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Sterically stabilized liposomes targeting P21 (RAC1)
activated kinase-1 and secreted phospholipase A,
suppress prostate cancer growth and metastasis
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Abstract. Metastatic prostate cancer (PCa) has a very
high mortality rate in men, in Western countries and lacks
reliable treatment. The advanced-stage PCa cells overex-
press P21 (RAC1) activated kinase-1 (PAK1) and secreted
phospholipase A, (sPLA,) suggesting the potential utility of
pharmacologically targeting these molecules to treat meta-
static PCa. The small molecule, inhibitor targeting PAK1
activation-3 (IPA3) is a highly specific allosteric inhibitor
of PAK1; however, it is metabolically unstable once in the
plasma thus, limiting its utility as a chemotherapeutic agent.
In the present study, the efficacy and specificity of IPA3 were
combined with the stability and the sPLA,-targeted delivery
method of two sterically stabilized liposomes [sterically
stabilized long-circulating liposomes (SSL)-IPA3 and sPLA,
responsive liposomes (SPRL)-IPA3, respectively] to inhibit
PCa growth and metastasis. It was found that twice-a-week
administration of either SSL-IPA3 or SPRL-IPA3 for 3 weeks
effectively suppressed the growth of PC-3 cell tumor xenografts
implanted in athymic nude mice. Both drug formulations also
inhibited the metastasis of intravenously administered murine
RMI1 PCa cells to the lungs of C57BL/6 mice. Whereas the
twice-a-week administration of SSL-IPA3 significantly inhib-
ited the spontaneous PCa metastasis to the lungs in Transgenic
Adenocarcinoma of the Mouse Prostate mice, the administra-
tion of free IPA3 had no significant therapeutic benefit. The
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results present two novel IPA3 encapsulated liposomes to treat
metastatic PCa.

Introduction

Prostate cancer (PCa) ranks second for cancer-related
mortality in men, with an expected 33,330 deaths estimated
to occur in 2020 worldwide (1,2). Treatment options for the
advanced metastatic PCa are limited due to the uncertainties
in the molecular mechanisms and the serious side effects of
chemotherapy. While the advent of novel screening methods,
such as novel serum-based models like 4Kscore® and prostate
health index (PHI) (3), and hormone ablation therapies have
achieved a ~100% 5-year survival rate for patients with local-
ized PCa, treating patients harboring metastatic PCa, who
have a 5-year survival rate of 31%, remains a challenge (4,5).
In-depth molecular characterization to detect novel druggable
targets, identifying compounds with precise molecular targets
and limited off-target effects, and developing novel strategies
for drug delivery is critical in improving the 5-year survival
rate in patients with metastatic PCa.

Our previous studies and those from other researchers
have shown that P21 (RAC1) activated kinase-1 (PAK1)
promotes PCa growth and metastasis (6-11) by facilitating
cell proliferation, cell survival, motility, invasion, and
epithelial-to-mesenchymal transition (11-14). Previous studies
have also shown that the small molecule, an inhibitor targeting
PAKI1 activation-3 (IPA3) was found to be an effective allo-
steric inhibitor of PAK1, which decreases PCa tumor growth,
and metastasis (12-14). However, despite the promising effect of
IPA3 on PCa, the compound has limitations related to its phar-
macokinetic properties. Specifically, IPA3 is metabolically
unstable, therefore, daily administration is required to exert
its anti-cancer effects (15), which is not feasible in a clinical
setting. Therefore, this limitation was addressed by developing
two distinct liposomal formulations of IPA3, one based on
the classical sterically stabilized long-circulating liposomes
(SSL) (16), and the other, that incorporates lipids, which are
selectively targeted by secreted phospholipase A, (SPLA,), an
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esterase overexpressed in several types of cancer, including
PCa (17).

