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Background We previously found focal adhesion kinase (FAK) inhibition sensitizes ovarian cancer to taxanes; however, the

mechanisms are not well understood.

Methods We characterized the biologic response of taxane-resistant and taxane-sensitive ovarian cancer models to a novel
FAK inhibitor (VS-6063). We used reverse-phase protein arrays (RPPA) to identify novel downstream targets in
taxane-resistant cell lines. Furthermore, we correlated clinical and pathological data with nuclear and cytoplasmic
expression of FAK and YB-1 in 105 ovarian cancer samples. Statistical tests were two-sided, and P values were

calculated with Student t test or Fisher exact test.

Results We found that VS-6063 inhibited FAK phosphorylation at the Tyr397 site in a time- and dose-dependent manner.
The combination of VS-6063 and paclitaxel markedly decreased proliferation and increased apoptosis, which
resulted in 92.7% to 97.9% reductions in tumor weight. RPPA data showed that VS-6063 reduced levels of AKT
and YB-1 in taxane-resistant cell lines. FAK inhibition enhanced chemosensitivity in taxane-resistant cells by
decreasingYB-1 phosphorylation and subsequently CD44 in an AKT-dependent manner. In human ovarian cancer
samples, nuclear FAK expression was associated with increased nuclear YB-1 expression (y? = 37.7; P < .001).
Coexpression of nuclear FAK and YB-1 was associated with statistically significantly worse median overall sur-

vival (24.9 vs 67.3 months; hazard ratio = 2.64; 95% confidence interval = 1.38 to 5.05; P =.006).

Conclusions We have identified a novel pathway whereby FAK inhibition with VS-6063 overcomes YB-1-mediated paclitaxel
resistance by an AKT-dependent pathway. These findings have implications for clinical trials aimed at targeting

FAK.
J Natl Cancer Inst;2013;105:1485-1495

Chemotherapy resistance confounds the effective treatment of
ovarian and other cancers (1,2). Taxanes are commonly used for
treatment of ovarian cancer, but unfortunately most cancers have
inherent or acquired resistance (3). To date, the mechanisms by
which tumor cells develop resistance to taxanes remain incom-
pletely understood. Early studies showed that taxane resistance is
a complex phenomenon (4), and underlying mechanisms are not
fully known (5). Thus, new therapeutic approaches are needed to
improve the outcome of women with ovarian cancer.

Among the many novel targets, focal adhesion kinase (FAK)
is considered to be attractive for therapeutic development (6).
FAK is a nonreceptor tyrosine kinase that plays a vital role in
many oncogenic pathways (7). Increased FAK expression has been
reported in a number of tumor types, including breast, colon, and
ovarian cancers (8,9). We and others have previously reported
that FAK inhibition can sensitize cancer cells to chemotherapy,
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but the underlying mechanisms are not well understood (10,11).
In this study, we uncovered a novel pathway by which FAK
inhibition restores the chemosensitivity of taxane-resistant cells to
paclitaxel (PTX) by decreasing YB-1 phosphorylation and nuclear
accumulation in an AK'T-dependent manner.

Methods

Patient Samples

After approval from the MD Anderson Cancer Center Institutional
Review Board, 105 high-grade serous ovarian cancer samples were
obtained to construct tissue array as previously described (12). All
patients were diagnosed between 1992 and 2011 after primary
cytoreductive surgery, and 97% were treated with PTX- and plati-
num-based adjuvant chemotherapy. Written informed consent was
waved because residual samples were used in this study.
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Cell Lines and Culture Conditions

The taxane-sensitive (SKOV3ip1 and HeyA8) and taxane-resistant
(HeyA8-MDR and SKOV3-TR) human epithelial ovarian cancer
cell lines have been described previously (13,14) and were cultured
in Roswell Park Memorial Institute 1640 medium supplemented
with 10% fetal bovine serum and 0.1% gentamicin sulfate (Gemini
Bioproducts, Calabasas, CA) with or without PTX (300 ng/mL for
HeyA8-MDR; 150ng/mL for SKOV3-TR).

Drugs and Reagents

The FAK inhibitor VS-6063 (previously PF-04554878) was
(Cambridge, Massachusetts).
The sources for all antibodies and reagents are listed in the

obtained from Verastem Inc.

Supplementary Methods (available online).

