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Abstract

Purpose: Focal adhesion kinase (FAK) plays a critical role in ovarian cancer cell survival and in
various steps in the metastatic cascade. Based on encouraging /n vitro results with FAK silencing,
we examined the /in vivo therapeutic potential of this approach using short interfering RNA
(siRNA) in the neutral liposome 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC).
Experimental Design: Therapy experiments of FAK siRNA with or without docetaxel were done
using human ovarian cancer cell lines SKOV3ip1, HeyA8, and HeyA8MDR in nude mice. Additional
experiments with a cisplatin-resistant cell line (A2780-CP20) were also done. Assessments of
angiogenesis (CD31), cell proliferation (proliferating cell nuclear antigen), and apoptosis (terminal
deoxynucleotidyl transferase — mediated dUTP nick end labeling) were done using immunohisto-
chemical analysis.

Results: A single dose of FAK siRNA-DOPC was highly effective in reducing /in vivo FAK expres-
sion for up to 4 days as assayed by Western blot and immunohistochemical analysis. Therapy
experiments were started 1 week after injection of the ovarian cancer cells. Treatment with FAK
siRNA-DOPC (150 pg/kg twice weekly) reduced mean tumor weight by 44% to 72% in the three
cell lines compared with the control group (Ps < 0.05 for HeyA8, A2780-CP20, and SKOV3ip1).
When FAK siRNA-DOPC was combined with docetaxel, there was even greater reduction in
mean tumor weight in all models (all Ps < 0.05). Similar results were observed in combination with
cisplatin. Treatment with FAK siRNA-DOPC plus docetaxel resulted in decreased microvessel
density, decreased expression of vascular endothelial growth factor and matrix metalloprotei-
nase-9, and increased apoptosis of tumor-associated endothelial cells and tumor cells.
Conclusions: Taken together, these findings suggest that FAK siRNA-DOPC plus docetaxel

or platinum might be a novel therapeutic approach against ovarian cancer.

Ovarian cancer remains the leading cause of death from a
gynecologic malignancy (1). Despite advances in surgical and
chemotherapeutic approaches, most ovarian cancer patients
develop recurrent disease and eventually succumb to their
disease (2, 3). Given the high mortality rates of ovarian cancer,
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development of novel therapeutic approaches is urgently
needed.

Focal adhesion kinase (FAK) is a 125-kDa nonreceptor
protein tyrosine kinase that plays a significant role in cell
survival, migration, and invasion (4-10). Several studies have
indicated that FAK has a direct role in tumor growth via
signaling through the urokinase receptor, RAS, and extracellular
signal-regulated kinase/mitogen-activated protein kinase
(11, 12). We (13) and others (14) have found that FAK is
overexpressed in ovarian cancer and is predictive of poor
clinical outcome. Although the mechanisms underlying in-
creased expression of FAK in tumor cells are not fully
understood, FAK gene amplification has been noted in ovarian
carcinoma (15). FAK has also been shown to be functionally
important in ovarian cancer cell migration and invasion; the
dominant-negative construct FAK-related nonkinase promoted
FAK dephosphorylation and decreased the in vitro migration
and invasion of these cells (13). FAK overexpression has also
been reported to protect cells from stressors, including etopo-
side treatment in human leukemic cells by activating the
phosphatidylinositol 3-kinase/Akt survival pathway with the
concomitant activation of nuclear factor-xB and induction of
inhibitor-of-apoptosis proteins (16). How FAK overexpression
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is protective is not fully understood. We have shown recently
that FAK is cleaved after treatment with docetaxel chemother-
apy in a caspase-3-dependent manner and FAK silencing
promoted docetaxel cytotoxicity in ovarian cancer cells (17).
FAK is overexpressed by a large number of other human tumors
as well, including colon, breast (18-20), thyroid (20), and
head and neck (21) cancers. Thus, FAK is an attractive target for
therapeutic intervention.

Short interfering RNA (siRNA) technology is an intriguing
and powerful method of gene down-regulation, which has been
widely used to study gene function and target discovery (22).
However, in vivo siRNA delivery has been difficult to achieve
with high efficiency. Although delivery of “naked” siRNA at
specific local sites or with high-pressure means has been used in
experimental models, these approaches are not clinically
practical. Recently, we have shown highly efficient in vivo
delivery of siRNA in an orthotopic model of ovarian carcinoma
by using a neutral lipid liposome, 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC; ref. 23). Furthermore, in proof-
of-principle studies with targeting the EphA2 receptor, this
approach was therapeutically efficacious (23). Based on the
known functions of FAK and promising in vitro results with
FAK silencing, we investigated the in vivo antitumor effects
of FAK silencing using siRNA incorporated in DOPC and
revealed additional antiangiogenic effects on the tumor
microenvironment.