SSL-IPA3 are long-circulating liposomes designed for
passive targeting by the enhanced permeability and retention
effect (18-20). The base formulation of these SSLs is clini-
cally used for the enhanced delivery of doxorubicin for the
treatment of breast cancer (21). The mechanisms of increased
efficiency for SSL stems, in part, from the presence of the poly-
ethylene glycol (PEG) coating, which decreases SSL clearance
by phagocytes in the reticuloendothelial system, therefore
extending their systemic circulation time and alters the phar-
macokinetics of the encapsulated drug (22). The efficacy of
SSL for the treatment of cancer is further enhanced due to
the leaky vasculature of tumors and the lack of a functional
lymphatic system, which provides access for SSL to enter and
accumulate in the tumors by the enhanced permeability and
retention phenomenon (23-26). Besides, this also provides
passive targeting of SSL to the tumors, as the intact vasculature
in normal tissue limits the entry of SSL, decreasing off-target
toxicity (27-29). sPLA, responsive liposomes, or SPRL, are the
base formulation of SSL with alterations thatinclude anincrease
in the negatively charged glycerophospholipids (22). These
alterations ensure that SPRL is more responsive to cancers, that
overexpress SPLA,, including prostate, breast, gastric, lung,
and colon cancers (30,31). sPLA, cleave phospholipids at the
sn-2 (a nucleophilic substitution in which the rate-determining
step involves 2 components) bond of the glycerol backbone
releasing fatty acid and lysophospholipids (31-35). Unlike
other PLA,, sPLA, has a strong affinity for negatively charged
phospholipid head groups, in particular, phosphatidylserine,
phosphatidylglycerol, and phosphatidylethanolamine (17,36).
In PCa, sPLA, overexpression was associated with poor
clinical prognosis and 5-year survival rate, and the levels
of sPLA, in PCa tissues were reportedly 10-20-fold higher
compared with that in normal tissue (31,37-39). Our previous
studies demonstrated the increased ability of SPRL, which
contained doxorubicin, to decrease PCa growth in a mouse
xenograft model (19) and validated its use as a targeted drug
delivery system (17,19). SPRL increased their affinity to bind
to the cell surface-expressed sPLA, on the tumor cells, due to
the higher concentrations of phosphatidylethanolamine (PE)
in their formulation (22,31,36,37).

Despite our previous success with SPRL, it has only been
tested in non-metastatic cancer models and has only been
formulated with doxorubicin, a drug that is not commonly
used for the treatment of PCa (19). Therefore, in the present
study, IPA3-encapsulated SSL and SPRL (SSL-IPA3 and
SPRL-IPA3, respectively) were created and their efficacies in
inhibiting the growth of PCa xenografts and PCa metastasis
to the lungs was investigated. The results showed that both
SSL and SPRL had increased efficacy compared with that in
free IPA3, in the treatment of the tumors, which only required
twice-weekly IP injections, as opposed to daily use.

Materials and methods

Cell culture. The human PC-3 (CRL-1435) and murine
RM-1 (CRL-3310) metastatic PCa cells were purchased from
ATCC. Cells were grown in either DMEM high-glucose
medium (for PC-3 cells) or RPMI 1640 medium (for RM-1

cells) (Hyclone; GE Healthcare Life Sciences), supplemented
with 10% FBS (R&D Systems, Inc.), 100 U/ml penicillin,
and 100 mg/ml streptomycin (Themo Fisher Scientific, Inc.)
at 37°C in a humidified incubator with 5% CO,. Cells were
passaged when they were 80-90% confluent. All the other
analytical reagents were purchased from Thermo Fisher
Scientific, Inc. unless otherwise stated.

Animals. All the animal procedures were performed according
to the protocol approved by the Institutional Animal Care and
Use Committee at the Charlie Norwood Veterans Affairs
Medical Center, (GA, USA; protocol no. 19-04-114). The
protocols were also in agreement with the Animal Research:
Reporting of in vivo Experiments (ARRIVE) guidelines (40).
Briefly, animals were housed 2-4 mice per cage, in rooms
maintained at 65-75°F (~18-23°C), 40-60% humidity, a
10/14-h light/dark cycle, and ad libitum access to food and
water. Animals were handled as minimally as possible, with
minimal noise levels to avoid any stress. Athymic nude mice
(Harlan Laboratories, Inc.) were maintained in sterile cages
(2 mice per cage) in a separate sterile room, with the provi-
sion of sterile food and water. Isoflurane (3-4% in oxygen)
was used to anesthetize mice at the end of the experiment,
before euthanasia by cervical dislocation. A total of 90 male
8-10 week-old mice weighing between 25-29 g were used for
the tumor and metastasis experiments, with 6 to 11 mice per
experiment. Mice were monitored every day for any potential
infections or sickness and weighed every 2nd day to determine
any weight loss beyond 20%. No animals died before the end
of the experiment.