In Vitro Gene Silencing

YB-1 small interfering RNA (siRNA) 1 (target sequence
5’-CCUAUGGGCGUCGACCACA-3") and siRNA2 (target
sequence 5'-GUUCCAGUUCAAGGCAGUA-3") (GenBank
Accession numbers: NM_004559) were purchased from Sigma-
Aldrich Corporation (Woodland, TX) and used to silence YB-1
expression in the ovarian cancer cell lines. A nonsilencing siRNA
that did not share sequence homology with any known human
mRNA from a Basic Local Alignment Search Tool (BLAST)
search was used as control, as previously described (15,16).

Western Blot Analysis

Lysates from cultured cells was prepared as previously described
(10). Typically, 30 pg of protein was fractionated by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA). Additional details for immunoblotting are provided in the
Supplementary Methods (available online).

Cell Viability, Proliferation, and Apoptosis Assays

Viability [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT)], proliferation (5-ethynil-2’-deoxyuridine; EdU-
Click-it System, Invitrogen, Carlsbad, CA), and apoptosis (annexin-
V phycoerythrin [PE]/7AAD staining; BD Biosciences, San Diego,
CA) assays were performed as previously described (17).

Animal Experiments

Animal study protocols were approved and supervised by the
Institutional Animal Care and Use Committee. To produce
tumors, we injected SKOV3ipl, SKOV3-TR (both 1x10° cells
per 0.2mL of Hanks’ Balanced Salt Solution (HBSS); Life
Technologies, Invitrogen), HeyA8, or HeyA8-MDR cells (both
2.5x10° cells per 0.2mL of HBSS) into the peritoneal cavity of
the female athymic nude mice (aged 8-12 weeks), which were
purchased from the National Cancer Institute-Frederick Cancer
Research and Development Center as described previously (13,14).
Additional details regarding the treatment schemas are listed in the
Supplementary Methods (available online).

Immunohistochemistry
Immunohistochemical analysis for pFAK (Iyr397) and pYB-1
(Ser102) was evaluated using human tissue array samples. For
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mouse tissues, pFAK (Tyr397), FAK, cleaved caspase 3, Ki67, and
collagen staining were evaluated using formalin-fixed, paraffin-
embedded tumors. For CD31 staining, sections were done on
freshly cut frozen slides. Additional details are provided in the
Supplementary Methods (available online).

Reverse-Phase Protein Arrays (RPPAs)

The taxane-resistant (HeyA8-MDR and SKOV3-TR) cells were
treated with VS-6063 (1 pM) for 3 hours. Samples were probed
with 161 antibodies by RPPA at MD Anderson Cancer Center
RPPA Core Facility (see Supplementary Methods, available online,
for additional details).

Statistical Analyses
Statistical analyses were performed using the Statistical Package
for Social Science software version 18.0 (SPSS, Inc, Chicago, IL).
Continuous variables were compared using Student ¢ test or analy-
sis of variance. The number of mice per group (n = 10) was chosen
as directed by a power analysis to detect a 50% decrease in tumor
growth with 3 error of 0.2. Survival analyses were performed in
R version 2.14.2 (R Development Core Team, Vienna, Austria).
The patients were grouped according to FAK/YB1 overall score
or nuclear expression, respectively. We checked for a relation with
overall survival by splitting the samples into high/low or nuclear-
positive/nuclear-negative, respectively. The log-rank test was
employed to determine the association between FAK/YB1 expres-
sion and overall survival. The Kaplan—-Meier method was used to
generate the survival curves. We computed a statistically significant
level for FAK/YB1 and age based on a univariate Cox proportional
hazard regression model. Categorical variables were evaluated with
Fisher exact test (odds ratio [OR] and 95% confidence interval [CI]).
All statistical tests were two-sided, and a P value of less than .05
was considered statistically significant. Additional details are pro-
vided in the Supplementary Methods (available online).