Materials and Methods

Cell lines and cultures. The derivation and source of established
human ovarian cancer cell lines SKOV3ip1, HeyA8, and A2780-CP20
have been described previously (23, 24). The taxane-resistant cell line
HeyA8MDR (a gift from Dr. Isaiah Fidler, Department of Cancer
Biology, University of Texas M. D. Anderson Cancer Center) was also
used. As reported previously, the ICsy level for docetaxel for the
HeyA8MDR cells is 450 nmol/L (17). These cell lines were selected
because they were derived from women with advanced ovarian cancer
and reflect the patterns of spread seen in human patients. All the cell
lines were maintained and propagated in vitro by serial passage in RPMI
1640 or modified Eagle’s medium supplemented with 15% fetal bovine
serum and 0.1% gentamicin sulfate (Gemini Bioproducts, Calabasas,
CA). All in vitro experiments were conducted with 70% to 80%
confluent cultures.

siRNA synthesis. siRNAs were synthesized and then purified
using high-performance liquid chromatography (Qiagen-Xeragon,
Germantown, MD). FAK siRNA (target sequence 5-AACCACCTGG-
GCCAGTATTAT-3") and control siRNA (target sequence 5-AATTC-
TCCGAACGTGTCACGT-3') bearing no sequence homology with any
known human mRNA sequences were dissolved in buffer [100 mmol/L
potassium acetate, 30 mmol/L HEPES KOH, 2 mmol/L magnesium
acetate (pH 7.4)] to a final concentration of 20 umol/L, heated to 90°C
for 60 seconds, incubated at 37°C for 60 minutes, and stored at —20°C
until future use.

Liposomal siRNA preparation. siRNA for in vivo delivery was
incorporated into the phospholipid DOPC. siRNA and DOPC were
mixed in the presence of excess t-butanol at a ratio of 1:10 (w/w) as
described previously (23). Tween 20 was added to the mixture, which
was then vortexed, frozen in an acetone, dry ice bath, and lyophilized.
Before in vivo administration, this preparation was hydrated with
normal (0.9%) saline at a concentration of 15 pug/mL to achieve the
desired dose in 150 to 200 pL/injection. The liposomal preparation is a
preliposomal powder (lyophilizate) containing the lipid and the siRNA,
thus providing long-term stability. Once reconstituted, the preparation
should be used with 12 hours. Different batches of the preparation were

wwWw.aacrjournals.org

4917

used for the studies. All batches were lyophilized under the same
conditions.

Western blot analysis. Cells were lysed in modified radioimmuno-
precipitation assay buffer [50 mmol/L Tris, 150 mmol/L NaCl, 1%
Triton, 0.5% deoxycholate + 25 pg/mL leupeptin, 10 pg/mL aprotinin,
2 mmol/L EDTA, 1 mmol/L sodium orthovanadate (Sigma, St. Louis,
MO)] as described previously (13, 25). Lysates were clarified by
centrifugation at 12,500 rpm for 30 minutes. The total protein
concentration of the supernatant was determined using a bicinchoninic
acid protein assay reagent kit (Pierce, Rockford, IL). Proteins were
separated by 7.5% SDS-PAGE and transferred to nitrocellulose
membrane by semidry transfer (Bio-Rad Laboratories, Hercules, CA).
Membranes were blocked with 5% nonfat milk and incubated with
0.25 pg/mL anti-FAK antibody (Biosource International, Camarillo,
CA) for 1 hour at room temperature. Antibody was detected with
0.167 pg/mL horseradish peroxidase (HRP)-conjugated anti-mouse
secondary antibody (The Jackson Laboratory, Bar Harbor, ME) and
developed with an enhanced chemiluminescence detection kit (Pierce).
Equal loading was confirmed by detection of B-actin (0.1 pg/mL,
anti-p-actin antibody; Sigma). Densitometric analysis was done using
the Scion Imaging software (Scion Corp., Frederick, MD).

Reagents. Leupeptin, aprotinin, and sodium orthovanadate were
obtained from Sigma, EDTA was from Life Technologies/Invitrogen
(Carlsbad, CA), and docetaxel was from Sanofi-Aventis (Bridgewater,
NJ). Primary antibodies used were mouse anti-FAK, mouse anti-
proliferating cell nuclear antigen (PCNA) clone PC 10 (DAKO A/S,
Copenhagen, Denmark), and mouse anti-CD31 (PharMingen, San
Diego, CA). The following secondary antibodies were used for
colorimetric immunohistochemical analysis: HRP-conjugated goat
anti-rabbit IgG F(ab’), (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA), biotinylated mouse anti-goat (Biocare Medical,
Walnut Creek, CA), HRP-conjugated streptavidin (DAKO), HRP-
conjugated rat anti-mouse IgG2a (Serotec, Harlan Bioproducts for
Science, Inc., Indianapolis, IN), HRP-conjugated goat anti-rat IgG
(Jackson ImmunoResearch Laboratories), and fluorescent Alexa 488 -
conjugated goat anti-rabbit IgG (Molecular Probes, Inc., Eugene, OR).

