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Abstract

The pro-oncogenic kinase PKCe is overexpressed in human prostate cancer and cooperates with
loss of the tumor suppressor Pten for the development of prostatic adenocarcinoma. However, the
effectors driving PKCe-mediated phenotypes remain poorly defined. Here, using cellular and
mouse models, we showed that PKCe overexpression acts synergistically with Pten loss to
promote NF-xB activation and induce cyclooxygenase-2 (COX-2) expression, phenotypic traits
which are also observed in human prostate tumors. Targeted disruption of PKCe from prostate
cancer cells impaired COX-2 induction and PGE, production. Notably, COX-2 inhibitors
selectively killed prostate epithelial cells overexpressing PKCe, and this ability was greatly
enhanced by Pten loss. Long-term COX-2 inhibition markedly reduced adenocarcinoma formation
as well as angiogenesis in a mouse model of prostate-specific PKCe expression and Pten loss.
Overall, our results provide strong evidence for the involvement of the canonical NF-xB pathway
and its target gene COX2as PKCe effectors, and highlight the potential of PKCe as a useful
biomarker for the use of COX inhibition for chemopreventive and/or chemotherapeutic purposes in
prostate cancer.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed form of cancer among men with an
estimated 161,360 new cases in 2017 in the USA, and the third leading cause of cancer-
related deaths in men (1). Emerging studies have recognized protein kinase C epsilon
(PKCe), a member of the novel family of PKC isozymes, as a pro-oncogenic kinase and
cancer biomarker (2-4). PKCe, a receptor for the phorbol ester tumor promoters and the
lipid second messenger diacylglycerol (DAG), is up-regulated in multiple human cancers,
including prostate cancer, and its activation has been linked to the anti-apoptotic, migratory,
tumorigenic and metastatic activities (3-8). Up-regulated PKCe levels contribute to tumor
formation and metastasis in the TRAMP prostate cancer mouse model (9). Transgenic PKCe
overexpression in the mouse prostate under the control of a probasin (PB) promoter (PB-
PKCe mice) developed prostatic intraepithelial neoplastic (PIN) preneoplastic lesions (10).
Consistent with the previous studies showing NF-xB as a downstream PKC effector (11—
16), PINs in PB-PKCe mice display a characteristic nuclear (activated) NF-xB staining (11).
The NF-xB transcription factor plays key roles in tumor progression via the induction of
pro-inflammatory, angiogenic, and tumorigenic genes, including COX-2, VEGF, and /L-6
(11, 17, 18). More recently, we found that PKCe cooperates with the loss of the tumor
suppressor Pten for the formation of prostatic adenocarcinoma, an effect that is reflected in
the hyperactivation of PI3K/AKkt, Stat3, and Erk (19), however, the effects on NF-xB
activation status and COX-2 expression remain to be determined.

Increased expression of cyclooxygenase-2 (COX-2), an enzyme that catalyzes the
conversion of arachidonic acid to prostanoids, has been extensively linked to the progression
of human malignancies, including prostate cancer (20-23). Cellular, animal and clinical
studies have convincingly associated COX-2 up-regulation found in cancer cells with
enhanced proliferation, migration, angiogenesis, inflammation, and metastatic dissemination
(24-30). More importantly, elevated COX-2 expression in tumors has been linked to poor
prognosis and overall reduced patient survival (24, 30-33). Prostaglandin E, (PGE>), a
COX-2 metabolite, has been shown to trigger the activation of tumorigenic and angiogenic
signaling pathways, including in prostate cancer (30, 34, 35) (36, 37). Epidemiological
studies for different cancer types have shown an association between intake of non-steroidal
anti-inflammatory drugs (NSAIDs) that inhibit both COX-1 and COX-2 isozymes with
reduced cancer risk and recurrence (27, 38-41). Moreover, selective COX-2 inhibitors such
as celecoxib and rofecoxib, either alone or in combination with other agents, suppress
prostate tumor growth and metastasis (42—47). Regardless of this, a major clinical study
involving advanced metastatic prostate cancer patients (STAMPEDE trial) showed no
additional benefit for celecoxib treatment in combination with hormone therapy (48),
however this trial neither stratified patients based on COX-2 levels in tumors nor evaluated
for the presence of oncogenic/tumor suppressing alterations (49). On the other hand,
stratification of patients in a colorectal cancer study was able to establish prolonged survival
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from aspirin intake among patients with mutated P/3KCA gene but not with wild-type
PIK3CA cancer (38). Likewise, it has been recently shown that aspirin decreases breast
cancer cell viability and tumor forming ability in the context of mutant PI13K (50, 51).
Considering both the importance of COX-2 in prostate cancer progression and the
challenges met with the use of COX-2 inhibitors in clinical trials, it is desirable to identify
other molecular biomarkers that can determine prostate cancer patients who would
specifically be benefited from COX inhibition.