Preparation of liposomal encapsulated IPA3. SSL-IPA3
liposomes were prepared as described in our previous
study (16), using the thin lipid hydration method followed
by freeze-thaw cycles and a high-pressure extrusion (19,22).
Briefly, cholesterol (5 ymol/ml), phospholipids, including
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
(9 pmol/m) and DSPE-PEG (1 pmol/ml) in chloroform,
and TPA3 (4 pmol/ml) in ethanol were added into a
round bottom flask. SPRL-IPA3 was also prepared simi-
larly using 5 pmol/ml cholesterol, 8 gmol/ml DSPC,
1 pmol/ml 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[poly(ethylene glycol) 2000] (DSPE-PEG),
1 pmol/ml DSPE (17). The solvents were evaporated under
vacuum in a water bath at 65°C using a rotary evaporator
(Buchi Labortechnik AG). The formed thin film was then
hydrated and suspended in PBS to achieve a final lipid concen-
tration of 10 gmol/ml. The formulation then underwent five
liquid nitrogen freeze-thaw cycles, above the phase transition
temperature of the primary lipid, before passing five times
through a Lipex Extruder (Northern Lipids, Inc.) at 65°C
using double-stacked polycarbonate membranes (80-nm;
Suez Water Technologies and Solutions). Excess unen-
capsulated IPA3 and lipids were eliminated using dialysis
in 10% (w/v) sucrose for at least 20 h, with three changes
of the dialysis media. Liposome suspensions were stored
at 4°C, protected from light, and used within 24-48 h of
preparation. Empty SPRL was also formulated and used
as vehicle controls. Quantification of IPA3 was evaluated
using methods previously described (16). The quality control
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used during the formulation of SSL and SPRL included the
measurement of size, zeta potential, and drug encapsulation.
The size was measured by both dynamic light scattering and
by tandem electron microscopy. Liposomes that did not meet
the minimum required characteristics of 1,000 M IPA3
encapsulation, a size of 100 nm hydrodynamic diameter, a
poly-dispersity index of <0.3, and charge of at least-20 mV
zeta potential were not used for the experiments.

Mouse genotyping. For the genotyping of Transgenic
Adenocarcinoma of the Mouse Prostate (TRAMP) mice
(Jackson Laboratory), DNA was extracted from the ear punch
of 10 to 21-day old litters. Tissues were incubated with 50 pl
of alkaline lysis buffer containing 25 ml H,O, 62.5 ul of
10 N NaOH, and 10 ul of 0.5 M disodium EDTA at 95°C for
90 min, followed by neutralization with 50 ul buffer containing
24 ml H,0, 1 ml 1 M Tris-HCI (41). The TRAMP transgene
(600 bp) was amplified using the following primer sequences:
Forward 5'-GCGCTGCTGACTTTCTAAACATAAG-3' and
reverse, 5S'-GAGCTCACGTTAAGTTTTGATGTGT-3, with an
annealing temperature of 55°C. GAPDH was measured as an
internal positive control using the following primer seugneces:
Forward, 5'-CTAGGCCACAGAATTGAAAGATCT-3' and
reverse, 5'-GTAGGTGGAAATTCAGCATCATCC-3'. PCR
was performed using the GoTaq® M712C green master mix
(Promega Corporation) with the following thermocycling condi-
tions: Step-1: 95°C for 3 min; Step-2: 94°C for 30 sec; Step-3:
60°C for 1 min; Step-4: 72°C for 1 min (step-2-4 repeated for
35 cycles); Step-5: 72°C for 2 min and Step-6: Hold at 4°C until
further processing. The products were visualized using ethidium
bromide containing agarose gel (2%) under UV light.