Animal care and orthotopic implantation of tumor cells. Female
athymic nude mice (NCr-nu) were purchased from the National Cancer
Institute-Frederick Cancer Research and Development Center (Freder-
ick, MD). The mice were housed and maintained under specific
pathogen-free conditions in facilities approved by the American
Association for Accreditation of Laboratory Animal Care and in
accordance with current regulations and standards of the U.S.
Department of Agriculture, U.S. Department of Health and Human
Services, and NIH. All studies were approved and supervised by the
University of Texas M. D. Anderson Cancer Center Institutional Animal
Care and Use Committee. The mice were used in these experiments
when they were 8 to 12 weeks old.

To produce tumors, SKOV3ipl, A2780-CP20, and HeyASMDR
(1 x 10° cells/0.2 mL HBSS) or HeyA8 (2.5 X 10° cells/0.2 mL HBSS)
were injected i.p. into the mice. For in vivo injections, cells were
trypsinized and centrifuged at 1,000 rpm for 7 minutes at 4°C, washed
twice with PBS, and reconstituted in serum-free HBSS (Life Technol-
ogies/Invitrogen). Only single-cell suspensions with >95% viability, as
determined by trypan blue exclusion, were used for the in vivo
injections. Mice (n = 10 per group) were monitored for adverse effects
of therapy and sacrificed on day 42 (SKOV3ipl) or day 28 (HeyAS,
A2780-CP20, or HeyABMDR) or when any of the mice began to appear
moribund. Mouse weight, tumor weight, and tumor distribution were
recorded. Tissue specimens were snap frozen for lysate preparation,
fixed in formalin for paraffin embedding, or frozen on OCT compound
(Miles, Inc., Elkhart, IN) for frozen slide preparation.

Therapy for established human ovarian carcinoma in the peritoneal
cavity of nude mice. To evaluate the therapeutic effect of the
combination of FAK siRNA and docetaxel in our mouse model, we
first did preliminary dose-response experiments for FAK siRNA. HeyA8
cells were implanted i.p. and treatment was initiated 21 days following
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tumor injection when i.p. tumors could be assessed by palpation. Mice
were randomly distributed into three groups (n = 10 per group) and
treated with a single dose of PBS, control siRNA-DOPC, or FAK siRNA-
DOPC at 75, 150, or 300 pg/kg i.p. The i.p. route for siRNA delivery was
selected based on comparable uptake and therapeutic efficacy with
either i.p. or i.v. routes (26) in 200 pL volume. Following treatment,
three mice were sacrificed at 24, 48, or 96 hours or 6 days.
Immunohistochemical analysis was done on any excised peritoneal
cavity tumors as described below. The 75 pg/kg dose yielded
inconsistent FAK down-regulation. However, at both of the higher
doses, consistent FAK down-regulation was observed (data not
shown). Therefore, the 150 pg/kg dose was selected for all subsequent
experiments. To determine the optimal dose of docetaxel, HeyA8-
bearing nude mice were treated with either 20, 30, 40, 50, or 60 pg/wk
i.p. docetaxel. The lowest effective dose in this model was 50 pg/wk
(data not shown), which was selected for all subsequent experiments.
Similarly, cisplatin doses ranging from 80 to 200 pg/wk i.p. were tested
in the platinum-sensitive A2780-PAR model and the lowest effective
dose of 160 pg (data not shown) was selected for subsequent
experiments.

Based on the results of our preliminary dose-response experiments,
we initiated a series of separate therapy experiments using the optimal
FAK siRNA dosage. Tumor cells were injected i.p., and 7 days later, the
mice (n = 10 per group) were randomly assigned to five treatment
groups: empty liposome twice weekly, nonspecific control siRNA-
DOPC (150 pg/kg) twice weekly, FAK siRNA-DOPC (150 pg/kg) twice
weekly, control siRNA-DOPC in combination with 50 ng/wk docetaxel,
and FAK siRNA-DOPC plus docetaxel. For the in vivo experiment with
the cisplatin-resistant A2780-CP20 model, the therapy groups were the
same, except 160 pg/wk i.p. cisplatin was used instead of docetaxel. At
7 days after tumor cell injection, small volume disease is present (24).

Toxicology analysis. Whole blood was obtained from animals (n = 3
per group) in all five therapy groups (described above) for standard
complete blood count analysis before therapy on days 7 (baseline), 14,
and 21.