Here, using both cellular and animal models, we demonstrate a central role for PKCe in
cooperation with the Pten loss as a mediator of COX-2 induction and PGE» production in
prostate cancer. Not only this, COX-2 inhibition markedly affects the biological responses
and tumorigenic phenotypes driven by PKCe overexpression and Pten loss, thus highlighting
the potential epidemiological and therapeutic implications of our studies.

PKCe overexpression, NF-xB hyperactivation and COX-2 up-regulation in human prostate

cancer

We previously demonstrated that PKCe acts as an upstream positive regulator of NF-xB
signaling in prostate cancer (11). Since COX2is a well-known NF-xB-regulated gene, we
began with investigating if there is any association between PKCe and COX-2 expression in
prostate cancer. As we previously reported (11, 52), PKCe is highly expressed in androgen-
independent prostate cancer cell lines (PC3, PC3-mL and DU145) compared to the
androgen-dependent LNCaP, RWPE-1 (normal immortalized prostate epithelial) or RWPE-2
(Ras-transformed RWPE-1) cells. Up-regulated PKCe levels in aggressive prostate cancer
cell lines correlate with both elevated COX-2 expression and nuclear translocation of NF-
xB, a hallmark of NF-xB pathway activation (Fig. 1A). COX-2 mRNA levels in the different
prostate cells showed a similar trend (Fig. 1B). Interestingly, immunohistochemical analysis
using a human prostate tissue microarray revealed elevated PKCe, phospho-NF-xB (nuclear)
and COX-2 staining in human prostate cancer relative to normal adjacent tissue (Figs. 1C
and 1D). These results suggest an association between PKCe overexpression, COX-2 up-
regulation, and NF-xB hyperactivation in human prostate cancer.

PKCe mediates COX-2 activation in human prostate cancer cells

To determine if PKCe is involved in the control of COX-2 expression in prostate cancer
cells, we first silenced PKCe in PC3-mL cells using two different RNAI duplexes. As seen
in Fig 2A, PKCe RNAI depletion significantly reduced the constitutively up-regulated
COX-2 mRNA levels and in consistence, it decreased PGE, production, as determined by an
enzyme immunoassay (EIA) using the conditioned medium.

Next, we assessed the effect of PKCe RNAI depletion on TNFa- or LPS-induced COX-2 in
LNCaP cells. These stimuli cause activation of NF-xB in LNCaP cells via PKCe (11). As
shown in Fig. 2B, TNFa- or LPS-mediated induction of COX-2 was markedly reduced in
PKCe-depleted LNCaP cells. PKCe RNAI was also found to reduce PGE2 induction (Fig.
S1a). On the other hand, PKCe overexpression by means of an adenovirus (PKCe-AdV) in
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LNCaP cells potentiated the induction of COX-2 by TNFa or LPS (Fig. 2C). A similar
effect was observed upon PKCe overexpression in RWPE-1 cells, although the magnitude of
the induction was smaller in this case (Fig. S1b).

PKCe overexpression cooperates with Pten loss to mediate COX-2 activation

Prostate-specific PKCe transgenic mice (PB-PKCe) develop PIN lesions that display
enhanced NF-xB pathway activation (11). Very recently, we characterized a mouse model
for prostate-specific PKCe overexpression in a Pten haplodeficient background (PB-
PKCe;Pten*/~ mice), which in addition to PIN lesions also develops prostatic
adenocarcinoma, in some cases with invasive features (19). Hence, to address whether PKCe
overexpression cooperates with Pten loss for COX-2 induction /n vivo, we analyzed COX-2
expression in prostates from these mouse models. PIN lesions from PB-PKCe, Pten*/~ and
PB-PKCe:Pten*/~ mice displayed increased staining for COX-2 compared to wild-type mice
prostates (Fig 3A). Notably, adenocarcinomas from PB-PKCe;Pten*/~ mice showed
remarkably higher COX-2 staining, and in addition, they displayed a prominent and almost
exclusive nuclear phospho-NF-xB staining, in concordance with the findings in human
prostate cancer cells and specimens (Fig. 1). Thus, loss of the tumor suppressor Pten
cooperates with PKCe for COX-2 induction and NF-xB hyperactivation in vivo.

