broad Institute. 
Data were available on both platforms for 38 tumor samples and 
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10 samples of normal ovary. Paired “normal” CGH data derived 
from peripheral blood were also available for all of the tumor 
samples.

For the CGH data, we used the posted “level 3” processed 
data,43 which reports estimated log ratio values following applica-
tion of the Circular Binary Segmentation (CBS) algorithm.44,45 
We focused on the values for chromosome 8, and in particular on 
the interval from 141 to 143 Mb containing FAK (using coordi-
nates from the UCSC genome browser, build hg18). The average 
level in this interval was used as to define FAK copy number. 
After exploration across chromosome 8, we chose a cutoff level 
of 0.5 for determining gains and losses: CBS values above 0.5 
indicate a gain in copy number; values below −0.5 a loss. For all 
tumor samples, we used the difference between the CBS values 
for a tumor and its corresponding normal sample (T-N) to assess 
whether the change was tumor-specific.

The expression array data was quantified using the Robust 
Multichip Algorithm (RMA).46 We focused on the expression 
levels of the two probesets on the array specifically designed to 
interrogate FAK: 207821_s_at and 208820_at. We checked for 
association between levels of the two probes targeting FAK using 
visual inspection and Pearson correlation. We checked for asso-
ciation between copy number and expression using rank correla-
tion between estimated CBS levels and expression levels of each 
probeset. We examined this association using all the data (48 
samples) and just the tumor data (38 samples). While the posi-
tive association between FAK gene copy number and expression 
was consistently significant using both probesets, we trust the 
output from probeset 208820_at more because of the relative sig-
nal strength; many of the expression levels for 207821_s_at are 
closer to noise levels. Finally, we used simple regression to esti-
mate the amount of change in expression one would expect to see 
in response to a unit increase in CBS value using the 208820_at 
probeset. All computations were performed in the freeware sta-
tistical package R, version 2.7.0,47 and documented in Sweave.48

In vitro experiments
The derivation, source, and maintenance of the human ovar-

ian cancer cell line HeyA8 and human umbilical vein endothelial 
cells (HUVEC) have been described previously.49 VS-6062(N-
methyl-N-[3-[({2-[2-oxo-2,3-dihydro-1H-indol-5-yl)amino]-5-
(trif luoromethyl)pyrimidin-4-yl}amino)methyl]pyridine-2-yl)
methanesulfonamide; previously known as PF-562,271), gen-
erously provided by Pfizer, Inc., is a potent ATP-competitive 
reversible inhibitor selective for recombinant FAK.14 VS-6062 is 
one of several compounds evaluated for biochemical and cellular 
activities against FAK and was selected for the present investi-
gation based on its potency and specificity for FAK, minimal 
activity against other kinases tested, and utility for in vitro and 
in vivo evaluation. To date, VS-6062 has been evaluated in a 
number of kinase screens/panels and displays >100-fold selectiv-
ity against all tested enzymes, excepting some cyclin-dependent 
kinase (cdk) cyclin complexes. However, the activity of VS-6062 
against some cdks in recombinant kinase assays was insufficient 
to translate into cellular effects. A rigorous in vivo PK/PD evalu-
ation was also completed for VS-6062 by Roberts et al. proving it 

to be ideal compound for inhibiting FAK in preclinical models of 
disease.14,15 Accordingly, we treated HeyA8 cells with 0.1–10 μM 
VS-6062 for 8 h to determine the in vitro dose kinetics of VS-6062 
induced inhibition of pFAKY397. Whole cell lysate for western blot 
analysis of FAK and pFAKY397 expression was prepared as pre-
viously reported.35 Proteins were separated by 7.5% SDS-PAGE 
and transferred to nitrocellulose membrane. Membranes were 
blocked with 5% nonfat milk and incubated with anti-pFAKY397 
antibody (1:1000, BD Transduction Laboratories) for 1 h at room 
temperature. Antibody was detected with 0.167 μg/mL horse-
radish peroxidase (HRP)-conjugated anti-mouse secondary anti-
body (The Jackson Laboratory) and developed with an enhanced 
chemiluminescence detection kit (Pierce). Membranes were then 
treated with Restore Stripping Buffer (Thermo Fisher Scientific) 
for 15 min at room temperature and reprobed with anti-FAK 
antibody (1:1000, BD Transduction Laboratories). Time-kinetic 
experiments were performed to determine the onset and duration 
of action of VS-6062 in downregulating pFAKY397. Following 
treatment with 0.5 μM of VS-6062, lysates were collected at 1, 
8, 12, and 24 h and then analyzed for FAK phosphorylation at 
residue Y397 by western blot.

