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The Group I Pak inhibitor Frax-1036 sensitizes 11q13-amplified ovarian cancer
cells to the cytotoxic effects of Rottlerin
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ABSTRACT
The p21-activated kinases (PAKs) are Cdc42/Rac–activated serine-threonine protein kinases that
regulate several key cancer-relevant signaling pathways, such as the Mek/Erk, PI3K/Akt, and Wnt/
b–catenin cascades. Pak1 is frequently overexpressed and/or hyperactivated in different human
cancers, including breast, ovary, prostate, and brain cancer. PAK1 genomic amplification at 11q13 is
the most common mechanism of Pak1 hyperactivation, though Pak1 mRNA and/or protein may be
overexpressed in the absence of gene amplification. In previous in vitro and in vivo studies we have
shown that ovarian cancer cells with amplified/overexpressed Pak1 were significantly more
sensitive to pharmacologic inhibition of Pak1 compared to cells without 11q13 amplification. In the
present study we examined if additional signaling pathways might be targeted in tandem with the
Group I Pak inhibitor Frax-1036 in ovarian cancer cells. Using the ICCB Known Bioactives Library, we
found that the cytotoxic effect of Frax-1036 was significantly higher in combination with the PKCd
inhibitor, Rottlerin, suggesting that Pak inhibitors might be combined with other agents to treat
11q13-amplified ovarian cancer.
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Introduction

p21-activated kinases (Paks) are serine/threonine-spe-
cific protein kinases that are involved in a number of sig-
naling pathways required for oncogenesis.1 By sequence
and structure, the 6 mammalian Paks can be divided
into 2 groups: group I (Pak1-3) and group II (Pak 4–6).2

Pak1 is hyperactivated in many human cancers and such
activation is positively correlated with advanced grade
and decreased survival.3

The most common mechanism of Pak1 hyperactiva-
tion in cancer cells is gene amplification of PAK1 on
chromosome 11q13.1 Pak1 can be also hyperactivated by
mutations in upstream regulators such as Rac1 or
Cdc42.4 When activated, Pak1 has oncogenic signaling
effects in cells, promoting cell proliferation, invasion,
metastasis, and evasion of apoptosis. Our previous data5

and studies by other groups6 show that PAK1 amplified
tumors are highly dependent on Pak1 signaling. For
these reasons, it is important to understand the key
downstream effectors of Pak1 and their potential value
as drug targets for the treatment of cancer.

Several group I Pak inhibitors have been discovered
over the past few years.7 These include the pan-Pak

inhibitor PF-3578309,8 and the Group I-selective Pak
inhibitors: Frax-597, ¡716, or ¡1036. Recently, another
potent and selective Frax-based inhibitor of the group I
Paks, G-5555 was described.9 In an array of 23 breast
cancer cell lines, G-5555 showed significantly greater
growth inhibitory activity in cell lines that were PAK1-
amplified compared to non-amplified lines. However,
the therapeutic window for group I Pak inhibitors may
be narrow, as these compounds have cardiotoxic effects
at higher doses.7 To avoid these effects, the combination
of lower doses of a group I Pak inhibitor with a second
compound targeting other pathways or processes might
be useful. For example, the efficacy of Frax-1036 was
potentiated in combination with the microtubule inhibi-
tor docetaxel and led to increased apoptosis in 11q13
amplified breast cancer cells.10 These findings support
Pak1 as a potential target in 11q13 amplified cancers and
suggest combination therapy as an approach to increase
anti-tumor efficacy without evoking unacceptable toxic-
ities. To identify such compounds, we performed a sensi-
tized chemical screen in 11q13-amplified ovarian cancer
cells using the ICCB Known Bioactives Library. We
found that Rottlerin significantly increased the efficacy
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of Frax-1036 in 11q13 amplified ovarian cancer cells in
vitro. We explored the molecular mechanisms for this
combination and showed increased antiproliferative
effects in ovarian cancer cells in vitro and anti-tumor
activity in an animal model.