Cell proliferation assay. Cell proliferation following IPA3
treatment was assessed using an MTT assay (Thermo Fisher
Scientific, Inc.), as previously described (13). Briefly, cells
were seeded into 48-well cell culture plates, at a density of
5x10* cells/ml per well and incubated at 37°C in a humidi-
fied incubator with 5% CO, for 24 h. Cells were treated with
either 10, 20, or 30 M IPA3 (cat. no. 3622; Tocris BioScience)
encapsulated in SSL and SPRL liposomes, empty SSL and
SPRL or dimethyl sulfoxide (DMSO) (vehicle) as controls
for 24 h. Following this, MTT reagent was added, at a final
concentration of 0.25 mg/ml, and the plates were incubated
at 37°C for 2 h. After incubation, non-reduced MTT and the
medium were aspirated and MTT formazan crystals were
dissolved using DMSO. Following an additional 15 min incu-
bation, with constant shaking (2.8x10° x g using a Vari-Mix
Platform Rocker (Thermo Fisher Scientific, Inc.), plates
were read at 590 nm using a Biotek plate reader (Agilent
Technologies, Inc.).

In vivo prostate tumor xenograft assay. PC-3 cells were
grown to 60-70% confluent in T75 flasks. Next, the cells
were collected and suspended in sterile normal saline. Cell
suspension (3x10° cells/100 pl) was subcutaneously injected
into the right flank of 6 to 8-week-old male athymic nude mice
(Harlan Laboratories, Inc.). All treatments (empty liposomes,
SSL-IPA3, and SPRL-IPA3 (5 mg/kg) were started on day 3
from tumor implantation and were administered two times
a week, by intraperitoneal (i.p.) injection. Tumor diameters

were measured using digital calipers on days 7, 14, 19, and 21,
and the tumor volume (mm?) was calculated by the modified
ellipsoidal formula (tumor volume= [length x width?]). The
average size of the tumors before treatment was 42 mm?. Mice
were sacrificed on day 25 and tumors were dissected, weighed,
and snap-frozen for further analysis. We included 12 mice in
each group at the start of the experiment. However, one mouse
from the empty liposome group, one from the SSL-IPA3 group
and two mice from the SPRL-IPA3 group were later removed
due to sickness.

In vivo mouse lung colonization (metastasis) assay. PC-3
and RM-1 cells grown to 60-70% confluence in T75 flasks
were washed once with 1X PBS, detached using trypsin, and
re-suspended in 0.9% saline. A total volume of 150 ul cell
suspension, containing 0.5x10° cells was injected through the
tail-vein into 8-week-old C57BL/6 mice, as well as athymic
nude mice. Animals in each group were injected (i.p.) with
either 5 mg/kg SSL-IPA3 or SPRL-IPA3, or vehicle control
(PBS or empty liposomes) twice weekly as previously
described (18). Alternately, 27-week old TRAMP mice were
injected with the vehicle (sterile PBS), free IPA3 twice a
week, free IPA3 once daily, or SSL-IPA3 twice a week for
3 weeks. Mice weight was monitored every 3 days, up to
day 21. On day 21, mice were euthanized, the lungs were
collected and snap-frozen or directly fixed for hematoxylin
and eosin (H&E) staining. The number of lung nodules was
counted by three blinded reviewers (individuals within the
laboratory) and the average of their scores was used for
analysis. In the TRAMP mice study, 8 mice were included
in each at the start of the experiment. However, one mouse
from the twice-weekly free IPA3 group and two mice from
the once per day free IPA3 group were removed due to sick-
ness.

Histological examination of the mouse lungs. Tissue sections
were embedded in paraffin and 5 ym sections were cut for
H&E staining. For staining, tissues were first dehydrated
twice with 95% ethanol for 30 min each, followed by soaking
in xylene for 1 h at 60-70°C. The sections were subsequently
dipped in paraffin for 12 h. Tissue sections were stained with
Harris' hematoxylin solution for 6 h at 60-70°C, rinsed in tap
water and immersed in a destaining solution containing 10%
acetic acid and 85% ethanol in water for 2 h and an additional
10 h at room temparature. Washing slides were soaked in a
saturated lithium carbonate solution for 12 h and rinsed with
tap water. Finally, sections were stained with eosin Y in
ethanol for 48 h at room temparature. Imaging was performed
using a brightfield Keyence BZ-X800 microscope (Keyence
Corporation; magnification, x4). Lung micrometastasis was
analyzed using Image] software (version 1.48v; National
Institutes of Health) (13). Briefly, the H&E images of the lung
were converted to grayscale followed by splitting the image
into RGB channels. The area of individual channels was
measured and subtracted from the total lung area to determine
the metastatic area.