To corroborate these effects in a cellular context, we took advantage of prostate epithelial
murine cell lines derived from the Pten knock-out mice (53). Parental (P8) and Pten-null
(CaP8) cell lines engineered to overexpressed PKCe (P8-PKCe and CaP8-PKCe,
respectively) (19) were treated with LPS and assessed for COX-2 expression and NF-xB
activation by Western blot. As shown in Fig. 3B (/eft panel), COX-2 induction by LPS was
higher in cells overexpressing PKCe (P8-PKCe) or lacking Pten (CaP8) compared to the
parental P8 cells. Most important, Pten-null cells subjected to PKCe overexpression (CaP8-
PKCe) displayed the highest COX-2 induction by LPS. A similar profile was observed when
COX-2 mRNA levels were determined by Q-PCR (Fig. 3B, right panel). The expression
patterns of COX-2 in these cell lines correlate with those of nuclear NF-xB expression.
Indeed, CaP8-PKCe cells displayed the highest nuclear NF-xB levels in response to LPS
stimulation (Fig. 3B, /eft panel). Similar results were observed when we measured LPS-
induced PGE; production in these cells (Fig. 3C).

To further validate the cooperation of PKCe with Pten loss in a human prostate cell model,
we developed the corresponding model using RWPE-1 cells subject to Pten depletion and/or
PKCe overexpression (with a PKCe lentivirus) (Fig. 3D, /eft panel). Interestingly,
overexpression of PKCe and loss of Pten in RWPE-1 cells, showed significant induction of
COX-2 expression, nuclear NF-xB expression (Fig. 3D, middle panel) and PGE, production
(Fig. 3D, right panel).

To further scrutinize deeply the pathways regulating COX-2 activation in response to PKCe
overexpression and/or Pten loss, we initially used the established pharmacological inhibitors.
PC3-mL cells, which express high PKCe levels and are Pten null (Fig. 1), were treated with
GF109203X (pan-PKC inhibitor), BKM120 (PI13K inhibitor), BX795 (an inhibitor of PDK1,
a PI3K-dependent kinase acting upstream of PKCs), parthenolide or wedelolactone (NF-xB
inhibitors). A significant reduction in COX-2 mRNA (Fig. 4A, /eft panel) and protein levels
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(Fig. 4A, right panel) was observed upon inhibition of PKC, NF-xB or PI3K, whereas no
effect was observed with the PDK1 inhibitor. Similar results were observed in LPS-treated
CaP8-PKCe cells (Fig. 4B). LPS-stimulated COX-2 up-regulation in RWPE-1 cells
overexpressing PKCe and subject to Pten depletion was also found to be susceptible to
GF109203X, BKM120, parthenolide or wedelolactone treatments (Fig. S2). These results
confirmed the requirement of NF-xB for COX-2 induction in cell lines that express high
PKCe levels and have Pten loss.

Next, we silenced IKKB and IKKa., the key components of canonical and non-canonical
NF-xB pathways respectively, in CaP8-PKCe cells (Fig. 4C). As seen in Fig. 4D, LPS-
stimulated COX-2 mRNA expression in CaP8-PKCe cells was significantly reduced upon
IKKB RNAI depletion whereas only a marginal inhibitory effect was observed in IKKa-
depleted cells. Likewise, silencing NIK (Fig. 4C), a kinase associated with the non-canonical
NF-xB cascade, also failed to abridge COX-2 induction by LPS (Fig. 4D). Similar results
were observed in PC3-mL cells (Figs. 4E and 4F). To further confirm the major role of the
canonical NF-xB pathway in COX-2 up-regulation, we found that the IxBa super-repressor
(IxBa'®P) (11) blunted the COX-2 induction by LPS both in CaP8-PKCe and LNCaP cells,
as well as reduced the COX-2 expression in PC3-mL cells (Fig. 4G). Results thus
demonstrate a necessary role of the canonical NF-xB pathway in COX-2 up-regulation in
prostate cancer cells.

COX-2 is implicated in PKCe-mediated prostate cancer cell growth, survival, and migration