Results

Synergistic effects of Frax-1036 and Rottlerin in vitro

In our previous studies we found that ovarian cancer
cells with amplified 11q13 and/or overexpressed Pak1
(OVCAR-3 and OV-90) were more sensitive to pharma-
cologic Pak1 inhibition. To investigate the mechanisms
of these effects and to find compounds that could poten-
tially enhance Frax-1036 anticancer effects, we per-
formed a sensitized screen using Frax-1036 plus the
ICCB Known Bioactives Library in the 11q13 amplified
OVCAR-3 ovarian cancer cell line. OVCAR-3 cells were
treated with compounds alone or with the addition of
6 mM Frax-1036. Cell viability was assessed after 3 d
using an Alamar Blue assay. We found that the cytotoxic
effect of Frax-1036 was significantly higher in combina-
tion with a PKCd inhibitor, Rottlerin. To verify these
results, we examined the effect of Rottlerin on the prolif-
eration of OVCAR-3 and OV-90 cell lines. Cells were
cultured with increasing concentrations of Rottlerin for
3 days, and cell proliferation was assessed by Alamar
Blue assay. We found that Rottlerin inhibited cell prolif-
eration in a dose-dependent manner (Fig. 1A) with IC50
values determined as 3 mM in OVCAR-3 cells and 6 mM
in OV-90 cells. To characterize potential interactions
between Frax-1036 and Rottlerin, human ovarian cancer
cell lines with hyperactivated Pak1 were exposed to vary-
ing concentrations of Rottlerin with or without Frax-
1036 (3 mM and 1 mM for OVCAR3 and OV-90 respec-
tively) (Fig. 1A), and cell viability was assessed after 3 d.
These concentrations were selected since they had rela-
tively modest independent effects on cell proliferation
and survival in each of the ovarian cell lines tested. The
combination of both inhibitors was substantially more
effective (2.2-3-fold changes in Rottlerin IC50, 1 mM,
and 2.7 mM for OVCAR-3 and OV-90) than either single
agent alone and produced a significant decrease in ovar-
ian cancer cell survival. In contrast, the combination of
these concentrations of Rottlerin and Frax-1036 had no
significant effect on human ovarian cancer cells without
amplified 11q13 (data not shown).

The cytotoxic effect of Frax-1036 and Rottlerin was
further confirmed using a clonogenic assay in OVCAR-3
cells (Fig. 1B). Cells were treated for 1 day with or with-
out compounds and allowed to grow for an additional 1-
week period. Whereas only modest effects were seen at

0.5-1 mM concentrations of Rottlerin, addition of 3 mM
Frax-1036 significantly increased the degree of inhibi-
tion, despite having no effect on clonogenicity when
administered as a single agent at this concentration
(Fig. 1B).

Effects of Frax-1036 and Rottlerin on signaling

To assess the mechanism by which Frax-1036 and Rot-
tlerin affect cellular proliferation, human OVCAR-3
ovarian cancer cells were treated with each of these com-
pounds alone or in combination for 24 h. Cell lysates
were examined by Western blot for activation of down-
stream signaling pathway components. As expected,
OVCAR-3 cells treated with Frax-1036 alone and in
combination with Rottlerin showed significant decrease
of phospho-Pak1 levels and decreased phosphorylation
of c-raf, Mek and Erk. OVCAR-3 cells treated with both
compounds showed significant decrease of phosphory-
lated forms of b-catenin and IKKa/b (Fig. 1C). In addi-
tion, combined exposure of Frax-1036 and Rottlerin
resulted in decreased phosphorylation of the translation
repression protein 4E-BP1 and the translation factor
eIF4E. Taken together, these data demonstrate that Frax-
1036 and Rottlerin co-administration inhibited phos-
phorylation of critical signaling molecules of different
signaling pathways.

Frax-1036 and Rottlerin in vivo

In our previous studies we showed that administration of
Frax-1036 at a dose of 30 mg/kg significantly decreased
tumor growth in 11q13 amplified ovarian cancer xeno-
graft models. Because we observed a strong interaction
between Frax-1036 and Rottlerin in vitro we decreased
to dose of Frax-1036 to 20 mg/kg for our mouse studies.
To determine the effect of Frax-1036 and Rottlerin on
tumor growth in vivo, we used an OVCAR-3 xenograft
model. Tumor progression was monitored twice a week
for each animal. When tumors had reached a volume of
100–200 mm3, treatment with Frax-1036 (20 mg/kg,
oral, once daily), Rottlerin (20 mg/kg, oral, once daily), a
combination of both, or vehicle control was initiated for
a period of 22 d.

Analysis of the tumor growth for the animals in 4
groups demonstrated that mice receiving the combina-
tion of Frax-1036 and Rottlerin showed a significantly
reduced mean tumor volume (364 § 98 mm3) compared
with mice receiving Frax-1036 alone (636 § 250 mm3),
Rottlerin alone (832 § 135 mm3), or control treatment
(1121 § 350 mm3) by day 1 (P < 0.01 for all 3 compari-
sons) (Fig. 2).
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Taken together, these data demonstrate that combina-
tion of Frax-1036 and Rottlerin has a significant anti-
proliferative activity against ovarian cancer cells with ele-
vated Pak1 level in vitro and anti-tumor activity in vivo.