Results

Effect of FAK Inhibition on Sensitivity to PTX
We first tested the in vitro effects of VS-6063 on FAK
phosphorylation. The expression of pFAK (Tyr397) was statistically
significantly inhibited by VS-6063 in a dose-dependent manner
in all cell lines (Figure 1A; Supplementary Figure 1A, available
online). VS-6063 inhibited pFAK (Tyr397) expression within 3
hours, with a gradual return of expression by 48 hours (Figure 1B;
Supplementary Figures 1B and 2, available online). Supplementary
Figure 3 (available online) represents a typical experiment in which
statistical analysis of triplicate experiments showed no statistically
significant changes in FAK phosphorylation at the other residues
tested (Tyr 576/577, Tyr 925, or Tyr 861). Because Pyk2 and FAK
are approximately 60% identical in the central catalytic domain
(18,19), we also tested Tyr402, Tyr 579/580, and Tyr 881 within
PYK2. Phosphorylation inhibition of Tyr402 was observed only in
the HeyAS8 cells, with no phosphorylation residues changed in the
HeyA8-MDR cell line after VS-6063 (1 pM) treatment for 1 hour.
VS-6063 as a single agent (0-1 pM) did not affect the
growth of any of the cells or their taxane-resistant counterparts
(Supplementary Figure 4, available online). However, the combi-
nation of PTX and VS-6063 (1 pM) was more effective than either
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Figure 1. In vitro biological effects of VS-6063 on taxane-sensitive and
taxane-resistant cell lines. A) Dose-kinetic experiments of the effects
of VS-6063 on downregulating FAK phosphorylation. Taxane-sensitive
(HeyA8) and taxane-resistant (HeyA8-MDR) cell lines were exposed to
increasing doses of VS-6063. Cell lysates were collected and examined by
Western blot analysis for pFAK (Tyr397) and total FAK. The immunoblot
is shown at the top, and quantification of band intensity relative to total
FAK intensity is shown below. Results represent the mean + standard
deviation of triplicate experiments. *P < .01, compared with the VS-6063
untreated group. B) Time-kinetic experiments of the effects of VS-6063
on downregulating FAK phosphorylation. After cells were treated with
1 pmol/L VS-6063, lysates were collected at 1, 3, 24, and 48 hours and
then analyzed for downregulation of pFAK (Tyr397). the immunoblot is
shown at the top, and quantification of band intensity relative to total
FAK intensity is shown below. Results represent the mean + standard
deviation of triplicate experiments. *P < .01, compared with the VS-6063
untreated group. C) Cell viability assay of VS-6063 combined with pacli-
taxel (PTX)-induced cytotoxicity. Cytotoxicity was determined for PTX,

agent alone. PTX cytotoxicity was 2.1- to 4.9-fold greater in com-
bination with VS-6063 compared with PTX alone (Figure 1C;
Supplementary Figure 1C, available online). The combination
effect of PTX and VS-6063 was evaluated with combination index
by the Chou-Talalay method (20). Interactions between PTX
and VS-6063 were synergistic in both HeyA8 and HeyA8-MDR
cells (Figure 1D). Simultaneous exposure to doses of PTX and
VS§-6063 at ratios of 1:1000 for HeyA8 and 1:10 for HeyA8-MDR
had a synergistic inhibitory effect on cell growth, with combina-
tion index values of 0.953 and 0.705, respectively. No synergy was
noted between PTX and VS-6063 in SKOV3ipl or SKOV3-TR
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both alone (hatched line) and in combination with VS-6063 (solid line),
in HeyA8 and HeyA8-MDR cell lines. Data points indicate the means of
three independent experiments. Error bars indicate standard devation.
D) Synergy analysis of VS-6063 and PTX in HeyA8 and HeyA8-MDR cell
lines. Cells were exposed to different ratios of PTX and VS-6063, and cell
viability was assessed using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) assay. Multiple effect-level isobolograms
showed combination data points below, at, and above the isobologram
line for a given effect level, indicating synergy, additive effect, and antag-
onism, respectively. E-G) Flow cytometric analyses of cell proliferation
(E), cell apoptosis (F), and cell cycle (G) in HeyA8 and HeyA8-MDR cell
lines treated with VS-6063 and PTX. VS-6063 (1 uM) with or without
PTX (at the median inhibitory concentration levels for the taxane-sen-
sitive cell lines) was used to treat HeyA8 and HeyA8-MDR for 72 hours.
Columns represent the mean of three independent experiments; error
bars indicate standard deviation. *P < .05, **P < .01, compared with the
PTX group. Statistical tests were two-sided, and Pvalues were evaluated
using Student t test or analysis of variance.

cells, but an additive inhibitory effect on proliferation was noted
(data not shown).

