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The present studies sought to determine whether the lethality of the drug combination [sorafenibC sildenafil] could
be enhanced by the anti-inflammatory agent celecoxib, using ovarian cancer and other tumor cell lines as models. Also,
in a dose dependent fashion celecoxib enhanced [sorafenib C sildenafil] lethality in multiple ovarian cancer cell lines. In
a dose dependent fashion celecoxib enhanced the ability of [sorafenib C sildenafil] to reduce expression of multiple
chaperone proteins in parallel with lower levels of the drug efflux pumps ABCB1 and ABCG2. Over-expression of GRP78
and HSP27 maintained pump expression in the presence of drugs. Cell killing by the 3 drug combination was mediated
by mitochondrial / caspase 9 –dependent apoptotic signaling and by RIP-1 / caspases 2 and 4 / AIF –dependent
necroptotic signaling. Pre-treatment of intrinsically resistant primary ovarian cancer cells with [celecoxib C sorafenib C
sildenafil] significantly enhanced tumor cell killing by a subsequent cisplatin exposure. Similar data were obtained in
some cancer cell lines, but not all, using the related platinum containing drugs, oxaliplatin and carboplatin. As our prior
publications have also validated in vivo the combinations of [celecoxib C sildenafil] and [sorafenib C sildenafil] as
cytotoxic to multiple tumor cell types, combined with the present findings, we would argue that the combination of
celecoxib/sorafenib/sildenafil should be explored in a new phase I trial in ovarian cancer.

Introduction

Approximately 22,000 American women are diagnosed with
ovarian cancer every year and more than 14,000 die annually of
the disease. It is the second most common gynecologic malig-
nancy in the United States and is the deadliest of gynecologic
cancers and the fifth leading cause of cancer death among
women.1 Standard of care therapy usually involves debulking sur-
gery followed by platinum/taxane-based chemotherapy as the first
line treatment.2 Second line therapies used at recurrence depend
largely on whether the tumor is still sensitive to platinum therapy
(platinum-free interval � 6 months) wherein platinum-based
therapy is repeated or resistant to platinum therapy (platinum-
free interval < 6 months) in which case non-platinum mono-
therapies are typically used. These salvage therapies are palliative
rather than curative in nature and include liposomal doxorubicin,
gemcitabine, bevacizumab and topotecan.3 As ovarian cancer
often presents with dissemination throughout the abdomen and

pelvis, complete surgical removal of the tumor (optimal debulk-
ing) may not be possible, and even when complete surgical
removal is possible disease recurrence is frequent. Additionally,
some 20% of ovarian tumors present with de novo resistance to
platinum and these patients present the greatest challenge for the
clinician.3 Thus, there are many cases of ovarian cancer where
alternate therapeutic approaches are needed to improve upon the
current 5 y survival for all forms of ovarian cancer of 45%, with
stage III and stage IV having 5-year survivals of only 35% and
10%, respectively, 3 speaking to the urgent need for better thera-
pies for this disease.

Platinum containing chemotherapeutic drugs (cisplatin; oxali-
platin; carboplatin) are also widely used in the treatment of many
thoracic and GI malignancies.4,5 As with ovarian cancer, many of
these tumors at initial presentation also exhibit resistance to plati-
num containing drugs, and previously treated tumors are very
often resistant to platinum. Collectively, there clearly is an urgent
need to develop new approaches that will both kill potentially
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platinum sensitive tumors outright, sensitize these cells to plati-
num, and re-establish platinum sensitivity after development of
secondary resistance. Of all the drugs used to treat ovarian cancer,
the platinum based drugs remain the mainstay of treatment and
the ability to sensitize these tumors to initial platinum or re-
establish sensitivity at the time of platinum resistant recurrence
remains a major goal of cancer therapeutics.

Studies by the Dent laboratory over the previous 10 y have
highlighted the usefulness of manipulating the ERK and PI3K sig-
nal transduction pathways in parallel with causing endoplasmic
reticulum stress and autophagy to kill tumor cells.6-15 Most
recently we have demonstrated that the multi-kinase inhibitor sor-
afenib (Nexavar�) or the anti-inflammatory drug celecoxib (Cele-
brex�) when combined with the phosphodiesterase 5 inhibitors
sildenafil (Viagra�) or tadalafil (Cialis�), results in synergistic pro-
found levels of tumor cell killing both in vitro and also in multiple
animal model systems in vivo.13-15 Normal tissue toxicity was
minimal and animal body mass unaltered by these 2 drug combi-
nations; tumor cells were preferentially killed compared to non-
transformed cells which may be a reflection on transformed cells
expressing much higher protein levels associated with a greater
expression of chaperone proteins and an elevated basal level of ER
stress. Tumor cell killing with [sorafenib C sildenafil] and [cele-
coxibC sildenafil] occurred through activation of the death recep-
tor CD95 and through elevated levels of toxic autophagosome
formation. For [sorafenib C sildenafil] only, expression of CD95
was not absolutely essential for increased levels of death though
artificial expression of the death receptor facilitated killing. As sin-
gle agents, neither sorafenib nor celecoxib have any known signifi-
cant anti-tumor properties in ovarian cancer patients.

The present studies were performed to determine whether
[sorafenib C sildenafil] or [celecoxib C sildenafil] killed ovarian
cancer cells in vitro and in vivo. Compared to many other tumor
cell types previously tested, such as breast and brain tumor cells,
ovarian tumor cells were generally more resistant to being killed
by both 2-drug combinations. In a dose-dependent fashion, low
concentrations of celecoxib significantly increased the killing effi-
cacy of [sorafenib C sildenafil] against established and primary
ovarian tumor cells. In addition, 3 drug combination exposure
sensitized ovarian tumor cells to cisplatin, and the 3 drug combi-
nation platinum sensitized primary ovarian tumor cells that were
de novo highly resistant in the patient to cisplatin therapy. Col-
lectively, our findings strongly argue that the combination of
clinically relevant levels of sorafenib, celecoxib and sildenafil has
the potential to be a new approach for ovarian cancer treatment.