Crucial roles for PKCe have been assigned in the survival, growth, and migration of prostate
cancer cells (5, 9, 10, 19). In addition, several reports showed that selective COX-2
inhibitors suppress invasion, angiogenesis and prostate cancer growth /n vivo, as well as
induce an apoptotic response (42, 44, 46, 47, 54, 55). To determine if the effect of COX-2
inhibition is causally related to the PKCe expression levels, we first examined the effect of
COX-2 inhibitor NS398 on the viability of P8/CaP8 cell models subjected to PKCe
overexpression at different time points (24-72 h). Interestingly, whereas parental P8 cells
were essentially insensitive to NS398, a reduction in viability was observed in P8-PKCe
cells, an effect that became more pronounced at longer times of treatment (72 h). NS398 had
a relatively smaller effect on the viability of CaP8 cells, however CaP8-PKCe cells were
highly sensitive, suggesting that expression levels of PKCe, particularly in the absence of
Pten, sensitize cells to the effect of COX-2 inhibition (Fig. 5A). Comparable results were
observed with another COX-2 inhibitor, rofecoxib (Fig. 5B). The effects of the COX-2
inhibitors were similar in human RWPE-1 cells subjected to Pten RNAI depletion and PKCe
lentiviral overexpression (Fig. S3). Analysis of the key apoptotic markers in response to
NS398 revealed that both PKCe overexpression and Pten loss cooperate for the induction of
Bax, PARP cleavage, caspase-3 cleavage, and cytochrome C release, with a concomitant
reduction in Bcl2 levels (Fig. 5C). CaP8-PKCe cells display the highest Bax/Bcl2 ratio
relative to P8-PKCe, CaP8, and P8 cells (Fig. 5D). Therefore, the sensitivity to the Kkilling
effect of COX-2 inhibitors is determined by the expression levels of both PKCe and Pten,
which as described above also markedly influence COX-2 expression in human prostate
cancer cells.
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It was also observed that both NS398 and rofecoxib dose-dependently decreased the cell
migration in PKCe overexpressing cells, both in Pten-positive and Pten-null backgrounds
(Fig 5E). For the migration experiment, we have used doses of NS398 (1-3 uM) and
rofecoxib (0.3-1 uM) that inhibited the PGE, production (Fig. 5F) without causing
appreciable cell death in 24 h (Figs. 5A, 5B, and S3).

COX-2 inhibition impairs tumorigenicity of Pten-depleted, PKCe overexpressing prostate

cells

As CaP8-PKCe cells are highly sensitive to the effects of COX-2 inhibitors in culture, we
next aimed to ascertain if COX-2 inhibition influences their tumorigenic capacity. In the first
set of experiments, nude mice were fed with rofecoxib diet starting from 7 days before s.c.
cell inoculation. Fig. 6A shows that essentially no tumor growth could be observed in mice
fed with rofecoxib diet, whereas those mice that received control diet developed tumors,
which reached ~600 mm3 at 30 days after inoculation. Similar results were obtained by
pretreating mice with the NF-xB inhibitor parthenolide (Fig. S4).

In the second set of experiments, rofecoxib treatment was initiated affertumors had formed,
and when they reached volumes of either 150 mm?3 or 400 mm3. A significant regression in
tumor growth was noticed in the first case, while when fed after tumor grew 400 mms3,
rofecoxib produced a significant delay in tumor growth (Fig. 6B, /eft panel). Most
importantly, in either case, rofecoxib treatment reduced the overall tumor growth rate (Fig.
6B, middle panel) and led to enhanced survival of mice (Fig. 6B, right panel). No significant
changes in the body weights were detected amongst the different groups (data not shown).
These results clearly show that COX-2 inhibition impairs the tumorigenic capacity of CaP8-
PKCe cells and regress tumor growth, particularly if administered at an early stage.

COX-2 inhibition impairs the development of PKCe-driven lesions

Finally, we investigated the effect of dietary treatment with a COX-2 inhibitor on the
formation of prostate lesions in PB-PKCe, Pten*/~, and PB-PKCe;Pten*/~ mice (Table 1).
Mice were subjected to rofecoxib diet starting at 6 months of age, and sacrificed 6 months
later. No diet related toxicity or appreciable weight differences were observed in any of the
treatment groups (data not shown). PB-PKCe mice fed with control diet showed 93% and
53% incidence of low-grade and high-grade PIN lesions respectively at 12 months. A similar
pattern was observed in Pten*/~ mice (100% low-grade PINs and 70% high-grade PINs).
Notably, the incidence of low-grade and high-grade PIN lesions observed in PB-PKCe;Pten
*I~ mice was 100%. /n situ adenocarcinomas were only observed in PB-PKCe;Pten*/~ mice,
with an incidence of 86% at 12 months of age. Invasive adenocarcinomas were observed in
57% of PB-PKCe;Pten*/~ mice, consistent with our previous study (19). Notably, rofecoxib
diet reduced the formation of PIN lesions in PB-PKCe mice (32% and 49% inhibition for
low- and high-grade PIN, respectively) and in Pten*/~ mice (40% and 43% inhibition for
low- and high-grade PIN, respectively). Rofecoxib treatment also affected the development
of high-grade PIN lesions in PKCe;Pten*/~ mice (67% inhibition). Most impressively, mice
fed with the COX-2 inhibitor showed no signs of /n-situ or invasive adenocarcinomas,
indicating a prominent effect in the development of those lesions that, as shown in Fig. 3,
display high COX-2 expression levels. Rofecoxib plasma concentrations in mice fed with
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rofecoxib (determined by mass spectrometry) (Fig. S5) were roughly in the same range as
those observed in previous studies (56).