Immunohistochemical determination of PCNA and CD31. Expression
of PCNA was determined by immunohistochemical analysis using
paraffin-embedded tumors. Sections (8-pum-thick) were deparaffinized
in xylene, treated with a graded series of alcohol [100%, 95%, and 80%
ethanol/double-distilled H,O (v/v)], and rehydrated in PBS (pH 7.5).
Antigen retrieval was done by microwave heating for 5 minutes in
0.1 mol/L citrate buffer (pH 6.0) followed by blocking of endogenous
peroxide with 3% H,0, in methanol for 5 minutes. After PBS washes,
slides were blocked with 5% normal horse serum and 1% normal goat
serum in PBS for 15 minutes at room temperature followed by
incubation with primary antibody (anti-PCNA, PC-10, mouse IgG) in
blocking solution overnight at 4°C. After two PBS washes, the
appropriate secondary antibody conjugated to HRP, in blocking
solution, was added for 1 hour at room temperature. HRP was detected
with 3,3’-diaminobenzidine (Phoenix Biotechnologies, Huntsville, AL)
substrate for 5 minutes, washed, and counterstained with Gill No. 3
hematoxylin (Sigma) for 20 seconds. Immunohistochemistry for CD31
was done on freshly cut frozen tissue. These slides were fixed in cold
acetone for 10 minutes and did not require antigen retrieval. The
primary antibody used was anti-CD31 (platelet/endothelial cell
adhesion molecule-1, rat IgG; PharMingen). Staining for PCNA and
CD31 was conducted on tumors collected at the conclusion of 4-week
therapy trials. Control samples exposed to secondary antibody alone
showed no specific staining.

Quantification of microvessel density, PCNA, and terminal
deoxynucleotidyl transferase—mediated dUTP nick end labeling - positive
cells. To quantify microvessel density (MVD), 10 random 0.159-mm?
fields at X100 final magnification were examined for each tumor (one
slide per mouse, five slides per group) and the number of microvessels
per field was counted by two investigators in a blinded fashion. A single
microvessel was defined as a discrete cluster or single cell stained
positive for CD31, and the presence of a lumen was required for scoring
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as a microvessel. To quantify PCNA expression, the number of positive
cells (3,3"-diaminobenzidine staining) was counted in 10 random
0.159-mm? fields at X100 magnification. To quantify terminal deoxy-
nucleotidyl transferase - mediated dUTP nick end labeling (TUNEL) -
positive cells, the number of green fluorescence-positive cells was
counted in 10 random 0.011-mm? fields at X400 magnification.

Microscopic analysis. 3,3’-Diaminobenzidine-stained sections were
examined with a X 10 objective on a Microphot-FX microscope (Nikon,
Garden City, NY) equipped with a three-chip charge-coupled device
color video camera (model DXC990, Sony, Tokyo, Japan). Immuno-
fluorescence microscopy was done using a X20 objective on a
Microphot-FXA microscope (Nikon) equipped with a HBO 100
mercury lamp and narrow band-pass filters to individually select for
green, red, and blue fluorescence (Chroma Technology, Brattleboro,
VT). Images were captured using a cooled charge-coupled device camera
(model 5810, Hamamatsu, Bridgewater, NJ) and Optimas Image
Analysis software (Media Cybernetics, Silver Spring, MD). Photo-
montages were prepared using Micrografx Picture Publisher (Corel,
Dallas, TX) and Adobe PhotoShop software (Adobe Systems, Inc., San
Jose, CA). Photomontages were printed on a digital color printer
(model UP-D7000, Sony).

Statistical analyses. For the in vivo experiments, differences in
continuous variables (mean body weight, tumor weight, MVD, PCNA,
and hematologic variables) were analyzed using the Student’s ¢ test for
comparing two groups and by ANOVA for multiple group comparisons
with P < 0.05 considered statistically significant. For values that were
not normally distributed, the Mann-Whitney rank sum test was used.
The Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL)
was used for all statistical analyses.

Results

In vivo down-regulation of FAK by siRNA. Based on our
prior data with regard to the effect of FAK-siRNA in sensitizing
ovarian cancer cells to docetaxel (17), we investigated its in vivo
therapeutic potential. Before initiating therapy experiments, we
examined the ability of FAK-targeted siRNA incorporated in
DOPC to down-regulate FAK in vivo. Nude mice bearing i.p.
HeyA8 tumors were injected with a single dose of FAK siRNA-
DOPC (150 pg/kg i.p.), and tumors were harvested 1, 2, 4, and
6 days after injection for Western blot analysis and immuno-
histochemistry for assessing level of FAK expression (17).
Western blot analysis revealed >80% reduction in FAK levels
within 48 hours, which persisted for at least 4 days (Fig. 1A).
FAK expression began to return toward basal levels by 6 days
after a single treatment. Similar results were noted with
immunohistochemistry (Fig. 1B). FAK expression was not
affected by control siRNA-DOPC. Therefore, we selected twice
weekly administration of siRNA-DOPC as the optimal dosing
schedule for subsequent therapy experiments.