Materials and Methods

Materials
Phospho-/total- antibodies were purchased from Cell Signal-

ing Technologies (Danvers, MA) and Santa Cruz Biotech.
(Santa Cruz, CA). All drugs were purchased from Selleckchem
(Houston, TX). Commercially available validated short hairpin
RNA molecules to knock down RNA / protein levels were from
Qiagen (Valencia, CA). At least 2 different validated siRNA

molecules were independently used to confirm the effects
observed were not due to non-specific effects. The plasmid to
express GRP78/BiP/HSPA5 was kindly provided to the Dent
laboratory by Dr. A.S. Lee (University of Southern California,
Los Angeles, CA). All other plasmids were purchased from Addg-
ene under material transfer agreements. Antibody reagents, other
kinase inhibitors, caspase inhibitors cell culture reagents, and
non-commercial recombinant adenoviruses have been previously
described. Established cell lines were purchased from the ATCC
and were not further validated in the Dent lab.8-17 De novo car-
boplatin / paclitaxel resistant “Spiky” ovarian cancer cells as well
as CTG-1677 and CTG-1703 CDDP resistant cells, PDX mod-
els, were kindly provided by Dr. Karen Paz (Champions Oncol-
ogy, NJ). GBM cells were obtained from the Mayo Clinic
repository (Rochester, MN).

Methods

Culture and in vitro exposure of cells to drugs
All cell lines were cultured at 37�C (5% (v/v CO2) in vitro

using RPMI supplemented with dialyzed 5% (v/v) fetal calf
serum and 10% (v/v) Non-essential amino acids. For short term
cell killing assays, immunoblotting / IF studies, cells were plated
at a density of 3 £ 103 per cm2 (»2 £ 105 cells per well of a 12
well plate) and 24 h after plating treated with various drugs, as
indicated. In vitro drug treatments were from 100 mM stock sol-
utions of each drug and the maximal concentration of Vehicle
(DMSO) in media was 0.02% (v/v). Cells were not cultured in
reduced serum media during any study in this manuscript.

Cell death measurements by live / dead assay
Cells were grown in 96 well plates with each well containing

»10,000 cells in 200 ml of media. Cells were treated with the
indicated concentrations of drugs for the indicated amounts of
time in each panel. Plates were then centrifuged (500 rpm,
5 min) to re-adhere floating dead cells to the base of each well.
The media was removed and live / dead assay reagent added and
cells incubated for 10 min before the reagent was removed. Cells
were imaged in a Hermes WiScan instrument under 10£ magni-
fication. Green cells D viable; yellow/red cells D dying / dead.
The numbers of viable and dead cells were counted manually
from several images taken from one well together with images
from another 2 wells.

Transfection of cells with siRNA or with plasmids

For plasmids
Cells were plated as described above and 24 h after plating,

transfected. For mouse embryonic fibroblasts (2–5 mg) or other
cell types (0.5 mg) plasmids expressing a specific mRNA (or
siRNA) or appropriate vector control plasmid DNA was diluted
in 50 ml serum-free and antibiotic-free medium (1 portion for
each sample). Concurrently, 2 ml Lipofectamine 2000 (Invitro-
gen), was diluted into 50 ml of serum-free and antibiotic-free
medium (1 portion for each sample). Diluted DNA was added
to the diluted Lipofectamine 2000 for each sample and incubated
at room temperature for 30 min. This mixture was added to each
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well / dish of cells containing 200 ml serum-free and antibiotic-
free medium for a total volume of 300 ml, and the cells were
incubated for 4 h at 37�C. An equal volume of 2£ medium was
then added to each well. Cells were incubated for 48 h, then
treated with drugs.

Transfection for siRNA
Cells were plated in 60 mm dishes from a fresh culture grow-

ing in log phase as described above, and 24 h after plating trans-
fected. Prior to transfection, the medium was aspirated and 1 ml
serum-free medium was added to each plate. For transfection,
10 nM of the annealed siRNA, the positive sense control dou-
bled stranded siRNA targeting GAPDH or the negative control
(a “scrambled” sequence with no significant homology to any
known gene sequences from mouse, rat or human cell lines) were
used. Ten nM siRNA (scrambled or experimental) was diluted in
serum-free media. Four ml Hiperfect (Qiagen) was added to this
mixture and the solution was mixed by pipetting up and down
several times. This solution was incubated at room temp for
10 min, then added drop-wise to each dish. The medium in each
dish was swirled gently to mix, then incubated at 37�C for 2h.
One ml of 10% (v/v) serum-containing medium was added to
each plate, and cells were incubated at 37�C for 48h before re-
plating (50 £ 103 cells each) onto 12-well plates. Cells were
allowed to attach overnight, then treated with drugs (0–24 h).

Data analysis
Comparison of the effects of various treatments was per-

formed using one way analysis of variance and a 2 tailed
Student’s t-test. Statistical examination of in vivo animal survival
data utilized log rank statistical analyses between the different
treatment groups. Differences with a p-value of < 0.05 were con-
sidered statistically significant. Experiments shown are the means
of multiple individual points from multiple experiments (§
SEM).