Discussion

About 25% of ovarian cancers are characterized geneti-
cally by amplification of chromosomal region 11q13. It
has been shown that a number of the genes in this ampli-
con, including CCND1, RSF1, EMSY, and GAB2, are
commonly overexpressed in 11q13 amplified cancer cells
and have also been suggested to play roles in
tumorigenesis.11,12

The p21-activated kinase 1 (PAK1) gene resides at
11q13.5 is frequently overexpressed in a number of
human cancers, including breast, prostate, and ovarian
cancer and correlated with poor overall survival.13

Knockdown of Pak1 has been shown to inhibit the
growth of breast cancer cells,6,14 the proliferation of
NSCLC cancers in vitro and in vivo,6 colon cancer cell
growth in vitro and in vivo,15,16 and the growth of gastric
cancer cells.17 In our previous studies we have shown
that that ovarian cancer cell lines with 11q13

amplification and elevated Pak1 levels are highly sensi-
tive to Pak1 genetic and pharmacologic inhibition in
vitro and in vivo.5 In an array of 23 breast cancer cell
lines, another group I Pak inhibitor G-5555 showed sig-
nificantly greater growth inhibitory activity in cell lines
that were PAK1-amplified compared to non-amplified
lines.7

These studies have provided a conceptual basis for the
development of anti-Pak drugs as potential cancer thera-
peutics. However, recent animal studies with selective
group I Pak inhibitors G-555, G-9791 and other mem-
bers of this series, showed that group I Pak inhibitors
might have unacceptable cardiotoxic effects most likely
mediated by Pak2.7 While there is one example of a
selective Pak1 inhibitor that might avoid these issues,18

another approach might be to combine lower doses of a
group I Pak inhibitor with a second compound targeting
other pathways.

In the present study we focused on finding the com-
pound that could enhance the antiproliferative effect of
Pak inhibitors used at lower doses. Using ICCB Known
Bioactives Library we found that combination of Frax-
1036 and Rottlerin significantly increased the cytotoxic
effect in PAK1-amplified ovarian cancer cells in vitro.

Figure 1. Frax-1036 and Rottlerin co-administration synergizes the inhibition of OVCAR-3 cell line growth (A) and colony formation (B).
Frax-1036 and Rottlerin synergistically inhibit phosphorylation of critical signaling molecules such as Mek, Erk1/2, b-catenin, and 4EBP1 (C)
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Rottlerin is a natural plant polyphenol, and is known to
affect several pathways that regulate cell survival, apo-
ptosis, autophagy, and invasion.19 Rottlerin was initially
reported as inhibitor of PKCs with selectivity for
PKCd.20 In addition to PKCs, Rottlerin was later shown
to inhibit the activity of a number of unrelated kinases,
such as Akt/PKB and CaMKs.21 CaMKI/II and CaMKIII
activity is suppressed by Rottlerin with potency similar
to that of PKCd.22,23 Moreover, Rottlerin has mitochon-
drial uncoupling properties that cause ATP depletion
and inhibition of cellular processes controlled by phos-
phorylated molecules.24 Rottlerin has also been reported
to potentiate the effects of antineoplastic drugs through
inhibition of Erk and Akt phosphorylation and down-
regulation of crucial cell-cycle proteins, such as cyclins
and CDKs.25

We found that Frax-1036 and Rottlerin, and particu-
larly the combination of both, inhibited ovarian cancer
cells proliferation and colony formation in vitro and
tumor growth in vivo. This inhibition was accompanied
by a decreased phosphorylation of critical signaling mol-
ecules such as Mek, Erk1/2, b-Catenin, and 4EBP1
shown by Western blot analysis. Reductions in Erk1/2
and b-Catenin signaling is consistent with the observed
lower level of cell proliferation in treated 11q13 cells
and, in the case of 4EBP1, the observed loss of phosphor-
ylation is expected to reduce cap-dependent translation
by stabilizing the binding of 4EBP1 to the translational
factor eIF4E.26 We speculate that Rottlerin enhances
Pak1 antiproliferative effects in amplified 11q13 ovarian
cancer cells by combined inhibition of several key signal-
ing pathways.