Statistical analysis. Data are presented as the mean + SD. The
‘n’ value for each figure indicates the number of samples in each
group. MTT assays were performed 6 times in 3 replicates. All
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Figure 1. SSL-IPA3 and SPRL IPA3 significantly inhibits the growth of PC-3 cell tumor xenografts in athymic nude mice. Images of athymic nude mice
bearing PC-3 cell tumor xenografts (left) and extracted tumors (right) treated with (A) empty liposomes, (B) SSL-IPA3, and (C) SPRL-IPA3 (5 mg/kg).
(D) Line graph showing the volume of PC-3 cell tumor xenografts on days 7, 14, 21 and 25, following implantation in athymic nude mice treated with empty
liposomes, SSL-IPA3 and SPRL-IPA3 (5 mg/kg), respectively. Bar graph showing the (E) weight of the tumors and (F) body weight of PC-3 cell tumor
xenograft athymic nude mice treated with empty liposomes, SSL-IPA3 and SPRL-IPA3 (5 mg/kg), respectively on day 25 post-tumor implantation. Data are
presented as the mean + SD. One-way ANOVA was used to compare when there were more than two groups. ‘P<0.001. i.p., intraperitoneal; SRPL, secreted
phospholipase A, responsive liposomes; SSL, sterically stabilized long-circulating liposomes; IPA3, P21 (RACI1) activated kinase-1. Empty liposomes (n=11),

SSL-IPA3 group (n=11), SPRL-IPA3 group (n=10).

the data were analyzed using parametric tests, the Student's
unpaired t-test for comparing two groups or one-way ANOVA
for comparing more than two groups, followed by Tukey's
post hoc test (with pooled variance) and the GraphPad
Prism v6.01 software (GraphPad, Software, Inc.) P<0.05 was
considered to indicate a statistically significant difference.

Results

SSL-IPA3 and SPRL-IPA3 suppress the growth of PC-3 cell
tumor xenografts in athymic nude mice with similar efficacy.
Our previous study found that SSL-IPA3 was more effective in
decreasing PC-3 tumor xenograft growth compared with that for

free IPA3 (16); however, the ability of SPRL-IPA3 to decrease
tumor growth in xenograft models has never been investi-
gated. Twice-weekly administration of SSL-IPA3 (5 mg/kg)
inhibited the growth of PC-3 tumor xenografts compared with
that in the control group (Fig. 1A-C). Furthermore, the same
results were demonstrated with SPRL-IPA3, administrated
at the same dose and schedule (Fig. 1A-C). The results were
found to be significantly different for tumor volume (Fig. 1D)
and weight (Fig. 1E). There was no significant difference
between empty liposomes, SSL-IPA3, and SPRL-IPA3 treat-
ment on the total body weight of mice after 25 days (Fig. 1F).
The data revealed that SSL-IPA3 and SPRL-IPA3 are effective
in inhibiting the growth of prostate tumor xenografts.
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Figure 2. SSL-IPA3 and SPRL-IPA3 significantly inhibit RM-1 murine meta-
static PCa cell proliferation in vitro. A bar graph representing a dose-dependent
reduction in cell proliferation following 24 h treatment with SSL-IPA3 and
SPRL-IPA3 (5 mg/kg) in RM-1 cells compared with that in cells treated the
vehicle (DMSO) and respective empty liposome-treated controls (n=6). Data
are presented as the mean + SD. One-way ANOVA was used to compare when
there were more than two groups. ‘P<0.001 and “P<0.01. DMSO, dimethyl sulf-
oxide; SRPL, secreted phospholipase A, responsive liposomes; SSL, sterically
stabilized long-circulating liposomes; IPA3, P21 (RAC1) activated kinase-1.