To assay cell viability, 2000 HeyA8 cells per well were seeded 
onto 96-well plates and allowed to adhere overnight. Cells 
were treated with 0–100 μM VS-6062 or an equivalent of 
DMSO vehicle control every 12 h. After 96 h, 50 μL of 0.15% 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
was added to each well and incubated for 2 h. The supernatant 
was removed and cells were dissolved in 100 μL DMSO. The 
absorbance at 570 nm was recorded using a FALCON microplate 
reader and cell viability expressed as percent change relative to 
control.

Unstimulated HeyA8 cell migration was determined in 
membrane invasion culture system chambers containing a poly-
carbonate filter (with 10 μm pores) that had been soaked in 
0.1% gelatin. Both upper and lower wells of the chamber were 
filled with serum-free RPMI. HeyA8 cells were pretreated with 
0.1–1 μM VS-6062 or vehicle control for 8 h. Single cell suspen-
sions were seeded into the upper wells (5 × 104 cells per well) and 
incubated at 37 °C for 6 h. Cells that had migrated through the 
filter into the bottom wells were collected, stained, and counted 
by light microscopy.50 VEGF-A stimulated HUVEC migration 
was similarly executed. Since it is well known that HUVECs 
express both FAK and pFAKY397,51 HUVECs were pretreated 
with 0.5 μM VS-6062 or vehicle control for 8 h and then intro-
duced to the membrane invasion culture system (1 × 105 cells per 
well) with or without the addition of VEGF-A (10 ng mL−1).

For tube formation assays, 50 μL Matrigel (12.5 mg/mL) was 
added to each well of a 96-well plate and allowed to solidify for 
10 min at 37 °C. The wells were then incubated for 6 h at 37 °C 
with HUVECs (1 × 104 cells per well), which had been pretreated 
for 8 h with 0.5 μM VS-6062 or vehicle control. Cell morphol-
ogy and count with trypan blue were checked prior to plating 
the cells on Matrigel to confirm that pretreatment did not affect 
viability. The formation of capillary-like structures was exam-
ined microscopically and photographs were taken using a Retiga 
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1300 camera and a Zeiss Axiovert S100 microscope. The extent 
to which capillary-like structures formed in the gel was quanti-
fied as previously described.42

In vivo experiments
Female athymic nude (NCr-nu) mice were purchased from 

Taconic Farms Inc. All experiments were supervised by the 
MDACC Institutional Animal Care and Use Committee. 
The development and characterization of the mouse models of 
ovarian cancer used in this investigation have been previously 
described.52,53 For the intraperitoneal model, HeyA8 (0.25 × 106) 
human ovarian cancer cells resuspended in 200 μL of Hank’s bal-
anced salt solution (HBSS, Mediatech, Inc.) were injected into the 
peritoneal cavity of female nude mice. For the metastasis-specific 
orthotopic model, SKOV3ip1 (1.6 × 106) cells were suspended in 
30 μL of HBSS and injected into the right ovary of anesthetized 
female nude mice through a 1.5 cm intraperitoneal incision. After 
8 d, mice were treated with either VS-6062 (50 mg/kg, n = 14) or 
vehicle control (n = 14) by gavage every 12 h for 21 d. VS-6062 
was suspended in AEE diluent (sterilized 90% polyethylene gly-
col 300 and 10% 1-Methyl-2-pyrrolidinone) and control mice 
were treated with AEE diluent alone. Dosing for VS-6062 was 
based on the results of preliminary dose-response experiments 
evaluating tumor target modulation in vivo. The weight as well as 
the number and location of macroscopic tumors were recorded at 
necropsy. CD31 immunostaining of tumor specimens for MVD 
quantification was performed as described above. Five random 
fields at x200 magnification were counted for every specimen. To 
prepare lysate from tumor specimens for assessment of pFAKY397 
target modulation by VS-6062, 0.3 g samples of frozen tumors 
from 3 control and 3 VS-6062 treated mice were homogenized 
over ice in radioimmunoprecipitation assay buffer. After incubat-
ing the samples on ice for 10 min, they were centrifuged at 4 °C, 

14 000 rpm for 10 min and the supernatant collected. Protein 
quantification and western blot for pFAKY397 and total FAK was 
performed as described above.

Statistical analyses
The Chi-square test was performed to test associations 

between clinicopathological variables, MVD, and FAK or pFAK 
expression in both the tumor cells and tumor-associated endo-
thelial cells (SPSS Inc.). Kaplan–Meier survival curves were gen-
erated and compared using a 2-sided log rank statistic. Patients 
who were alive at the last follow-up were censored at the date 
of last follow-up. The two-tailed Student t test was used to test 
differences in sample means for data resulting from in vitro and 
in  vivo experiments. The Fisher exact test was used to test for 
differences in metastasis according to treatment group. A P value 
< 0.05 was considered statistically significant.
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