Results

Initial studies were performed in 2 well studied established
ovarian tumor cell lines, OVCAR and SKOV-3. Treatment of
tumor cells with [sorafenib C sildenafil] for 24 h resulted in a
reduction in total cell numbers and a modest albeit significant
»10% increase in the percentage of dead cells over control cell
death values (Fig. 1A, p < 0.05). In OVCAR cells, at concentra-
tions of celecoxib as low as 1–2 mM, the lethality of [sorafenib C
sildenafil] treatment was profoundly enhanced; SKOV-3 cells
were more resistant requiring >3 mM celecoxib for an obvious
clear increase in [sorafenib C sildenafil] lethality (both, p <

0.05). In multiple other ovarian cancer cell lines as well as in pri-
mary / PDX ovarian tumor isolates (Spiky, MCVH OP1, CTG-
1677, CTG-1703) 3 drug combined [celecoxib C sorafenib C
sildenafil] treatment caused significant amount of tumor cell
death (Figs. 1B–1E, p < 0.05). Very similar data to that in ovar-
ian cancer cells was also obtained examining primary PDX
human glioblastoma cells (Fig. 1F, p < 0.05).

It has been well known for many years that cancer cells iso-
lated from recurrent ovarian cancer patients are variably resistant
to prior standard of care therapies, particularly cisplatin and car-
boplatin. One well characterized mechanism of chemotherapy
resistance is by increased expression of the plasma membrane
drug efflux pumps ABCB1 and ABCG2. Treatment of ovarian
cancer cells with [sorafenib C sildenafil] reduced expression of
ABCB1, an effect that was enhanced by simultaneous exposure
to increasing concentrations of celecoxib (Figs. 2A and 2B).
Very similar data was obtained when the expression of ABCG2
was examined after drug exposure (Figs. 2C and 2D). In addi-
tion to altering the expression of drug efflux pumps, treatment of
cells with [celecoxib C sorafenib C sildenafil] for 6 h consistently
resulted in reduced expression of the chaperone proteins GRP78,
HSP70 and HSP27, and the HSP70 chaperone modulator pro-
tein BAG3 (Figs. 2E–2G). Overexpression of the chaperone pro-
teins HSP27 and GRP78 prevented [celecoxib C sorafenib C
sildenafil] from reducing the expression of ABCB1 and ABCG2
(Fig. 2H).

The drug elacridar (in the Figure as pump inhibitor, “Pi”) was
developed as a high specificity potent inhibitor of ABCB1 and
ABCG2 that failed in the clinic due to poor PK/PD in patients
with a C max of approximately 100 nM, where a sustained
required therapeutic level of the drug, � 200 nM, could not be
achieved. As treatment of tumor cells with [sorafenib C sildenafil
C celecoxib] caused a reduction in total ABCB1 and ABCG2 lev-
els, and these pumps can cause sorafenib efflux from the cell, we
investigated the impact of elacridar on [sorafenib C sildenafil C
celecoxib] lethality. Twelve h after drug treatment there was no
significant difference in the lethality of [sorafenib C sildenafil C
celecoxib] regardless of elacridar (at 80 nM) addition (»50% of
the OVCAR cells dead at 12 h) (Fig. 2I). In the much more che-
motherapy resistant Apaf-1 mutant cell line SKOV-3, elacridar
had no effect on [sorafenib C sildenafil C celecoxib] toxicity,
even though [sorafenib C sildenafil C celecoxib] treatment
reduced ABCB1 and ABCG2 expression. Collectively these data
suggests that modulation of pump expression / function is
unlikely to fully explain how [sorafenib C sildenafil C celecoxib]
can kill ovarian tumor cells.

We next determined the molecular mechanisms by which [cel-
ecoxib C sorafenib C sildenafil] interacted to kill ovarian tumor
cells. Treatment of control transfected cells with the 3 drug [cele-
coxib C sorafenib C sildenafil] combination increased the true
percentage of cell death by 27% over basal levels, an effect that
was significantly reduced by knock down of the AMP-dependent
protein kinase a and b subunits (AMPK) (Fig. 3A). Knock
down of PKR-like endoplasmic reticulum kinase (PERK); and its
downstream effectors ATF4 and the transcription factor CHOP
also significantly reduced drug combination lethality (in all
manipulations, p < 0.05). As noted in Figure 2, the expression
of GRP78 is reduced by drug combination treatment and in
agreement with reduced levels of this chaperone, this
de-repression of PERK activity results in elevated levels of eIF2a
Serine 51 phosphorylation being detected (Figs. 3B–3F). Expres-
sion of a dominant negative eIF2a S51A protein or over-expres-
sion of GRP78 protected cells from [celecoxib C sorafenib C
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sildenafil] treatment whereas knock down of GRP78 enhanced
tumor cell killing (Fig. 3G).

In addition to the studies in Figure 3, we also explored
whether [celecoxib C sildenafil C sildenafil] treatment utilized
apoptotic, necrotic or autophagy pathways in the cell killing pro-
cess. Treatment of cells with [celecoxib C sorafenib C sildenafil]
reduced the expression of MCL-1, BCL-XL and c-FLIP-s in an
eIF2a-dependent mechanism, which was associated with pro-cas-
pase 3 cleavage (Fig. 4A). Of note, in the de novo highly chemo-
therapy resistant PDX ovarian cancer model, Spiky; the basal
levels of MCL-1, BCL-XL and c-FLIP-s were all very much
higher than in chemotherapy sensitive OVCAR cells (anywhere
from 2–10 –fold increased, all p < 0.05).