SSL-IPA3 and SPRL-IPA3 inhibit murine RM-1 PCa cell
proliferation in vitro. The lung metastasis model used in
the present study required mouse PCa cells; however, to the
best of our knowledge the effect of SSL- or SPRL-IPA3 to
inhibit mouse prostate cell growth has not been previously
investigated. Therefore, the effect of this formulation on
murine prostate RM-1 metastatic PCa cell proliferation
in vitro was performed using the MTT assay. It was found that
20 and 30 M doses for both SSL- and SPRL-IPA3 decreased
the number of cells compared with that in cells treated with
10 uM after 24 h (Fig. 2). There was a significant decrease
in cell proliferation with 30 M SRPL-IPA3 compared with
that in cells treated with 20 xuM SPRL-IPA3, but not between
20 and 30 uM SSL-IPA3. There was also a modest but signifi-
cant reduction in RM-1 cell proliferation in cells treated with
30 uM SPRL-IPA3 compared with that in cells treated with
30 uM SSL-IPA3. These data suggested that both SSL- and
SPRL-IPA3 have antiproliferative effects on RM-1 cells.

SSL-IPA3 and SPRL-IPA3 inhibit RM-1 cell metastasis to the
lungs of mice. To the best of our knowledge, liposomal encap-
sulated IPA3, in any formulation, has never been investigated
for its ability to inhibit cancer metastasis. Therefore, the effect
of twice-weekly administration of SSL-IPA3 and SPRL-IPA3
on lung metastasis in C57BL/6 mice, following their intrave-
nous injection with RM-1 cells, was determined. Histological
examination of the mouse lungs demonstrated a significant
reduction in lung metastasis, as measured by the number of
colonies and areas of lung metastasis indicated by red arrows
with intravenous RM-1 cell injection compared with that in
the vehicle group (Fig. 3A). Both SSL-IPA3 and SPRL-IPA3
(5 mg/kg) significantly reduced the number of lung nodules
and metastatic areas in the mouse lungs compared with that

in the empty liposomes or vehicle control (PBS) groups
(Fig. 3B and C). SSL-IPA3 and SPRL-IPA3 were found to
be equally effective in inhibiting PCa cell lung metastasis in
mice.

Twice-weekly administered SSL-IPA3 but not free IPA3 inhib-
ited lung metastasis in TRAMP mice. To further investigate the
ability of SSL- and SPRL-IPA3 to prevent metastasis the effect
of twice-weekly injected liposomal IPA3 was compared with
that in free IPA3, to inhibit spontaneous lung metastasis, that
occurs in TRAMP mice. This mouse model closely resembles
the pathogenesis of human PCa and is known to spontaneously
develop metastasis at the age of 28-30 weeks (41). TRAMP
mice, at 27 weeks of age were injected twice a week with a
vehicle (sterile PBS) or free IPA3, or once daily with free IPA3,
or twice a week with SSL-IPA3 for 3 weeks (until 30 weeks of
age). SPRL-IPA3 was not investigated, as both SSL-IPA3 and
SPRL-IPA3 were both efficacious at reducing tumor growth in
the aforementioned experiments. Spontaneous lung metastasis
in the TRAMP (control and treated) mice were examined using
H&E staining of lung sections (Fig. 4A), following 3 weeks
of treatments. Histological examination of the lung sections
revealed lung metastatic nodules in vehicle-treated TRAMP
mice. The area of metastatic nodules was markedly lower in
TRAMP mice, administered daily with free IPA3. Notably,
twice-weekly treatment with free IPA3 (5 mg/kg) in TRAMP
mice did not inhibit PCa lung metastasis in TRAMP mice
(Fig. 4A and B). As expected, SSL-IPA3 (5 mg/kg) adminis-
tration, twice per week for 3 weeks significantly inhibited PCa
lung metastasis in TRAMP mice (Fig. 4A and B). These results
indicated that the administration of liposome-encapsulated
IPA3 twice weekly for 3 weeks could significantly decrease
lung metastasis in vivo and could be developed into a future
therapeutic approach to treat metastatic PCa in humans.