Next, we tested the effects of VS-6063 based therapy on
proliferation and apoptosis. Compared with PTX alone, the
combination of VS-6063 (1 pM) with PTX (at the median
inhibitory concentration [ICs] levels of PTX for the SKOV3 and
HeyAS8 cells of 8.5 and 6.3 nmol/L, respectively) decreased the
proliferation rate in both taxane-sensitive and taxane-resistant
cells (Figure 1E; Supplementary Figure 1D, available online). For
apoptosis, the greatest effects were observed with combined PTX
and VS-6063 (Figure 1F; Supplementary Figure 1E, available
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online). These findings suggest that VS-6063 in combination with
PTX had at least an additive effect on both cell proliferation and
apoptosis. PTX increased the proportion of the cell population
in the G, cell cycle fraction to 51.0% = 0.4% in the HeyA8 cells
compared with control 343% = 0.3%; P < .001), and when
combined with VS-6063 treatment, the percentage of cells in
the G, phase statistically significantly increased to 60.8% = 0.9%
(P<.001 compared with PTX). HeyA8-MDR cells were not arrested
in G, phase in either the PTX group or the combination group
(P =.05) (Figure 1G; Supplementary Figure 1F, available online).

InVivo Effects of VS-6063

VS-6063 doses of 25mg/kg twice a day or greater statistically
significantly inhibited pFAK (Tyr397) at 3 hours, with return of
expression noted by 24 hours (Supplementary Figure 5, available
online). Therefore, administration of VS-6063 at 25 mg/kg twice
a day was selected as the dosing schedule for subsequent therapy
experiments. For therapy experiments, female nude mice bearing
HeyA8 tumors in the peritoneal cavity were randomly divided
into 4 groups (n = 10 per group): 1) vehicle orally twice daily
and phosphate-buffered saline intraperitoneally weekly (control);
2) VS-6063 25 mg/kg orally twice daily; 3) PTX intraperitoneally
weekly; and 4) both VS-6063 25 mg/kg orally twice daily and PTX
intraperitoneally weekly. There was an 87.4% reduction in tumor
weight by PTX monotherapy in the HeyA8 model, and combina-
tion therapy resulted in the greatest tumor weight reduction, with
2 97.9% reduction (P = .05 compared with PTX) (Figure 2, A and
B). In the SKOV3ip1 model, a 92.7% tumor weight reduction was
observed in the combination group compared with PTX (P <.001).

To determine the effect of FAK inhibitor in the chemotherapy-
resistant models, we also performed similar in vivo experiments with
the HeyA8-MDR and SKOV3-TR cells. Although PTX therapy
alone was not effective, VS-6063 treatment resulted in a 42.6% reduc-
tion in tumor weight in the HeyA8-MDR model (P = .41 compared
with control) and a 67.1% reduction in tumor weight in SKOV3-TR
model (P < .001 compared with control), and the combination of
VS§-6063 and PTX resulted in greater reduction in tumor growth
in HeyA8-MDR (87.2%; P = .02) compared with PTX. The combi-
nation therapy was statistically superior to PTX in the SKOV3-TR
model (91.6%; P = .04). No statistically significant differences in feed-
ing behavior or average mouse weights were noted between the treat-
ment groups (Supplementary Figure 6, available online).

"To examine potential mechanisms, we assessed therapy effects on
angiogenesis (MVD), proliferation (Ki67), and apoptosis (cleaved
caspase 3). VS-6063-based combination treatment resulted in
decreased pFAK (Tyr397) expression (Figure 2C), reduced MVD
(Figure 2D), and proliferation (Figure 2E) and increased apop-
tosis (Figure 2F). To examine potential effects on the stroma, we
performed collagen staining, but there were no statistically sig-
nificant differences between the treatment groups (Supplementary
Figure 7, available online).

Impact of FAK Inhibition on Downstream Signaling

Because FAK is known to signal through beta 1 integrin (21), we
first tested whether beta 1 integrin levels were affected by VS-6063,
but no statistically significant changes were noted (Supplementary
Figure 8, available online). To identify potential signaling pathways
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downstream of FAK in taxane-resistant cell lines, RPPAs were used
and analyzed (DAVID Bioinformatics Resources; http://david.
abcc.nciferf.gov/). In the VS-6063-treated group, 53 of the 161
proteins analyzed demonstrated a statistically significant change
compared with the untreated group in both resistant cell lines
(P < .05) (Figure 3A; Supplementary Table 1, available online).
We found that the AKT pathway was the most involved path-
way, including pFAK (Tyr 397), pAKT (Thr308), GSK-3 alpha/
beta (Ser21/9), p27(T'198), p70S6K (Thr389), PRAS40 (1246),
and pYB-1(Ser102). Among these, pYB-1 (Ser102) was the most
statistically significantly decreased protein (36.6% decreased by
VS-6063 treatment; P < .001). Given the potential role of YB-1
in oncogenic and drug-resistance pathways (22,23), we focused on
the potential relationship between FAK and YB-1 in subsequent
studies.Figure 3B shows that PTX increased nuclear YB-1 expres-
sion, whereas PTX combined with VS-6063 decreased its expres-
sion in the HeyA8-MDR cells. Immunofluorescence studies also
revealed similar findings (Figure 3C).