We next delved into mechanisms of tumor cell killing. Treat-
ment of control transfected cells with the 3 drug combination
increased the true percentage cell death by 38% over basal levels,
an effect that was significantly reduced by overexpression of the
caspase 8/10 inhibitor c-FLIP-s, although of note, expression of
c-FLIP-s did not modify the obvious decrease in cell numbers
caused by drug treatment (Fig. 4B, p < 0.05). Over-expression
of either BCL-XL or dominant negative caspase 9 also

significantly reduced drug combination lethality and largely abol-
ished the anti-proliferative effects of drug treatment (both for
BCL-XL and dom. neg. caspase 9, p < 0.05). Knock down of
RIP-1, an upstream regulator of necroptosis, also significantly
reduced drug lethality and the anti-proliferative effects of drug
exposure (p < 0.05). The relative contributions of death receptor
– caspase 8 and death receptor – RIP-1 signaling at causing ovar-
ian tumor cell death will require studies beyond the scope of this
manuscript.

In our prior studies in other tumor types we had demon-
strated that [sorafenib C sildenafil] or [celecoxib C sildenafil] as
2 drug treatments increased the levels of autophagosomes in cells
which was associated with increased tumor cell killing. In ovarian
cancer cells knock down of the autophagy regulatory proteins
Beclin1 or ATG5 unexpectedly and modestly increased [cele-
coxib C sorafenib C sildenafil] killing (Fig. 4C). Downstream of
RIP-1 signaling in the necroptotic pathway to cell death are cas-
pases 2 and 4, and the toxic BH3 domain protein BID. Knock
down of caspase 2 and caspase 4 together, or knock down of
BID, was significantly protective against [celecoxib C sorafenib
C sildenafil] toxicity (Fig. 4D, p < 0.05).

Figure 1. Celecoxib enhances the lethality of [sorafenibC sildenafil] in ovarian cancer cells. (A) OVCAR and SKOV3 cells were treated with vehicle or [sor-
afenib (2 mM) C sildenafil (2 mM)], and with increasing concentrations of celecoxib (0–4 mM). Twenty four h after drug treatment, cells were processed
and subjected to live/dead assays in a Hermes Wiscan system. (B) CAOV-3, CAOV-4 and PA-1 established ovarian tumor cells and MCVH OP1 fresh pri-
mary ovarian cancer cells were treated with vehicle or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)], as indicated in the panel. Twenty four
h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (C) CRL-1572 established ovarian tumor cells
and Spiky primary ovarian cancer cells were treated with vehicle or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)], as indicated in the panel.
Twenty four h and 48h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (D and E) CTG-1677
and CTG-1703 PDX primary ovarian tumor cells were treated with vehicle or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)], as indicated in
the panel. Twenty four h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (F) GBM5/6/12/14 pri-
mary glioblastoma cancer cells were treated with vehicle or [sorafenib (0.5, 2.0 mM) C sildenafil (2 mM) C celecoxib (5 mM)], as indicated in the panel.
Twenty four h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system.
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We next determined the impact of [celecoxib C sorafenib C
sildenafil] treatment on well-known signal transduction pathways
whose activities have been linked to tumor growth and invasion,
as well as resistance to chemotherapy. In the primary “Spiky”
ovarian cancer isolate, [celecoxib C sildenafil] increased the phos-
phorylation of JNK1/2 (Fig. 5A). Both [celecoxib C sildenafil]
and [sorafenib C sildenafil] reduced STAT5 regulatory tyrosine
phosphorylation but only the 3 drug combination reduced
STAT3 tyrosine phosphorylation. Treatment with the 3 drug
combination was required to suppress the phosphorylation of
AKT (T308); p65 NFkB; and ERK1/2. Based on these data, we
transfected cells to express an activated form of MEK1; an acti-
vated form of AKT; an activated for of STAT3; and a dominant

negative super-repressor of p65, IkB S32A S36A. A separate set
of control transfected cells were also treated with a molecular tool
to inhibit JNK signaling; the JNK inhibitory peptide. Inhibition
of JNK signaling was modestly protective in OVCAR cells and
strongly protective in Spiky cells (Fig. 5B). Expression of domi-
nant negative IkB strongly enhanced drug combination killing in
Spiky cells, but surprisingly not OVCAR cells. Consistently in
both cell lines, expression of an activated form of AKT strongly
protected cells from drug toxicity (p < 0.05).

A significant problem in the treatment of recurrent ovarian
cancer is that the cells have become resistant to the most effica-
cious primary standard of care therapy, platinum.16 Some unfor-
tunate patients present with tumors that are already de novo

Figure 2. Celecoxib / Sorafenib / Sildenafil treatment decreases the expression of the plasma membrane drug efflux pumps ABCB1 and ABCG2. (A–D)
OVCAR and SKOV3 cells were treated with vehicle or [sorafenib (2 mM) C sildenafil (2 mM)], and with increasing concentrations of celecoxib (0–4 mM).
Six h after drug treatment, cells were fixed in place and immuo-staining performed to detect the expression of ABCB1 and ABCG2 at 10X using a Hermes
WiScan wide field microscope. (E and F) Spiky primary ovarian cancer cells and OVCAR established ovarian cancer cells were treated with vehicle or [sor-
afenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. Six h after drug treatment, cells were fixed in place and immuo-staining performed to detect the
expression of: BAG1, BAG2, BAG3, HSP70, HSP90, GRP78, GRP75, mitochondrial HSP70 and HSP60 using a Hermes WiScan wide field microscope.
(G) Spiky primary ovarian cancer cells and OVCAR, CAOV3 and PA-1 established ovarian cancer cells were treated with vehicle or [sorafenib (2 mM) C
sildenafil (2 mM) C celecoxib (2 mM)]. Six h after drug treatment, cells were fixed in place and immuo-staining performed to detect the expression of
HSP27 using a Hermes WiScan wide field microscope. (H) Spiky and OVCAR cells were transfected with empty vector plasmid (CMV); a plasmid to express
GRP78; a plasmid to express HSP27; or to express GRP78 and HSP27. Twenty four h after transfection cells were treated with vehicle or [sorafenib (2 mM)
C sildenafil (2 mM) C celecoxib (2 mM)]. Six h after drug treatment, cells were fixed in place and immuo-staining performed to detect the expression of
ABCB1 and ABCG2 using a Hermes WiScan wide field microscope. (I) OVCAR and SKOV3 cells were treated with vehicle or [sorafenib (2 mM) C sildenafil
(2 mM) C celecoxib (2 mM)] in the presence or absence of elacridar (Pi, 80 nM). Twelve h after drug treatment, cells were processed and subjected to
live/dead assays in a Hermes Wiscan system.
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resistant to cisplatin and also taxane therapy, as was the case for
the patient whose cells in these studies have been termed “Spiky”
based on their morphology. This patient did not respond to car-
boplatin or paclitaxel at presentation with only a brief subsequent
response to gemcitabine therapy and died approximately 4.5
months after initial diagnosis.