Discussion

Despite the FDA approval of three new drugs, abiraterone
acetate, enzalutamide, and radium-223, for front-line use
in men with metastatic castration-resistant PCa in the past
5 years, the life expectancy for patients with PCa, over the past
decade has only been prolonged by one year (42,43). As aresult,
patients with metastatic PCa can succumb to the disease, which
accounts for the second leading cause of cancer-associated
death in men in the US as of 2020 (1,2). Thus, there is an urgent
requirement for novel and effective therapeutic strategies for
the treatment of metastatic PCa. The higher expression level
of PAK1 protein has been found in human PCa tissues and
PCa metastasized lung lesions in patients compared with that
in the normal tissues from healthy controls (9). Our previous
studies have demonstrated that PAK1 was essential for PCa
growth, epithelial-to-mesenchymal transition and metastasis,
and that the PAK1 allosteric inhibitor, IPA3, was a potential
drug to treat metastatic PCa (6,8-10,12,13,16). These findings
suggested that PAK1 could be a potential therapeutic target to
prevent PCa growth and metastasis in humans.

Several PAK inhibitors have been studied for their
anti-cancer efficacies in vitro and in vivo (10,14,15,44 ,45).
Several PAK1 inhibitors, such as G-5555 (46), FL172 (47),
PF-3758309 (48), and AZ13705339 (49) have demonstrated
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Figure 3. SSL-IPA3 and SPRL-IPA3 significantly inhibit lung metastasis of intravenously administered RM-1 cells in C57BL/6 mice. (A) Representative
H&E-stained lung section images showing a marked decrease in lung colonization of RM-1 cells, 21 days following injection with SSL-IPA3, and SPRL-IPA3
(5 mg/kg) compared with that in the control and empty SSL and SPRL liposome-treated groups (n=6). The red arrows indicate the areas of colonization. Bar
graphs showing a significant reduction in the (B) number of nodules and (C) area of lung colonization on day 21 following treatment with SSL-IPA3 and
SPRL-IPA3 (5 mg/kg) compared with that in the control and empty SSL and SPRL groups. (n=6). Data are presented as the mean + SD. An unpaired Student's
t-test was used to compare between two groups and one-way ANOVA was used to compare among all the groups. ‘P<0.05; “P<0.01. i.p., intraperitoneal;
i.v., intravenous; SRPL, secreted phospholipase A, responsive liposomes; SSL, sterically stabilized long-circulating liposomes; IPA3, P21 (RAC1) activated

kinase-1; PBS, control group.

PAKI activity suppression in vitro; however, these compounds
also exhibited off-target effects on several other kinases,
such as the Src family of kinases, Aktl, AMP Kinases,
Cyclin-dependent kinase-7 and serum glucocorticoid kinase,
due to their competition for the ATP-binding site, that is
conserved in several kinases (44,45). Among these, PF-3758309
and PF-03758309 are specific inhibitors of PAK4, a group II
PAK isoform (50), and a clinical trial on PF-03758309 for
advanced solid tumors (NCT00932126) was terminated, due
to the undesirable pharmacokinetic characteristics, such as
unfavorable levels of the drug in the plasma and the lack of
a dose-response association. Therefore, the allosteric PAK1

inhibitors, such as IPA3 (15) and NVS-PAKI1-1 (51) were
preferred for pharmacological interventions in cancer research.
Our previous studies have demonstrated that IPA3, suppresses
epithelial-to-mesenchymal transition, and micro-invasion of
PCa cells in vitro and tumor growth in vivo (6,9). Daily admin-
istration of IPA3 also attenuated PCa-induced metastasis and
bone remodeling in athymic nude mice (13). Unfortunately,
IPA3 in its free form can be rapidly metabolized in the plasma
and has a very short half-life (45), which limits its use as a
therapeutic agent for cancer. Therefore, it is not feasible to treat
patients with cancer in the clinic daily. To overcome this, two
new liposome formulations were utilized, with distinct lipid
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Figure 4. SSL-IPA3 inhibits lung metastasis in TRAMP mice. TRAMP mice, at 27 weeks of age were injected with vehicle, empty SSL, and SSL-IPA3
(5 mg/kg) twice weekly and compared with free IPA3 administered daily or twice weekly for 3 weeks, for lung colonization. (A) Images of H&E-stained
TRAMP lung sections showing changes in lung metastasis between the control, free IPA3, and SSL-IPA3-treated groups for 3 weeks. The arrows indicate
the area of metastasis. (B) Bar graph indicating reduced lung metastasis in daily administered free IPA3 and twice-weekly administered SSL-IPA3 groups
compared with that in the control groups and twice-weekly administered free IPA3 group. Data are presented as the mean + SD. An unpaired Student's t-test
was used to compare between two groups and one-way ANOVA for more than two groups. “P<0.01; “P<0.001. TRAMP, Transgenic Adenocarcinoma of the
Mouse Prostate; PBS, vehicle group; i.p., intraperitoneal; SRPL, secreted phospholipase A, responsive liposomes; SSL, sterically stabilized long-circulating
liposomes; IPA3, P21 (RAC1) activated kinase-1; Ctrl, control. Control, Empty SSL (n=8), twice-weekly administered free IPA3 (n=7), daily administered free
IPA3 for 3 weeks (n=6), twice-weekly administered SSL-IPA3 for 3 weeks (n=8).