In vivo therapy experiments with FAK siRNA-DOPC. The
SKOV3ipl or HeyA8 ovarian cancer cells were implanted into
the peritoneal cavity of nude mice for experiments designed
to test the therapeutic potential of FAK-targeted siRNA. Seven
days later, therapy was started according to the five treatment
groups listed above in Materials and Methods. The animals
were sacrificed after 3 to 5 weeks of therapy and a necropsy was
done. The data for the effects of these therapies on SKOV3ip1
and HeyA8 are summarized in Fig. 2A and B, respectively.
Control siRNA therapy alone was not effective against SKOV3ip1
tumors compared with empty liposomes; however, ~39%
reduction was noted in the HeyA8 tumors (Fig. 2A and B).
Treatment with FAK siRNA-DOPC alone or docetaxel plus
control siRNA-DOPC was effective in inhibiting tumor growth
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Fig.1. /n vivo down-regulation of FAK by FAK siRNA. A, Western blot of lysates
from tumor samples collected 0, 2, 4, and 6 days after a single administration of FAK
siRNA or control siRNA incorporated in DOPC. Quantification of band intensity
relative to B-actin. B, immunohistochemical staining for FAK expression (original
magnification, x200) after treatment with control siRNA-DOPC (a) or FAK
siRNA-DOPC 2 (b), 4 (c), and 6 (d) days after a single dose.

(54-74%) in both cell lines compared with control siRNA
(Fig. 2). However, treatment with FAK siRNA-DOPC in
combination with docetaxel resulted in even greater reduction
in tumor weight (94-98%; overall ANOVA P < 0.001 for both
cell lines). Furthermore, the combination therapy was statisti-
cally superior to docetaxel plus control siRNA-DOPC in each of
the two trials (P = 0.04 for HeyA8 and 0.02 for SKOV3ip1).
Chemotherapy resistance is a common clinical problem in
the management of ovarian carcinoma. Despite high response
rates with initial therapy, most patients develop recurrent
tumors that are resistant to taxane and platinum chemotherapy
(2, 27, 28). We have shown previously that FAK down-
regulation can sensitize even chemotherapy-resistant cell lines
to docetaxel in vitro (17). This led us to examine whether FAK
down-regulation could sensitize resistant tumors to chemo-
therapy using the HeyASMDR cell line (Fig. 2C). Therapy was
started 7 days after injection of tumor cells into nude mice
according to the five groups outlined above. With this model,
FAK siRNA-DOPC alone resulted in ~44% reduction in tumor
growth (Fig. 2C) compared with control. Furthermore, the
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combination of FAK siRNA-DOPC and docetaxel was superior
than docetaxel/control siRNA-DOPC (P < 0.006) and FAK
siRNA-DOPC alone (P < 0.05). To evaluate the generality of
these results, we also examined the efficacy of FAK siRNA-
DOPC in combination with cisplatin in the platinum-resistant
A2780-CP20 model. As expected, cisplatin monotherapy was
not effective in this model (Fig. 3). Treatment with FAK siRNA-
DOPC resulted in 72% decrease in the mean tumor weight
compared with the control siRNA-DOPC group. The combina-
tion of FAK siRNA-DOPC with cisplatin was more effective than
FAK siRNA-DOPC alone (P < 0.02), control siRNA-DOPC (P <
0.001), and control siRNA-DOPC/cisplatin (P < 0.001) groups.

Data from other measured variables of these therapy experi-
ments are shown in Table 1. The incidence of tumor formation
was not significantly reduced in either control siRNA-DOPC or
control siRNA-DOPC plus docetaxel. FAK siRNA-DOPC treat-
ment was associated with 70% tumor incidence in both of the
cell lines individually, which was reduced to 50% and 60% by
the combination treatment in the SKOV3ipl and HeyA8
models, respectively. The number of tumor nodules was
significantly lower in the FAK siRNA-DOPC and the combina-
tion groups across all models (Table 1). No obvious toxicities
were observed in the animals during treatment as determined
by behavioral changes, such as eating habits and mobility.
Furthermore, mouse weights were not significantly different
among the five groups of animals, suggesting that eating and
drinking habits were not affected. We also did complete blood
count analyses before therapy on days 7 (baseline), 14, and 21.
There were no significant changes in WBC, hemoglobin, or
platelet counts during therapy (Table 2).

At the conclusion of the therapy experiments, we examined
whether FAK expression in HeyA8 cells remained suppressed.
FAK levels were not suppressed in either control siRNA-DOPC,
empty liposome, or control siRNA-DOPC plus docetaxel group
(Fig. 4A). However, in the FAK siRNA-DOPC and combined
FAK siRNA-DOPC with docetaxel groups, there was sustained
suppression of FAK expression (Fig. 4A).