Ovarian tumor cell lines, as well as Spiky, were treated with
vehicle control or with [celecoxib C sorafenib C sildenafil] for
12 h, at which time cells were additionally then treated with
vehicle control or cisplatin, and then cell viability assessed at
24 h. As previously noted, after 24 h of [celecoxib C sorafenib C
sildenafil] treatment, SKOV-3 and Spiky cells exhibited modest

increases in cell killing compared to control cells, whereas PA-1
and CAOV-3 cells exhibited strong levels of cell death (Fig. 6A,
p < 0.05). Other than in CAOV-3 cells where a modest response
was observed, cisplatin did not alter tumor cell viability at this
time point. In all cell lines tested except SKOV-3, [celecoxib C
sorafenib C sildenafil] treatment profoundly enhanced cisplatin
toxicity 12 h after the start of cisplatin exposure. Thus SKOV-3
cells are more resistant to platinum-induced cell killing than
Spiky cells which are derived from a patient whose tumor was de
novo platinum resistant.

In colony formation assays where Spiky cells were treated for
only 24 h with drugs as per the short-term death assays in

Figure 3. Part 1: Multiple apoptotic and necroptotic mechanisms facilitate ovarian tumor cell killing by [sorafenib C sildenafil C celecoxib]. (A) Upper:
OVCAR cells were treated with vehicle; [sorafenib (2 mM)C sildenafil (2 mM)]; [celecoxib (2 mM)C sildenafil (2 mM); or all 3 drug together for 12h. Twelve
h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system. Lower: OVCAR cells were transfected with
scrambled siRNA (siSCR); an siRNA to knock down AMPKa; to knock down PERK, ATF4 and CHOP. Twenty four h after transfection cells were treated with
vehicle; [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)] for 12h. Twelve h after drug treatment, cells were processed and subjected to live/
dead assays in a Hermes Wiscan system. (B) Spiky cells were treated with vehicle; [sorafenib (2 mM) C sildenafil (2 mM)]; [celecoxib (2 mM) C sildenafil
(2 mM)]; or all 3 drug together for 6h. Six h after drug treatment, cells were fixed in place and immuo-staining performed to detect the expression of
GRP78 and the Serine 51 phosphorylation of eIF2a using a Hermes WiScan wide field microscope. (C–D) Spiky cells were treated with vehicle; [sorafenib
(2 mM) C sildenafil (2 mM)]; [celecoxib (2 mM) C sildenafil (2 mM)]; or all 3 drug together for 12h. Twelve h after drug treatment, cells were fixed in place
and immuo-staining performed to detect the expression of GRP78 and the Serine 51 phosphorylation of eIF2a using a Hermes WiScan wide field micro-
scope. (E–F) OVCAR cells were treated with vehicle; [sorafenib (2 mM) C sildenafil (2 mM)]; [celecoxib (2 mM) C sildenafil (2 mM)]; or all 3 drug together
for 12h. Twelve h after drug treatment, cells were fixed in place and immuo-staining performed to detect the expression of GRP78 and the Serine 51
phosphorylation of eIF2a using a Hermes WiScan wide field microscope. (G) Spiky and OVCAR cells were transfected with, as indicated: an empty vector
plasmid (CMV); a scrambled siRNA (siSCR); an siRNA to knock down GRP78 expression; a plasmid to express a dominant negative eIF2a S51A protein.
Twenty four h after transfection cells were treated with vehicle or with [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. Twelve h after drug
treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system.
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Figure 6A, the outgrowth of cisplatin treated cells into colonies
of 50 or greater cells was significantly reduced at clinically rele-
vant cisplatin concentrations � 50 nM by [celecoxib C sorafenib
C sildenafil] (Fig. 6B, p < 0.05). Other tumor types are also
treated with platinum containing drugs, notably non-small cell
lung cancer and testicular cancer. Lung cancer cells were in gen-
eral more efficiently killed by [celecoxib C sorafenib C sildenafil]
treatment than were ovarian cancer cells with all lines tested
showing significant increases in cell death after 24 h of exposure
(Fig. 6C, p < 0.05). Studies with cisplatin were performed with
cisplatin addition at 6 h after the 3 drug combination, and cell
death then assessed at 12 h. In all lines tested [celecoxib C sorafe-
nib C sildenafil] treatment enhanced the lethality of cisplatin.
Similar killing and platinum sensitization data were obtained in

2 testicular cancer cell lines (Fig. 6D). Of note, the use of recur-
rent testicular tumor cells, previously exposed to cisplatin and
carboplatin therapies, would a priori be predicted to generate iso-
lates that are cisplatin and carboplatin resistant, and our data
shows that such cells are not sensitized to cisplatin or carboplatin
by [celecoxib C sorafenib C sildenafil]; yet oxaliplatin, that uses
a different mechanism of killing and would not normally be con-
sidered as a testicular cancer therapeutic, was very effective in
combination with [celecoxib C sorafenib C sildenafil] treatment
in killing.