To determine whether YB-1 plays a role in VS-6063—mediated
taxane sensitization, we examined the efficacy of YB-1 siRNA-medi-
ated silencing of endogenous YB-1 (Figure 3D). Figure 3E shows
that YB-1 siRNA reduced the PTX IC;, from 908.1 nmol/L (95%
CI =710.9 to 1160) to 236.6 nmol/L (95% CI = 204.4 to 273.8) (P
<.001). YB-1 is a downstream component of the PI3K/AKT signal-
ing pathway (24). Our RPPA data showed that, in the resistant cell
lines, VS-6063 markedly decreased AK'T and YB-1 phosphorylation
(Figure 3A; Supplementary Table 1, available online).

To evaluate the effect of FAK blockade on AKT and YB-1
activation, we measured the levels of AKT and YB-1-phosphoryl-
ated proteins by Western blot. In SKOV3-TR cells, we detected
decreases in pAKT (Thr308), pAKT (Ser473), and pYB-1 (Ser
102) phosphorylation after treatment with VS-6063 compared with
untreated cells, which suggests that the effects of VS-6063 may be
mediated by AKT (Figure 4, A and B). Phosphorylation of YB-1 by
AKT is required for its translocation from the cytoplasm into the
nucleus 24). We, therefore, investigated the effect of a dual AKT'1
and AKT2 inhibitor (AKTi) on SKOV3-TR cells. AKTi treatment
resulted in a substantial decrease of pYB-1 (Ser102) expression
compared with untreated cells in the nucleus (Figure 4C). Also,
AKTi decreased translocation of YB-1 into the nucleus, as shown
by immunofluorescence analysis (Figure 4D).

As an oncogenic transcription factor, YB-1 can modulate the
expression of a variety of downstream targets, including CD44,
which is a well-characterized cancer stem cell surface marker of
ovarian cancer that contributes, at least in part, to the PTX-resistant
phenotype (25). Here, we investigated whether YB-1 is a regulator
of CD44 expression in resistant ovarian cancer cells by knocking
down YB-1 expression in HeyA8-MDR cells using two siRNA
oligonucleotides. As shown in Figure 5A, the protein levels of CD44
were statistically significantly reduced 48 hours after treatment.
CD44 expression was downregulated in a time-dependent manner
after treatment with VS-6063 (Figure 5B). Moreover, in HeyA8-
MDR in vivo experiments, PTX treatment increased the expression
of CD44, whereas VS-6063 alone and combination of VS-6063 and
PTX resulted in reduced CD44 expression (Figure 5C).

Collectively, in our working model (Figure 5D), under conditions
of reduced FAK phosphorylation, AKT is downregulated with
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Figure 2. In vivo effects of VS-6063 combined with paclitaxel (PTX).
A and B) Effect of VS-6063 or PTX alone or the combination in PTX-
sensitive and PTX-resistant models. Quantification of tumor weights (A)
and tumor nodules (B) in HeyA8, SKOV3ip1, HeyA8-MDR, and SKOV3-TR
models with the following: vehicle alone (control), VS-6063 (25 mg/kg
orally twice every day), PTX (2mg/kg for SKOV3ip1 and SKOV3-TR or
2.5mg/kg for HeyA8 and HeyA8-MDR weekly), or combination VS-6063
plus PTX. Results represent the mean + standard deviation; n = 10 mice

consequent decreased YB-1 nuclear accumulation and reduced
CD44, thereby improving response to PTX.