Lastly, to assess a potential effect of COX-2 inhibition on angiogenesis, we stained for
CD31, an endothelial marker. Prostates from PB-PKCe;Pten*/~ mice displayed a significant
angiogenic response, which was higher than in PB-PKCe or Pten*/~ mice (Fig. 6C). This
angiogenic response was confirmed by quantitative analysis of microvessel density and
mean vessel area. Notably, rofecoxib dietary treatment significantly reduced the microvessel
formation in the prostates from these mouse models. Thus, inhibition of COX-2 has a
prominent inhibitory effect on angiogenic responses driven by PKCe overexpression and/or
Pten loss.

DISCUSSION

Here, we established a functional association between PKCe and COX-2 for the progression
of prostate cancer. PKCe overexpression is a signature of prostate cancer and other epithelial
cancers, and plays important roles in prostate tumorigenesis and metastasis, as well as in the
transition to androgen-independence (2, 57). The generation of preneoplastic lesions in a
mouse model of prostate-specific overexpression of PKCe causally links this PKC to disease
initiation. In addition, PKCe cooperates with the loss of the tumor suppressor Pten for the
progression to invasive adenocarcinoma, arguing that it contributes to disease progression in
a coordinated manner with other genetic alterations. Consistent with its role in cell survival,
overexpression of PKCe in mice protects against apoptosis in response to androgen ablation
(10, 19). The observed correlation between PKCe up-regulation, NF-xB activation, and
COX-2 induction represents a novel link potentially targetable for prostate cancer.

Numerous studies established that COX-2 levels are elevated in human prostate
adenocarcinoma (20, 23, 24). COX-2 is also up-regulated in preneoplastic PIN lesions and
inflammatory benign prostatic hyperplasia (BPH), and its expression correlates with
increased angiogenesis and a reduced apoptotic rate (58-60). COX-2 expression is higher in
prostate tumors that metastasize and is linked to poor patient outcome (24). Not surprisingly,
COX-2 inhibitors abrogate the development of prostate adenocarcinoma and metastatic
dissemination in the TRAMP mouse model (45, 61), as well as the growth of androgen-
independent prostate cancer cells in culture and xenograft models, both as monotherapy and
in combination with chemotherapeutic agents (42, 46, 47). Consistent with the widespread
evidence for a role of PGE; in prostate cancer development, the suppressive growth effects
of celecoxib are mediated by discrete members of EP receptors, particularly the PGE,
receptor EP2 (62, 63). Moreover, silencing the expression of microsomal mPGES-1 enzyme,
a PGE synthase highly expressed in prostate cancer cells and tissues, reduces prostate
xenograft tumor growth in nude mice and enhances apoptotic responses to genotoxic stress
(36). Along the same line, our studies demonstrate that PKCe is a major inducer of PGE,
production. PKCe has been previously shown to control COX-2 expression in the
myocardium, and more recently, to participate in COX-2gene induction in cardiac
myofibroblasts (64, 65). In addition to its role in tumorigenesis, PKCe is required for the
motility of lung cancer cells (66). We have recently reported that PKCe overexpression in
prostate epithelial cells increases their migratory capacity, an effect that is cooperatively
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enhanced by hyperactivation of the PI3K pathway caused by Pten loss (19). Notably, both
NS398 and rofecoxib inhibit the migration of P8-PKCe and CaP8-PKCe cells, thus
establishing COX-2 as a required effector for PKCe-driven motility. Whether PKCe is
activated by PGE, in prostate cancer cells remains to be determined. As EP receptors couple
to the generation of DAG (the physiological activator of PKCe) and PI3K activation (67—
69), one attractive scenario is that secreted PGE, drives an autocrine vicious cycle by acting
on its own receptors in prostate cancer cells. A similar PKCe/PI13K-mediated autocrine loop
contributing to the high proliferative and migratory status of prostate cancer cells has been
recently described for the chemokine CXCL13 and its receptor CXCR5 (19). Beyond the
scope of this study, PGE, and other pro-inflammatory mediators produced by stromal cells,
such as macrophages, may also contribute to establishing a pro-tumorigenic
microenvironment.