We next attempted to approximately determine how much
time [celecoxib C sorafenib C sildenafil] treatment of ovarian
tumor cells was required to facilitate a cisplatin sensitization
effect. As we observed profound changes in efflux pump

Figure 4. Part 2: Multiple apoptotic and necroptotic mechanisms facilitate ovarian tumor cell killing by [sorafenib C sildenafil C celecoxib]. (A) Spiky and
OVCAR cells were transfected with an empty vector plasmid (CMV) or a plasmid to express a dominant negative eIF2a S51A protein. Twenty four h after
transfection cells were treated with vehicle or with [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. Twelve h after drug treatment, cells were
processed were fixed in place and immuo-staining performed to detect the expression of: MCL-1, BCL-XL, c-FLIP-s and cleaved caspase 3, using a Hermes
WiScan wide field microscope. (B) OVCAR cells were transfected with, as indicated: an empty vector plasmid (CMV); a scrambled siRNA (siSCR); an siRNA
to knock down RIP-1 expression; and plasmids to express c-FLIP-s, BCL-XL and dominant negative caspase 9 proteins. Twenty four h after transfection
cells were treated with vehicle or with [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. Twelve h after drug treatment, cells were processed
and subjected to live/dead assays in a Hermes Wiscan system. (C) OVCAR cells were transfected with, as indicated: a scrambled siRNA (siSCR); and siRNA
molecules to knock down ATG5 or Beclin1 expression. Twenty four h after transfection cells were treated with vehicle or with [sorafenib (2 mM) C silden-
afil (2 mM) C celecoxib (2 mM)]. Twelve h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system.
(D) OVCAR and Spiky cells were transfected with, as indicated: a scrambled siRNA (siSCR); and siRNA molecules to knock down BID or [caspase 2 C
caspase 4] expression. Twenty four h after transfection cells were treated with vehicle or with [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)].
Twelve h after drug treatment, cells were processed and subjected to live/dead assays in a Hermes Wiscan system.
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expression; chaperone function; and signaling pathway altera-
tions after 6 h of treatment we chose this time point. OVCAR
cells were treated for 6 h with vehicle control or with [celecoxib
C sildenafil] / [sorafenib C sildenafil] or the 3 drug combination
and the drugs removed and fresh media added; media containing
vehicle control or cisplatin (50 nM). In viability assays per-
formed 18 h after cisplatin addition we noted that a 6 h pre-
treatment of OVCAR cells with [celecoxib C sorafenib C silden-
afil] significantly increased the true percentage cell death caused
by cisplatin over basal levels at 24 h by 39% (Fig. 6E, p < 0.05).

The molecular mechanisms by which cisplatin and carbopla-
tin the related platinum containing drug oxaliplatin kill tumor
cells are not identical, and cells that are cisplatin resistant are very
often still sensitive to oxaliplatin. Platinum drugs are used in the
treatment of multiple thoracic and GI malignancies including
lung cancer and colorectal cancer. In a similar manner to our
studies in Figure 6A, we determined whether [celecoxib C sora-
fenib C sildenafil] treatment could enhance oxaliplatin / carbo-
platin toxicity in ovarian tumor cells as well as in multiple
thoracic and GI tumor cell types. Treatment of Spiky and
OVCAR tumor cells with [celecoxib C sorafenib C sildenafil]
significantly enhanced the levels of cell death caused by oxalipla-
tin and by carboplatin in some tumor cell lines e.g. OVCAR, but
did not enhance sensitivity in others e.g., Spiky (Fig. 6F, p <

0.05). Similar sensitization data were also obtained in the estab-
lished ovarian cancer lines PAI-1 and CAOV3; as well as in the
CDDP-resistant PDX ovarian cancer models CTG-1677 and
CTG-1703 cells, with cells being sensitized to CDDP and to car-
boplatin, but not oxaliplatin (Figs. 6G–6I).

Several proteins have been linked with the resistance of tumor
cells to cisplatin, most recently the proteins GRP78, GST-p,
WASF3 and ATAD3A.17-19 In particular, GRP78 is believed to

act as an essential chaperone for the WASF3 and ATAD3A.
Spiky ovarian tumor cells, which were found to be inherently
resistant to cisplatin in the patient and in vitro exhibited the
highest levels of GRP78, GST-p, WASF3 and ATAD3A expres-
sion when compared to platinum sensitive OVCAR, CAOV3
and PA-I cells (Fig. 7, upper images). Combined overexpression
of HSP27 and GRP78 prevented [celecoxib C sorafenib C sil-
denafil] treatment from reducing the expression of GST-p,
WASF3 and ATAD3A within 6 h (Fig. 7, lower images).

Discussion

The present studies were performed with the intention of
developing a novel therapeutic drug combination for ovarian
cancer, based on the foundation of recent prior published studies
from the Dent laboratory. Factoring into this research process
was also the realization that many of the most novel drugs / tar-
geted therapies are very expensive to purchase and will not be
paid for by health insurance in the United States for malignancies
in which they are not FDA approved. Such cost factors would
thus very likely preclude clinical translation in the USA, and
hence probably in all other developed nations. Using three well-
established orally available drugs, all soon to be losing patent pro-
tection i.e. much cheaper generics will become available by 2017,
we have demonstrated a greater than additive level of tumor cell
killing with their combination, and furthermore noted that this
drug combination also sensitizes / re-sensitizes tumor cells to
platinum therapy.