FAK and YB-1 Coexpression in Ovarian Cancer Samples
To extrapolate the above findings to clinical specimens, we

performed immunohistochemical analysis using anti-pFAK
(Tyr397) and anti-pYB-1 (Ser102) antibodies on a total of 105
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per group. C-F) Effects of VS-6063 combined with PTX on FAK phos-
phorylation, angiogenesis, cell proliferation, and apoptosis. HeyA8-
MDR tumor samples from each group were stained for pFAK (Tyr397)
(C), CD31/MVD (D), Ki67 (E), and cleaved caspase3 (F) by immunohis-
tochemistry (scale bar = 50 pm). The bars in the graphs correspond
sequentially to the labeled columns of the images at left. Error bars rep-
resent standard deviation. Statistical tests were two-sided, and Pvalues
were evaluated using Student t test or analysis of variance.

high-grade ovarian serous carcinoma samples. The median age at
diagnosis of these patients was 59.7 years (range = 39.1-84.0 years),
1.9-
119.4 months). Figure 6, A and C, show representative images

and the median follow-up was 50.6 months (range =

with low and high immunohistochemical staining for pFAK
(Tyr397) and pYB-1 (Ser102). Of the 105 cancer specimens, 40
(38.1%) had high FAK expression and 65 (61.9%) had low or no
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Figure 3. VS-6063 restores YB-1-mediated paclitaxel (PTX) resist-
ance. A) Reverse-phase protein arrays (RPPA) of VS-6063-treated
taxane-resistant cell lines. Taxane-resistant cell lines (HeyA8-MDR and
SKOV3-TR) were treated with 1 uM VS-6063 for 1 hour. RPPA results
are presented as the average fold change of seven selected AKT sign-
aling pathway-related proteins in both of the two taxane-resistant cell
lines, presented in a bar graph format with normalized natural log2
values. B) Western blot analysis of cytoplasmic and nuclear extract
proteins collected 48 hours after treatment of HeyA8-MDR cells with
VS-6063 or/and PTX. -Actin and lamin B were used as loading con-
trols for cytoplasmic and nuclear extracts, respectively.The bar graphs
show densitometry results. Results were confirmed with triplicate
experiments. Error bars indicate standard deviation.. Statistical tests
were two-sided, and P values were evaluated using Student t test. *P
<.05 compared with control group. C) Immunofluorescence staining of

FAK expression (Figure 6B), whereas 22 (21.0%) had high pYB-1
(Ser102) expression and 83 (79.0%) had low or no pYB-1 (Ser102)
expression (Figure 6D). Kaplan—-Meier curves for overall survival
time showed that high tumor expression of FAK and YB-1 were
associated with higher ovarian cancer mortality (median survival
for patients with high vs low FAK expression = 47.2 vs 67.3 months,
hazard ratio [HR] of death from ovarian cancer = 1.74, 95%
CI = 1.04 to 2.91, P = .05; median survival for patients with high
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20 uM

pFAK (Tyr 397) and pYB-1 (Ser 102) of HeyA8-MDR cells treated with
VS-6063 and/or PTX (at the median inhibitory concentration levels for
HeyAS8) for 48 hours. D) Western blot analysis of whole-cell lysates col-
lected 24 to 72 hours after transfection with either control or YB-1-
targeted small interfering RNA (siRNA; 2 different sequences). The bar
graph shows densitometry results. Results were confirmed with trip-
licate experiments. Error bars indicate standard deviation. Statistical
tests were two-sided, and P values were evaluated using Student t
test. ¥*P <.001 compared with control siRNA group. E) Cell viability
assay of YB-1 silencing on PTX sensitivity in taxane-resistant HeyA8-
MDR cells. HeyA8-MDR cells were transiently transfected with control
or YB-1-targeting siRNAs for 48 hours before the addition of increas-
ing concentrations of PTX. Cells were then incubated for 72 hours
followed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) assay.

vs low YB-1 expression: 48.5 vs 65 months; HR = 1.86, 95%
CI=1.10to 3.17, P = .02) (Figure 6, B and D; Table 1). There was
no association between tumor FAK and YB-1 expression and age or
tumor stage (Supplementary Table 2, available online).

Next, we examined whether nuclear FAK and YB-1 expres-
sions were associated with survival of patients (Figure 6, E and
G). Of the 105 tumors, 21 (20%) showed FAK expression in
the nucleus, whereas 15 tumors (14.3%) showed expression of
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Figure 4. VS-6063 downregulated YB-1 phosphorylation and nuclear
translocation in taxane-resistant cells by an AKT-dependent path-
way. A) Western blot analysis of lysates collected at 0, 5, 10, 30,
and 60 minutes after treatment of SKOV3ip-TR cells with VS-6063.
The bar graphs at the right show densitometry results. Results were
confirmed with triplicate experiments. Error bars indicate standard
deviation. Statistical tests were two-sided, and P values were evalu-
ated using Student t test. *P <.001 compared with VS-6063 untreated
group (time 0); **P < .01 compared with VS-6063 untreated group.