One of the remarkable findings of our study is that PKCe cooperates with Pten loss for the
induction of NF-xB. Previously, we showed that PKCe activates genes regulated by the
canonical NF-xB pathway, including COX2, VEGF, MMP9and /L-6 (11). Notably, PKCe
overexpression is sufficient to trigger NF-xB activation both in prostate epithelial cells /n
vitroand /n vivo (11). Moreover, prostate adenocarcinomas in PB-PKCe;Pten*/~ mice show
an uniform nuclear NF-xB staining, suggestive of a robust activation of the NF-xB pathway,
which is consistent with the pattern observed in human prostate tumors. Notably,
pharmacological inhibition of the NF-xB pathway or silencing IKK, a key mediator of the
canonical NF-xB signaling pathway, prevents COX-2 induction in PKCe-overexpressing/
Pten depleted prostate epithelial cells. The canonical NF-xB pathway has been widely
implicated in prostate cancer progression (11, 70, 71). We recently reported that PKCe
overexpression in the context of Pten loss confers hyperactivation of the non-canonical NF-
kB pathway to promote the secretion of key chemokines required for cell growth and
motility (19). Thus, activation of both canonical and non-canonical NF-xB cascades by
PKCe leads to significant phenotypical consequences, and this is markedly enhanced upon
Pten loss. In support of this model, nuclear localization of both canonical and non-canonical
NF-xB transcription factors correlates with patient’s Gleason scores (71).

Finally, our study may have significant implications for both prostate cancer
chemoprevention and therapy. Regardless of the strong suppressive effects of COX-2
inhibitors in prostate tumor growth and metastasis in mouse models, the therapeutic value of
these agents in prostate cancer patients remains uncertain. The addition of celecoxib to the
established hormone therapy (STAMPEDE trial) shows no additional benefit for advanced
metastatic prostate cancer patients. In addition to the various reasons accounted for the
limited success of this trial (mixed population under study, advanced disease, pre-existing
comorbidities, likely inadequate dosing, and duration of treatment), COX-2 expression status
or the presence of other genetic alterations were not established in this patient cohort. On the
other hand, in colon cancer, the use of aspirin after diagnosis was associated with a drastic
reduction in overall mortality (~45%) and colorectal cancer-specific mortality (~80%) in
patients with mutated P/3KCA gene, but not in patients with wild-type PI3KCA (38). More
recently, Toker and coworkers demonstrated that aspirin in combination with PI13K inhibitors
cause a significant growth suppression of PISKCA/PTEN-mutant breast cancer cells (51).
However, this growth suppression phenotype may be related to NF-xB/COX-2 independent
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effects mediated by AMPK activation and mTORCL1 inhibition, a paradigm not yet explored
in the context of prostate cancer. Since the killing effect of COX-2 inhibitors in prostate
epithelial cells was greatly dependent on PKCe expression levels and Pten loss, factors that
also drastically mediate COX-2 up-regulation, stratification of patients based on PKCe
expression levels and PTEN/PI3KCA status may provide a beneficial outcome for
personalized therapeutics with COX-2 inhibitors. As numerous trials suggested the potential
chemotherapeutic value of aspirin in cancer patients (38-41, 72), our study also argue for the
need of assessing the chemotherapeutic and therapeutic value of COX inhibition in prostate
cancer patients in a personalized manner. Conceivably, a subset of patients stratified upon
high PKCe expression and low PTEN levels (high PI3K activity) may potentially benefit
from such therapeutic regime.

MATERIALS AND METHODS

Cell lines, cell culture, and reagents

Human prostate cancer cells (LNCaP, PC3 and DU145) and immortalized prostate epithelial
RWPE-1 and RWPE-2 cells were obtained from ATCC (Rockville, MD) and cultured as
detailed before (11). PC3-mL cells were obtained from Dr. Alessandro Fatatis (Drexel
University), as previously described (73). The generation of murine prostate epithelial cell
lines with PKCe stable overexpression (P8 and CaP8) has been previously described (19).
Human RWPE-1 cells overexpressing PKCe were generated by infection with a PKCe
lentivirus, followed by blasticidin selection (1.5 pg/ml). Stable Pten depletion in RWPE-1
cells was achieved using two different ShRNA lentiviruses (Sigma), followed by puromycin
selection (0.4 pg/ml).

Fetal bovine serum, PDGF, lipopolysaccharide (LPS) and TNFa were procured from
Hyclone, R&D Systems, Sigma and PeproTech, respectively. Blasticidin and bovine
pituitary extract were obtained from Life Technologies.