In prior studies with the 2 drug combinations of [celecoxib C
sildenafil] and [sorafenib C sildenafil] we demonstrated that cell
killing either required (celecoxib) or was facilitated by (sorafenib)

Figure 5. Ovarian tumor cell killing requires activation of the JNK pathway and inactivation of [STAT3 C AKT C NFkB]. (A) Spiky ovarian tumor cells were
treated with vehicle; [sorafenib (2 mM) C sildenafil (2 mM)]; [celecoxib (2 mM) C sildenafil (2 mM)]; or all 3 drugs together for 6h. Six h after drug treat-
ment, cells were fixed in place and immuo-staining performed to detect the phosphorylation of JNK1/2; STAT3; STAT5; AKT T308; p65 NFkB; and ERK1/2,
using a Hermes WiScan wide field microscope. (B) OVCAR and Spiky cells were transfected with empty vector plasmid (CMV) or plasmids to express acti-
vated MEK1; activated AKT; activated STAT3; and the dominant negative super-repressor IkB S32A S36A. A portion of CMV transfected cells was treated
with the JNK inhibitory peptide (10 mM). Twenty four h after transfection, cells were treated with vehicle; [sorafenib (2 mM) C sildenafil (2 mM)]; [cele-
coxib (2 mM) C sildenafil (2 mM)]; or all 3 drugs together for 24h. Twenty four h after drug treatment, cells were processed and subjected to live/dead
assays in a Hermes Wiscan system.
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expression of the death receptor CD95. The present studies
argued that the 3 drug combination also utilized caspase 8/10 sig-
naling in the killing process but inhibition of these apical caspases
did not suppress the drug-induced decline in proliferation and
viability. Knock down of CD95 expression modestly, though sig-
nificantly, suppressed 3 drug combination-induced killing

(unpublished results). The role, if any, of TNFR1 in killing was
not determined. Downstream of death receptors also exists a nec-
roptotic signaling pathway through RIP-1 / caspases 2 and 4, and
molecular knock down of these proteins resulted in significantly
lower level of cell killing as well as a reduced ability of the drug
combination to suppress growth. Also in contrast to data with

Figure 6. Treatment of tumor cells with [sorafenib C sildenafil C celecoxib] sensitizes them to chemotherapy drugs containing platinum. (A) Spiky, PA-1,
SKOV3 and CAOV-3 cells were treated for 24 h with either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. In portions of
cells, 12 h after the initiation of the experiment, cisplatin (CDDP, 50 nM) was added to the culture media. At the 24 h time point cells were processed
and subjected to live/dead assays in a Hermes Wiscan system. (B) CTG-1677 and CTG-1703 PDX primary ovarian tumor cells were treated for 24 h with
either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. In portions of cells, 12 h after the initiation of the experiment, cis-
platin (CDDP, 50 nM) was added to the culture media. At the 24 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan
system. (C) Spiky cells as separated single cells were plated in 6 well plates (250–1,500 cells per well). Twelve h after plating cells were treated for 24 h
with either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. In portions of cells, 12 h after the initiation of the experiment,
cisplatin (CDDP, 50 nM) was added to the culture media. At the 24 h time point the drug containing media was removed, the cells washed once with
warm drug free media, and the cells cultured for another 7–10 d in drug free media. Cells were then fixed and stained with crystal violet and colonies of
> 50 cells counted (n D 6 CC¡ SEM). (D) Non-small cell lung cancer cells: Left: were treated for 12 h with either vehicle control or [sorafenib (2 mM) C
sildenafil (2 mM) C celecoxib (2 mM)]. In portions of cells, 6h after the initiation of the experiment, cisplatin (CDDP, 50 nM) was added to the culture
media. At the 12 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system. Right: Non-small cell lung cancer cells
were treated for 24 h with either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. At the 24 h time point cells were proc-
essed and subjected to live/dead assays in a Hermes Wiscan system. (E) Testicular carcinoma cells were treated for 24 h with either vehicle control or
[sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. In portions of cells, 12 h after the initiation of the experiment, cisplatin (CDDP, 50 nM) was
added to the culture media. At the 24 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (F) OVCAR cells
were treated with vehicle control or with [sorafenib (2 mM) / celecoxib (2 mM) C sildenafil (2 mM)] for 6h after which the drug containing media was
removed, the cells washed once with warm drug free media, and the cells cultured for another 18h (24 h assay total time) in media treated with vehicle
control or cisplatin (CDDP, 50 nM). At the 24 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (G) Spiky
and OVCAR ovarian cancer cells were treated for 24 h with either vehicle control or [sorafenib (2 mM)C sildenafil (2 mM)C celecoxib (2 mM)]. In portions
of cells, 12 h after the initiation of the experiment, oxaliplatin (OX, 50 nM) or carboplatin (CARBO, 50 nM) was added to the culture media. At the 24 h
time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (H and I) PA-1 and CAOV-3, and CGT-1677 and CGT-1703
ovarian cancer cells were treated for 24 h with either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM) C celecoxib (2 mM)]. In portions of cells,
12 h after the initiation of the experiment, oxaliplatin (OX, 50 nM) or carboplatin (CARBO, 50 nM) or cisplatin (CDDP, 50 nM) was added to the culture
media. At the 24 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system. (J) Tumor cells from various tissues
were analyzed: NSCLC (ADOR, H1299); stomach (AGS); colorectal (HCT116); pancreatic (Mia Paca 2, PANC1); hepatoma (HuH7, HEP3B). Cells were treated
for 24 h with either vehicle control or [sorafenib (2 mM) C sildenafil (2 mM)C celecoxib (2 mM)]. In portions of cells, 12 h after the initiation of the exper-
iment, oxaliplatin (OX, 50 nM) or carboplatin (CARBO, 50 nM) was added to the culture media. Nota bene, hepatoma cells were treated for only 12 h. At
the 24 h time point cells were processed and subjected to live/dead assays in a Hermes Wiscan system.
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c-FLIP-s, protection of the mitochondria and endoplasmic retic-
ulum by over-expression of BCL-XL or by expression of domi-
nant negative caspase 9 both suppressed killing and growth
arrest. Thus [celecoxib C sorafenib C sildenafil] treatment causes
both endoplasmic reticulum stress and mitochondrial –mediated
cell death.