In previous studies, we observed that doses of Frax-
1036 greater than 45 mg/kg were not tolerated in our
animal model.5 These observations are in keeping with
recent studies showing that Pak1 inhibitor G-5555, in an
H292 non-small cell lung cancer (NSCLC) xenograft
study in mice, imparted 60% tumor growth inhibition
when administered at an oral dose of 25 mg/kg, as well
as in a PAK1 amplified breast cancer xenograft model,
MDA-MB-175 cells.7 Doses greater than 25 mg/kg were

not well tolerated and doses of 40 mg/kg were associated
with death of the majority of study animals within 2–4 h
after dosing. In the present study we investigated the
effect of a lower dose (20 mg/kg) of Frax-1036 in combi-
nation with Rottlerin on tumor growth in vivo. We
found that Rottlerin potentiated the antiproliferative
effects of Frax-1036 with lower systemic toxicity in vivo.
These findings suggest that targeted agents might be
combined with Pak inhibitors in the treatment of 11q13
amplified ovarian cancer, via combined inhibition of cell
proliferative and protein synthesis pathways.

Materials and methods

Animal experiments

All animal experiments were approved by the Fox Chase
Cancer Center Institutional Animal Care and Use Com-
mittee (IACUC) and carried out according to NIH-
approved protocols in compliance with the guide for the
Care and Use of Laboratory Animals.

Statistical analysis

Statistical analysis was conducted using the unpaired
Student t test. Values of P < 0.05 were considered
significant.

Cell lines, cell culture - OVCAR-3 and OV-90 cell
lines were acquired from the American Type Culture
Collection (ATCC), authenticated, tested for myco-
plasma contamination, and maintained in early passages,
no more than 6 months after receipt from the ATCC.
Cells were grown in RPMI-1640 medium supplemented
with 10% FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37�C in 95% air/5% CO2.

Western blot analysis - Following the experimental
treatment, Western blot analysis were performed as pre-
viously described.27 Immunoblot analyses were carried
out on lysates extracted from cells or tumors. Protein
concentration was determined, and equal amounts of
total proteins were separated on SDS-PAGE. Antibodies

Figure 2. Frax-1036 and Rottlerin co-administration significantly slowed tumor growth in OVCAR-3 xenograft tumors compared to
control.
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used included total (SCT #2602) and phospho-Pak1 (SC
#2606), Mek (SCT#9121), phospho-Mek pSer298
(SCT#9128), Erk (SCT#9102), phospho-Erk1/2
(pThr202/pTyr204) (SCT#9101), b-catenin (#9562),
phospho-b-catenin (#9567) were from Cell Signaling
Technology.

Retroviral transductions

An inducible shRNA-bearing retrovirus against Pak1
was previously described27 and oligonucleotide used in
this study are as follows: Pak1 shRNA-1 50-GAT
CCCCGA AGA GAG GTT CAG CTA AAT TCA AGA
GAT TTA GCT GAA CCT CTCTTC TTT TTT GGA
AA-30; the FNX packaging cell line (Orbigen) was trans-
fected using Lipofectamine 2000 (Invitrogen). Viral
supernatants were harvested 48 hr post-transfection and
filtered. Ovarian cancer cells were incubated with retro-
viral supernatant supplemented with 4 mg/ml polybrene
for 4 h at 37�C, and then were cultured in growth media
for 48 h for viral integration. Green fluorescent protein
(GFP)-positive infected cells were selected by flow
cytometry (GFP).

Cell viability assay

Cells were plated at 4 £ 103 cells per well in 96-well
plates overnight and treated with various concentrations
of Rottlerin and Frax-1036. Cell viability was measured
by AlamarBlue assay and the half maximal inhibitory
concentration (IC50) was calculated.

Tumor xenografts in SCID mice: FRAX-1036 treat-
ment - Six-week-old female SCID mice were injected
with 5 £ 106 OVCAR-3 cells into the flank, and tumors
were allowed to develop. Upon identification of a palpa-
ble tumor (minimal volume of 150-200 mm3), mice were
randomly divided into 4 groups (10 mice in each group).
Vehicle, Rottlerin (20 mg/kg), Frax-1036 (20 mg/kg body
weight) or combination of drugs was administered via
oral gavage every day for 22 d. Tumor length (L) and
width (W) were measured with a caliper and tumor vol-
umes were calculated with the formula (L £ W2)/2. At
the end of the treatment period, the animals were eutha-
nized and the tumors were used for biochemical studies.
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