Effect of FAK targeting on angiogenesis, cell proliferation, and
apoptosis. Although FAK suppression has been shown to have
direct antitumor effects (17), emerging evidence suggests that
there may also be effects on the tumor microenvironment. To
determine potential mechanisms underlying the efficacy of
anti-FAK-based therapy, we examined its effects on several
biological end points, including angiogenesis (MVD), prolifer-
ation (PCNA), and apoptosis (TUNEL). Due to growing
evidence related to FAK and tumor angiogenesis (29, 30), we
first evaluated vessel density (Fig. 4B) in the tumors harvested
from experiments described above. Compared with empty
liposomes, the mean MVD was reduced in tumors treated with
FAK siRNA-DOPC alone or control siRNA-DOPC with doce-
taxel (Ps = 0.008 and 0.009, respectively). The most significant
reduction in MVD occurred in the combination therapy group
(MVD 6 + 2; P < 0.001). Based on recent studies suggesting
suppression of vascular endothelial growth factor (VEGF) and
matrix metalloproteinases (30-33), we examined tumors har-
vested from all groups for these proteins. Indeed, both VEGF
and matrix metalloproteinase-9 expression (Fig. 4C and D)
were substantially reduced in tumors from animals treated with
FAK siRNA-DOPC alone or in combination with docetaxel,
suggesting an antivascular mechanism. To further characterize
the antivascular mechanism, we did dual-localization (CD31
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and TUNEL) immunofluorescence studies in tumors harvested
after short-term treatment (3 days) in animals bearing formed
HeyA8 tumors (17 days after tumor cell injection for all
groups). Tumors treated with control siRNA had prominent

vasculature with no apoptosis seen in endothelial cells (Fig. 4E).
However, endothelial cell apoptosis was significantly increased
in both FAK siRNA-DOPC and FAK siRNA-DOPC plus
docetaxel-treated groups (both Ps < 0.05). To determine if
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Table 1. Characteristics of tumors after FAK siRNA-DOPC with or without chemotherapy
Cell line Group Incidence (%) No. nodules (mean + SE) P for no. nodules
SKOV3ip1 Liposomes 100 16.6 + 3.3
Control siRNA 100 15.4 + 2.6 0.74
Control siRNA + docetaxel 80 3.7+ 1.1 0.008
FAK siRNA 70 4.2 +0.7 <0.001
FAK siRNA + docetaxel 50 1.6 £ 0.4 <0.001
HeyA8 Liposomes 100 44+ 1.4
Control siRNA 100 4.0 £ 0.8 0.88
Control siRNA + docetaxel 90 2.5+09 0.009
FAK siRNA 70 1.7+ 0.4 0.004
FAK siRNA + docetaxel 60 0.9+ 0.3 <0.001
HeyA8MDR Liposomes 90 4.3 +0.5
Control siRNA 90 4.4 +1.0 0.69
Control siRNA + docetaxel 80 3+1.2 0.48
FAK siRNA 70 22+04 0.002
FAK siRNA + docetaxel 70 1.4+0.4 <0.001
A2780-CP20 Liposomes 100 134 + 1.3
Control siRNA 100 146 £+ 1.9 0.51
Control siRNA + cisplatin 80 11.5+1.2 0.42
FAK siRNA 80 5.0+ 0.4 0.001
FAK siRNA + docetaxel 100 1.8+ 0.4 <0.001

FAK siRNA-DOPC-mediated in vivo effects on endothelial cells
could be direct, we treated murine endothelial cells isolated
from the ovary of ImmortoMice [H-2k(b)-tsA58; ref. 34| with
FAK siRNA-DOPC. Murine FAK levels were not altered by the
FAK siRNA-DOPC used for the in vivo experiments (data not
shown).

Next, we examined the effects of FAK-targeted therapy on
tumor cell proliferation by using PCNA staining. Minimal
reduction of PCNA expression was observed by either control
siRNA-DOPC plus docetaxel or FAK siRNA-DOPC compared
with either empty liposome or control siRNA-DOPC treatment
groups. PCNA expression was significantly reduced (21 =+
1.6%) in tumors from mice receiving FAK siRNA-DOPC with
docetaxel (Fig. 4F). Finally, we evaluated tumor cell apoptosis

by using the TUNEL method. Minimal tumor cell apoptosis was
apparent in either empty liposome, single agent, or control
siRNA-DOPC with docetaxel treatment groups. Treatment with
FAK siRNA-DOPC and docetaxel resulted in a significant
increase in apoptosis (Fig. 4G).