composition to encapsulate IPA3 into nanoliposomes to serve
as a reservoir for its slow release thus, increasing the half-life
of the drug in the plasma. Due to the different lipid composi-
tion, while both SSL-IPA3 and SPRL-IPA3 have the benefit of
high stability and long half-life once in the blood, SPRL-IPA3
has the specificity to respond to the highly expressed sPLA, in
the tumor microenvironment (12,17,36).

In the present study, loading IPA3 into nanoliposomes
reduced the frequency of drug administration without compro-
mising its efficacy. The efficacy of SSL-IPA3 or SPRL-IPA3,
when administered twice a week, was comparable to the
efficacy of daily administration of free IPA3 in preventing
PCa lung metastasis in 2 different mouse models. A total
of 30 uM SPRL-IPA3 exhibited slightly higher efficacy on
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reducing cell survival compared with that in cells treated with
a similar dose of SSL-IPA3; however, the efficacies of either of
[PA3-containing liposomes were similar even in inhibiting the
growth of human PCa tumor xenografts implanted in immuno-
compromised mice. This frequency of drug administration was
not effective with the free form of IPA3 to prevent PCa growth,
as evidenced in our previous study (16). The advantage of
liposomal IPA3 was also clear from the observation that twice
a week administration of free IPA3 did not prevent PCa metas-
tasis to the mouse lungs thus, presenting the liposomal-IPA3
approach as a reliable method to treat metastatic PCa.

Several laboratories have utilized nanoparticles for targeted
drug delivery in various types of cancer, including breast, lung,
colon, and gastric cancers, which is similar to our approach,
where these nanoparticles were enriched in tumors thus,
delivering small molecule inhibitors specifically at the tumor
site (52-56). To the best of our knowledge, these data are the first
to demonstrate the ability of liposomal formulations of IPA3 to
inhibit the lung metastasis of PCa. This was observed in two
different models of PCa metastasis, representing two different
strains of mice, which supports the rigor of our findings. Since
PAKI hyperactivation has also been reported in other diseases,
such as osteoarthritis (57), neurodevelopmental disorders (58),
macrocephaly (59), intellectual disability (60), and kidney
injury (61), liposomal IPA3 could have potential therapeutic
applications for several non-cancer human diseases.

The results from the present study show that the efficacies
of SSL-IPA3 and SPRL-IPA3 were very similar. The exact
reason for this is currently unknown, and requires further
investigation; however, it could be due to the specific advan-
tage of each of these formulations; SSL was highly stable
and long-acting, while SPRL had additional specificity in
targeting the tumor tissues. Another possibility is that both
liposomes release their contents before reaching the tumor
tissue, but are still able to maintain a constant level of IPA3 in
the plasma. Furthermore, a previous study demonstrated the
increased efficacy of SPRL over SSL using doxorubicin as the
payload (19). This suggested that the differential efficacy of
these liposomes may be drug-dependent. It is also important
to note that SPRL was designed and validated against human
Group IIA sPLA,, as opposed to the mouse sPLA, isoform.
Thus, a potential difference in the activity of group IIA
sPLA, in mice compared with humans may have accounted
for SPRL-IPA3 not having a superior efficacy over SSL-IPA3.
Additional investigations are required to validate this hypoth-
esis. However, these data still provide strong evidence that
PCa growth and metastasis could be targeted effectively
by the encapsulation of IPA3, in two different lipid-based
nanoparticles. This treatment strategy would allow for the
administration of the drug less frequently and improve drug
efficacy while minimizing its side-effects.
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