Plasma membrane drug efflux pumps such as ABCB1 and
ABCG2 are known to transport from the cytosol to the extracel-
lular environment many established DNA damaging agents as
well as more recently novel “targeted” drugs i.e., cisplatin, sorafe-
nib, and celecoxib. Thus, developing inhibitors of plasma mem-
brane drug efflux pumps has been a “holy-grail” for cancer
focused drug companies over the past 25 years, though no inhibi-
tor has yet received FDA approval in any malignancy. Elacridar
(GF120918) was originally developed by Glaxo Smith-Kline and
although highly promising data from in vitro work and mouse
studies were obtained, in rats and some larger animals and in
human subjects the drug had dose-limiting PK/PD issues with

non-linear uptake which prevented a therapeutic dose of
»200 nM being achieved.20 Elacridar is now owned by Izumi
Biosciences Inc.. who hope to reformulate and increase drug bio-
availability. Our data using elacridar demonstrated, for [sorafenib
C sildenafil C celecoxib], which itself reduces ABCB1 and
ABCG2 expression, that elacridar did not significantly alter the
lethality of [sorafenib C sildenafil C celecoxib] when measured
after 12 h. However, in SKOV-3 cells no effect of elacridar was
observed under any condition arguing that the inherent resistance
of SKOV-3 cells to chemotherapeutic drugs is not due to efflux
pump expression. And in studies with cisplatin, SKOV-3 cells
were even more resistant to drug-induced toxicity than the
patient validated primary isolate, Spiky, which was de novo plati-
num resistant. It is known in ovarian cancer cells, but particularly
in SKOV-3, that a functional apoptosome downstream of cyto-
chrome c and Apaf-1 does not form with reduced levels of com-
plexed pro-caspase 9, which would in theory act to suppress drug
lethality.

Treatment of ovarian cancer cells with the 3 drug combina-
tion consistently reduced expression of the chaperone proteins
GRP78, HSP70 and BAG3 in both Spiky and OVCAR cells.
Reduced expression of GRP78 results in elevated levels of
unfolded proteins within the endoplasmic reticulum in parallel
with activation of the stress-sensing kinase PERK, which
through eIF2a Serine 51 phosphorylation causes a general over-
all reduction in cellular transcription. HSP70 activity will be
reduced by lower levels of BAG3 due to a lack of ATP for ADP
exchange chaperone loading, and the total expression of HSP70
itself was also shown to be reduced. In tumor cells HSP70 is
known to be over-expressed and the induction of its expression
following various types of cellular stress has been linked to mul-
tiple mechanisms related to maintaining cell viability. Notably,
HSP70 overexpression has been linked to inhibition of the pro-
apoptotic functions of BAX and of AIF; hence reduced HSP70
levels will facilitate mitochondrial dysfunction and a greater
ability of AIF to promote DNA fragmentation and tumor cell
death.

Platinum containing drugs are used to treat a wide variety of
thoracic, GI and GU and gynecologic malignancies including
tumors of the lung, colon, ovary and testes. We discovered that
treatment of a wide variety of different tumor cell types with [cel-
ecoxib C sorafenib C sildenafil] enhanced the ability of cisplatin
to cause tumor cell death. Of particular note, the Spiky PDX iso-
late was found to be inherently cisplatin resistant in the donor
patient but was sensitized to both cisplatin and carboplatin in
our in vitro studies. In NSCLC cells, treatment with [celecoxib
C sorafenib C sildenafil] caused cell death and sensitized tumor
cells to cisplatin but not to either carboplatin or oxaliplatin. Prior
studies, in vitro and in vivo, have demonstrated that [sorafenib C
sildenafil] and [celecoxib C sildenafil] can kill a variety of cancer
cell types and in the present studies we found the combination of
[celecoxib C sorafenib C sildenafil] strongly enhanced the lethal-
ity of oxaliplatin. Based on our prior data with celecoxib, sorafe-
nib and sildenafil, coupled to our present findings with this 3
drug combination’s ability to enhance platinum drug lethality,
we argue a logical next step for our studies is to propose a phase I

Figure 7. Treatment of ovarian carcinoma cells with [celecoxib C sorafe-
nib C sildenafil] reduces expression of ATAD3A, WASF3 and GST-p that
is prevented by over-expression of GRP78 and HSP27. Upper: The basal
expression of ATAD3A, GST-Pi, KISS1 and WASF3 was measured in Spiky,
OVCAR, CAOV3 and PA-1 ovarian carcinoma cells by immuno-fluores-
cence in the Hermes Wiscan system at 10X magnification. Lower: Spiky
tumor cells were transfected with an empty vector plasmid or plasmids
to express HSP27 and GRP78 together. Twenty four h after transfection,
cells were treated with vehicle or [sorafenib (2 mM) C sildenafil (2 mM)
C celecoxib (2 mM)] for 6h. Six h after drug treatment, cells were fixed in
place and immuo-staining performed to detect the expression of
ATAD3A; GST-Pi; KISS1; and WASF3, using a Hermes WiScan wide field
microscope at 10X.
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trial of this combination targeting lung, colorectal and ovarian
cancer patients to determine safe doses of the 3 drug combination
to be followed by phase II trials in the same tumors in conjunc-
tion with platinum in patients who have displayed platinum
resistance to confirm the ability of this combination to re-sensi-
tize tumors to platinum.
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