Discussion

The key findings from the present study are that targeted the-
rapy with FAK siRNA-DOPC in combination with chemotherapy
significantly reduces tumor growth in both chemotherapy-
sensitive and chemotherapy-resistant models. These effects are
likely both direct and indirect (by inducing apoptosis in tumor-
associated endothelial cells) at least in part due to reduction of

Table 2. Selected hematologic variables after siRNA with or without chemotherapy
Variables* Day 7 (baseline) Day 14 Day 21 4
Liposomes
WBC 4.71 £ 0.16 3.99 + 0.42 3.69 £ 0.76 0.63
Hemoglobin 16.50 + 0.99 16.02 + 1.27 14.30 £ 0.28 0.19
Platelets 708.5 + 75.66 567.0 + 41.01 752.0 + 57.28 0.26
Control siRNA
WBC 5.0 £ 0.13 4.12 + 0.74 4.21 + 0.54 0.38
Hemoglobin 14.85 + 0.92 12.80 + 2.55 14.80 + 0.85 0.45
Platelets 622.0 + 42.43 839.5 + 67.2 755.0 + 138.6 0.50
Control siRNA + cisplatin
WBC 4.77 + 0.07 3.78 + 0.8 4.04 + 0.33 0.60
Hemoglobin 12.50 + 0.99 13.05 + 1.77 13.30 + 2.55 0.91
Platelets 605.0 + 66.5 799.0 + 87.7 664.0 + 172.5 0.36
FAK siRNA
WBC 4.97 + 0.03 3.2 +0.11 5.67 £ 0.49 0.007
Hemoglobin 13.65 + 0.64 16.04 + 0.48 14.45 + 0.92 0.09
Platelets 602.0 + 84.8 751.5 + 156.3 590.0 + 41.1 0.36
FAK siRNA + cisplatin
WBC 4.91 + 0.13 4.58 + 0.35 4.60 + 1.8 0.94
Hemoglobin 13.45 + 0.92 14.85 + 0.35 13.70 £ 0.42 0.20
Platelets 663.0 + 166.9 702.0 + 57.9 553.5 + 136.4 0.56
NOTE: Values expressed as mean + SD.
*WBC expressed as 103 cells/uL; hemoglobin expressed as g/dL, and platelets expressed as 103 cells/uL.
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Fig. 4. A, immunohistochemistry (/HC) of FAK expression after long-term therapy in the HeyA8 orthotopic model. B MVD was determined after
immunohistochemical peroxidase staining for CD31. The number of vessels per X100 field were counted as described in Materials and Methods. Representative
slides from each group and average number of vessels per field. Five fields per slide and at least three slides per group were examined. VEGF (C) and matrix
metalloproteinase-9 (MMP-9; D) immunohistochemical peroxidase staining was done on tumor sections obtained from each of the five therapy groups.

E, representative images of immunofluorescence staining with CD31" cells (red) and cells undergoing apoptosis (TUNEL stain; green). Yellow, endothelial cells (red)
undergoing apoptosis (green). F, tumor sections from each group were stained for PCNA. The number of cancer cell nuclei that were strongly PCNA positive were
counted and divided by the total number of cells. Representative sections from each group. Original magnification, X100. Columns, mean percentage of
PCNA-positive cells; bars, SD. Four fields per slide and at least three slides per group (all from different animals) were counted. G, immunofluorescence staining
with TUNEL (green) for apoptosis and Hoechst (b/ue) for nuclei was done. Representative slides from each group. The number of apoptotic cells (green) was
counted. Columns, mean number of TUNEL-positive cells; bars, SD. Four fields per slide and at least three slides per group (all from different animals) were counted.
The columns in all graphs correspond to the labeled columns in the picture.
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VEGEF. Given the clinical relationship between FAK and ovarian
cancer prognosis (13), these findings implicate FAK as an
attractive therapeutic target in ovarian cancer.

FAK is a nonreceptor kinase that is a critical mediator of
signaling events between cells and their extracellular matrix
(35, 36). It is tyrosine phosphorylated upon integrin binding
or ligand binding by growth factor receptors (37, 38). FAK
activation at focal adhesion sites leads to cytoskeletal reorga-
nization, cellular adhesion, and survival, and it is known to
play a role in cell migration and invasion (13). Several reports
have linked FAK expression with cancer progression. FAK
overexpression has been reported in many malignancies,
including ovarian, colon, breast, and head and neck cancers
(17-21). Specifically, in ovarian cancer, FAK is overexpressed
in ~68% of tumors and is associated with high-risk clinical
features and poor survival (13). Although the mechanisms
behind FAK overexpression are not fully known, we have
recently found that FAK gene amplification is present in ovarian
cancers (15). We have also shown previously that FAK is a
substrate for caspase-3 and is degraded during treatment with
docetaxel in sensitive cells (17). Prior in vitro studies prompted
us to examine the therapeutic efficacy of FAK silencing in vivo,
and to the best of our knowledge, our study is the first to use a
clinically relevant delivery system for FAK siRNA in an
orthotopic model of ovarian cancer. In the current study,
therapy was started with low-volume ovarian carcinoma.
Although we have shown siRNA delivery into larger tumors
previously (23), whether FAK inhibition has therapeutic
efficacy with bulkier tumors remains to be determined.