|
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Lamin B |

YB-1 in the nucleus. FAK and YB-1 nuclear expressions were
also statistically significantly associated with poor overall sur-
vival (median survival for patients with FAK nuclear-positive vs
nuclear-negative: 47.2 vs 67.3 months, HR = 1.88,95% CI = 1.06
to 3.36, P = .05; YB-1 nuclear-positive vs nuclear-negative: 25.4
vs 67.3 months, HR = 2.41, 95% CI = 1.34 to 4.33, P = .005)
(Figure 6, F and H; Table 1). Coexpression of nuclear FAK and
YB-1 demonstrated a highly statistically significant shortening of
overall survival (median survival for patients with nuclear-posi-
tive vs nuclear-negative: 24.9 vs. 67.3 months; HR = 2.64; 95%
CI =1.38 to 5.05; P = .006) (Figure 6 I; Table 1). Tumors with
nuclear FAK expression had statistically significantly greater
prevalence of increased nuclear YB-1 expression (x> = 37.7;
P <.001) (Figure 6]).

jnci.oxfordjournals.org
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B) Cytoplasmic and nuclear extracts of SKOV3-TR cells were pre-
pared after treatment with AKT1/2 kinase inhibitor (AKTi, 10 uM) for
24 hours, and anti-pYB-1 (Ser 102) and anti-pAKT immunoblots were
performed. B-Actin and lamin B were used as loading controls. C)
Immunofluorescence staining of YB-1 in SKOV3-TR cells. Cells were
treated with or without 10 M AKT 1/2 kinase inhibitor (AKTi) for 24
hours and then fixed, permeabilized, and incubated at 4° C with the
primary pYB-1 (Ser 102) antibody and then with the Alexa 594-labeled
secondary antibody.

Discussion

The key findings of this study are that FAK inhibition by VS-6063
enhanced sensitivity of taxane-resistant ovarian cancer cells to
PTX both in vivo and in vitro. Moreover, we discovered a novel
mechanism by which FAK inhibition overcomes YB-1-mediated
PTX resistance by the AKT-dependent pathway.

YB-1 is a member of the cold-shock superfamily and plays a
role in multiple biological processes (22) and is overexpressed in a
number of cancer types (26-30). Elevated expression of YB-1 protein
(especially nuclear YB-1) has been associated with poor patient
outcome (31,32) and multidrug resistance (22,23). Furthermore,
YB-1 nuclear translocation might be induced in response to various
stresses, including chemotherapeutic drugs (33), DNA damage (23),
and activation of PI3K-AKT signaling (34). Our in vitro experiments
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Figure 5. FAK inhibition or silencing of YB-1 downregulates the expres-
sion of CD44. A) Western blot analysis of lysates collected 48 hours
after transfection of HeyA8-MDR cells with either control or one of the
two unique YB-1 small interfering RNA (siRNA). CD44 expression was
analyzed. (-Actin served as the loading control. The bar graphs show
densitometry results. Results were confirmed with triplicate experi-
ments. Error bars indicate standard deviation. Statistical tests were
two-sided, and P values were evaluated using Student t test. *P < .001
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Chemoresistance

compared with control group. B) Western blot analysis of lysates col-
lected 24 hours after VS-6063 treatment of HeyA8-MDR cells. Results
were confirmed with triplicate experiments. Error bars indicate standar
deviation. Statistical tests were two-sided, and P values were evalu-
ated using Student t test. *P < .001 compared with control group. C)
Immunohistochemical staining of CD44 for HeyA8-MDR tumor samples
from each group. D) Working model of FAK inhibition in overcoming
YB-1-mediated chemoresistance.
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Figure 6. Impact of pFAK (Tyr 397) and pYB-1 (Ser 102) expressions on
patient survival. A) Representative images of human ovarian tumors
with low or high immunohistochemical staining for pFAK (Tyr 397).
pFAK (Tyr 397) and pYB-1 (Ser 102) expressions were dichotomized
into low (overall score of 0-5) and high (overall score of 6-8) groups
for analysis. Overall score was obtained by adding the assigned values
for intensity (range = 0-4) and percentage of tumor cells (range = 0-4).
Negative control represents a sample of ovarian cancer tissue used
in this study processed for immunohistochemistry with the second-
ary antibody alone. Immunohistochemistry staining of cell nuclei
(blue) and pFAK (Tyr 397) (brown) are represented in the images. B)
Kaplan-Meier curves of disease-specific mortality for patients whose
ovarian tumors expressed high and low levels of pFAK (Tyr 397). The

showed that PTX promoted nuclear translocation of YB-1 in the
resistant cell lines. FAK inhibition with VS-6063 provided an
effective approach to overcome the YB-1-mediated PTX resistance.