Western Blot analysis and fractionation

Cellular fractionation (total cell, cytosol and nuclear) and Western blot analysis were carried
out as previously described (11). The following antibodies were used: anti-PKCe, anti-Bax,
anti-Bcl2 (Santa Cruz Biotechnology Inc.), anti-Pten, anti-COX-2, anti-cytochrome C, anti-
cleaved PARP, anti-cleaved Caspase 3 (Cell Signaling Technology), anti-vinculin, and anti-
B-actin (Sigma). Anti-mouse or anti-rabbit secondary antibodies conjugated to horseradish
peroxidase (Bio-Rad Laboratories) were used.

Cell viability assays

Cell viability assay were performed as previously described (19). Briefly, cells in 96-well
plates (1-3 x 103 cells/well) were treated with different concentrations of COX-2 inhibitors
for 24-72 h. Viability was assessed using the MTT reagent.

Migration assays

Migration assays were performed using Boyden chambers as previously described (19). Cell
motility in response to 5% FBS was determined in the presence of COX-2 inhibitors.
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Migration was assessed during a 24 h period, and concentration of COX-2 inhibitors was
adjusted to be non-toxic and also to induce no changes in cell proliferation.

Adenoviral infections

Cells were infected with adenoviruses encoding PKCe or LacZ (control) at the indicated
multiplicities of infection (MOIs), as previously reported (11). Experiments were carried out
24 h later.

RNA interference (RNAI)

For transient depletions, we used ON-TARGET Plus RNAi duplexes from Dharmacon.
Control Negative Silencer® siRNA was from Ambion. RNAI duplexes were transfected
using Lipofectamine RNAiIMax (Invitrogen). After 48 h cells were serum starved where
specified and used in the indicated experiments.

RNA isolation and real-time quantitative PCR (Q-PCR)

Total RNA from different cell lines was extracted and reverse transcribed as described (11).
Real-time gPCR for COX-2 and 18S ribosomal RNA was performed using the inventoried
gene expression assays and Tagman Universal PCR Master Mix (Applied Biosystems).

PGE, measurements

Cells were seeded in 6-well plates (1-3 x 10° cells/well) and serum starved for 16 h.
Subsequently, cells were treated with LPS (5 ug/ml, 4 h). Culture medium was collected and
used for PGE, measurements by enzyme immune assay using the EIA kit (Cayman
Chemical).

Mice experiments

CaP8-PKCe murine prostate cells (1 x 108 cells mixed 1:1 with Matrigel, BD Bioscience)
were inoculated into the flanks of 6-week old male athymic nude mice (Foxn1™, Harlan
Laboratories). Male mice received either regular laboratory diet (control) or a diet in which
rofecoxib (Harlan Laboratories) was incorporated into the food pellets (rofecoxib diet). Diet
treatment was initiated at different times: a) one week before cell inoculation; b) when
tumors reached ~ 150 mms3 and c) when tumors reached ~ 400 mm3. Tumor volume was
determined as described (19). In a different set of experiments, mice were treated with either
the NF-xB inhibitor parthenolide (400 pM /7.p., every other day) or vehicle (ethanol), one
week before cell inoculation.

Prostate-specific PKCe transgenic mice (PB-PKCe), Pten*/~, and PB-PKCe;Pten*/~ are
described elsewhere (10, 19) Male mice were fed with rofecoxib starting at 6 months of age,
and were sacrificed at 12 months of age. Determination of rofecoxib plasma concentrations
was done by mass spectrometry, as previously described (56). All animal studies were
carried out in strict accordance with IACUC institutional guidelines.
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Immunohistochemistry

Immunohistochemical analysis on 5 pm thick paraffin-embedded mice prostate tissue
sections was performed as described (10). The following primary antibodies (1:50 dilution)
were used: anti-phospho-NF-xB (Santa Cruz Biotechnology), anti-COX-2 (Cayman), and
anti-CD31 (Pharmingen). In the case of COX-2 and phospho-NF-xB stainings, sections
were incubated with Envision plus system-HRP labeled polymer anti-rabbit (Dako) while in
the case of CD31, after primary antibody treatment, sections were incubated with
biotinylated secondary anti-rat antibody (Abcam) followed by peroxidase-conjugated avidin/
biotin complex (vectastain ABC Kit, Vector laboratories). Reaction products in all cases
were visualized using diaminobenzidine and Meyer’s hematoxylin counterstaining.