Although FAK silencing seems to have direct antitumor
activity, there is growing evidence that the tumor microenvi-
ronment may also be affected. Sheta et al. showed that cell
contact-mediated induction of VEGF transcription occurs via
FAK (39). In an elegant study, Mitra et al. showed that 4T1
breast cancer tumors with inhibited FAK activity were substan-
tially smaller compared with controls and exhibited less VEGF
staining (30). Furthermore, cells with mutant FAK had
impaired VEGF production and reduced tumor growth in vivo
(30). In our experiments, FAK silencing was associated with
lower levels of VEGF and matrix metalloproteinase-9 and
increased apoptosis of tumor-associated endothelial cells,
suggesting an antivascular effect.

Because of the pivotal role of FAK in many processes
associated with cancer progression, interfering with its function
may represent novel therapeutic opportunities. Investigators are
developing various strategies for targeting FAK. Strategies aimed
at inhibiting FAK kinase activity are being devised (40). Small-
molecule inhibitors that act as competitors for ATP binding at
the catalytic site are also being developed. We and others are
using siRNA for down-regulating FAK using approaches that
may hold promise for clinical use. We have shown previously
the feasibility of delivering gene-specific siRNA using DOPC
liposomes in orthotopic ovarian cancer models (23). This
approach is more efficient for in vivo siRNA delivery than either
naked siRNA or cationic liposomes. In the current study, we
used specific FAK siRNA in DOPC liposomes for systemic
delivery, which resulted in efficient FAK down-regulation and
therapeutic efficacy. The importance of this work is that the
packaging of siRNA into liposomes is rapidly transferable to a
clinical setting for cancer therapeutics. It is possible that this
delivery method may also be useful for noncancerous diseases
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amenable to siRNA therapy (41-43). This technique is not
tissue specific, but further modifications of the liposome may
allow tumor-selective delivery (44, 45).

Several other approaches for delivering siRNA in vivo have
been attempted. Duxbury et al. showed that systemic delivery of
naked siRNA targeting FAK (46) or EphA2 (47) down-regulated
protein expression and slowed the growth of a single s.c. injected
malignant pancreatic cell line. Sorensen et al. showed the reduc-
tion of tumor necrosis factor-a expression in liver and spleen
by delivering siRNA packaged in cationic liposomes (48). Others
have used rapid injection of a high volume of material (i.e., 2 mL
into a mouse with an estimated 4 mL total blood volume)
hydrodynamically forcing siRNA into the liver (42). However,
such techniques are likely not practical in a clinical setting.

We investigated FAK silencing using a neutral liposome
delivery method for several reasons. Liposomes are already
being clinically used for chemotherapy and other delivery
systems. Liposomes are a form of nanoparticles that function as
carriers and act as a slow-release depot for the drug in the
diseased tissue. Optimal liposome size depends on the tumor
target. In tumor tissue, the vasculature is discontinuous, and
pore sizes vary from 100 to 780 nm (49). By comparison, pore
size in normal vascular endothelium is <2 nm in most tissues
and 6 nm in postcapillary venules. Most liposomes are 65 to
125 nm in diameter. Negatively charged liposomes were
believed to be more rapidly removed from circulation than
neutral or positively charged liposomes; however, recent studies
have indicated that the type of negatively charged lipid affects
the rate of liposome uptake by the reticuloendothelial system.
For example, liposomes containing negatively charged lipids
that are not sterically shielded (phosphatidylserine, phospha-
tidic acid, and phosphatidylglycerol) are cleared more rapidly
than neutral liposomes. Cationic liposomes are not ideal
delivery vehicles for tumor cells because surface interactions
with the tumor cells create an electrostatically derived binding
site barrier effect, inhibiting further association of the delivery
systems with tumor spheroids (50). By comparison, neutral
liposomes seem to have better intratumoral penetration.

Toxicity with specific liposomal preparations has also been a
concern. Cationic liposomes elicit dose-dependent toxicity and
pulmonary inflammation by promoting release of reactive
oxygen intermediates, and this effect is more pronounced with
multivalent cationic liposomes than monovalent cationic
liposomes, such as N-[1-(2,3-dioleoyloxyl)propyl]-N,N,N-tri-
methylammonium methyl sulfate (51). Neutral and negative
liposomes do not seem to exhibit lung toxicity (52). Cationic
liposomes, while efficiently taking up nucleic acids, have had
limited success for in vivo gene down-regulation perhaps
because of their stable intracellular nature and resultant failure
to release siRNA contents. We selected DOPC because of its
neutral properties and prior success in using this vehicle to
deliver antisense oligonucleotides in vivo without toxicity.

In summary, we have shown that FAK siRNA using a neutral
liposomal system is highly effective for down-regulating FAK
expression in vivo. Furthermore, treatment with FAK siRNA-
DOPC plus chemotherapy was highly effective in inhibiting
ovarian cancer growth by both direct and indirect antivascular
mechanisms. These findings suggest that FAK siRNA in
combination with either docetaxel or cisplatin chemotherapy
could be a potent therapeutic combination against ovarian
cancer even in patients with chemotherapy-resistant tumors.
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