Although FAK is a cytoplasmic protein, recently it has been
found to have novel functions in the nucleus. One of the nuclear
functions of FAK might be direct interaction with p53 (35), pro-
moting cell proliferation and survival through enhanced p53 deg-
radation (36). However, given the high rate of p53 mutations in
ovarian cancer (37), we hypothesized that modulation of YB-1

jnci.oxfordjournals.org

log-rank test (2-sided) was used to compare differences between the
two groups. C) Representative images of human ovarian tumors with
low and high immunohistochemical staining for pYB-1 (Ser 102). D)
Kaplan-Meier curves of disease-specific mortality for patients whose
ovarian tumors expressed high and low levels of pYB-1 (Ser 102). E and
G) Representative images of human ovarian cancer nuclear-positive or
nuclear-negative for pFAK (Tyr 397) (E) and pYB-1 (Ser 102) (G). F, H,
and 1), Kaplan-Meier curves of disease-specific mortality of patients
whose ovarian tumor expressed nuclear-positive vs nuclear-negative
expression of pFAK (Tyr 397) (F), pYB-1 (Ser 102) (H), and coexpression
(I). J) Fisher exact test (2-sided) showed pFAK (Tyr 397) nuclear expres-
sion was strongly associated with pYB-1 (Ser 102) nuclear expression
levels.

might be another mechanism involved in the nuclear functions of
FAK. Co-Immunoprecipitation (Co-IP) of FAK and YB-1 showed
no direct binding (data not shown). AKT binds to YB-1 and phos-
phorylates it on the cold-shock domain (34) and regulates the
nuclear translocation of YB-1 (24). Our study showed that AKT
and YB-1 were inactivated in response to VS-6063 treatment. YB-1
has been reported to bind to the promoters of EGFR, ABCBI,
and some stem cell-related genes, which can contribute to drug
resistance (CD44 and CD49f) (15). Among these, CD44 plays a key
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Table 1. Univariate analysis of independent prognostic factors in patients with high-grade serous ovarian cancer (n = 105)

Variable HR (95% CI)* Pt

Increased age 1.07 (0.64 to 1.77) .80

pFAK(Y397) expression (high vs low) 1.74 (1.04 to 2.91) .05

pYB-1(Ser102) expression (high vs low) 1.86 (1.10 to 3.17) .02

Nuclear pFAK(Y397) (nuclear-positive vs nuclearnegative) 1.88 (1.06 to 3.36) .05

Nuclear pYB-1(Ser102) (nuclearpositive vs nuclearnegative) 2.41 (1.34 to 4.33) .005
(

Nuclear pFAK(Y397) and pYB-1(Ser102) (nuclearpositive vs nuclearnegative)

2.64 (1.38 to 5.05) .006

* Cl = confidence interval; HR=hazard ratio of death from ovarian cancer.

1t Two-sided, P value obtained from Cox proportional hazards regression model.

role in many oncogenic functions (38) and is considered a poten-
tial marker for cancer stem cells (25,39-41). To clinically evalu-
ate the therapeutic benefit of targeting cancer stem cells through
FAK inhibition, a phase I/Ib study of paclitaxel in combination
with VS-6063 in patients with advanced ovarian cancer is ongoing
(http://clinicaltrials.gov/ct2/show/NCT01778803).

Although our findings provide a new understanding of FAK’s
role in chemoresistance in ovarian cancer, some potential limita-
tions should be considered. Whether the mechanism presented
here is present in other tumor types is not known and will require
additional work. Moreover, whether FAK inhibitors can effec-
tively sensitize paclitaxel-resistant or paclitaxel-refractory tumors
in clinical settings is also not known and will need to be tested in
clinical trials. Nevertheless, we have uncovered a novel pathway by
which FAK inhibition restores sensitivity of taxane-resistant cells
to PTX by decreasing YB-1 phosphorylation and nuclear accumu-
lation, and its downstream target gene-CD44. Future clinical stud-
ies should include mechanism-based pharmacodynamics studies to
determine the biologically active doses in humans.
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