For immunohistochemical analysis of human specimens, we used a TMA with 20 cases,
constructed at the Department of Pathology and Laboratory Medicine (University of
Pennsylvania). Each case was represented in triplicate in order to account for variability. All
20 cases were anonymized and there was no association with patient information.
Immunohistochemical stains were evaluated using a semiquantitative method. For
calculation of the A score, the intensity of staining was graded on a scale of 0 to 3 with 0
being no staining and 3 being strongest staining. The percentage of tumor cells staining was
calculated over 10 high power fields in the region over the entire tumor. The staining was
normalized to compare different tumors by multiplying the intensity of staining with the
percentage of tumor cells staining.

Statistical analysis

Sample sizes for cellular studies for each experimental condition were three in most cases,
based on established reproducibility of the assays, and is indicated in figure legends.
Experiments were replicated at least three times. Data were analyzed using either a
Student’s ¢test or one-way analysis of variance (ANOVA) with post hoc testing. For tumor
growth rate analysis, data were represented on a semi-logarithmic scale and fitted by linear
regression. The number of animals per group, which were randomly selected, is indicated in
the corresponding figure legend or table, and was estimated by power analysis. Sample
analysis was carried blindly. Slopes for each growth curve were analyzed using a Mann
Whitney U-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of PKCe, NF-xB and COX-2 in prostate cancer

(A) PKCe, COX-2 and NF-xB p65 expression in total cell lysates, cytosolic and nuclear
extracts was determined by Western blot. Actin, vinculin and ATF2 were used as loading
controls for each fraction. The following cells were used: RWPE-1 (normal immortalized
prostate epithelial), RWPE-2 (Ras-transformed RWPE-1 cells), LNCaP (androgen-
dependent prostate cancer cells), PC3, PC3-mL and DU145 (androgen-independent prostate

cancer cells).
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(B) COX-2 mRNA levels in human prostate cancer cells, as determined by Q-PCR. Results
normalized to RWPE-1 cells are expressed as mean + S.D. of triplicate measurements. *, p<
0.05; **, p< 0.01 vs. RWPE-1.

(C) Immunohistochemical staining of PKCe, NF-xB p65 and COX-2 in prostate cancer
specimens. Magnification: 40x. Representative photomicrographs for cancer samples and
adjacent normal tissue are shown.

(D) Hscore is plotted for normal and cancer sample stainings of PKCe, NF-xB and COX-2
in the TMA. N, normal; C, cancer. *, p< 0.05.
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Figure 2. PKCe mediates activation of COX-2 pathway in prostate cancer cells
(A) PC3-mL cells were transfected with RNAI duplexes for PKCe (#1 and #2) or a non-

target control (N7C). Left. PKCe levels were determined by Western blot. Middle: COX-2
MRNA levels were determined by Q-PCR. Right: PGE, levels in the culture medium were
assessed by enzyme immuno assay. Results were normalized to NTC.

(B) LNCaP cells were transfected with RNAI duplexes for PKCe (#1and #2) or NTC, and
48 h later treated with LPS (5 pg/ml) or TNFa (10 ng/ml) for 4 h. COX-2 mRNA levels
were determined by Q-PCR. Results expressed as fold-induction relative to NTC, vehicle
treatment.

(C) LNCaP cells were infected with either PKCe or LacZ control (L2) AdVs (MOI = 1 pfu/
cell) and 24 h later treated with either LPS (5 pg/ml) or TNFa (10 ng/ml) for 4 h. COX-2
mMRNA levels were determined by Q-PCR. Results were normalized to LZ, vehicle
treatment.

In (A), (B), and (C), results were expressed as mean + S.D. of triplicate measurements. *, p<
0.05 and **, p< 0.01. Similar results were observed in 2 additional experiments.

Oncogene. Author manuscript; available in PMC 2018 November 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Garg et al.

Page 19

PB-PKCe Plen+/- PB-PKCe;Pten+/- PB-PKCg;Pten+/-
Wild-type (PIN) (PIN) (PIN) (Adenocarcinoma)
Phospho-
NF-kB (pB5)
COX-2
Z 80
z 60
&
= 40
€
g 20
z 0
Wild-type (PIN) (PIN)  (PIN) (Adeno- Wild-type  (PIN) (PIN)  (PIN) (Adeno-
PB-PKCe Pten+/- ____-carcinoma) PB-PKCE: Plent/- ~carcinoma)
PB-PKCe;Plent/- PB-PKCe;Pten+/-
[:] CaP8 C
LZ PKCe LZ PKCe Lentivirus
- 4+ - % - 4+ - % |LPS
404 © Vehicle ) 12 cle
C——— | PR 2y = LPS 1 pg/ml o E‘[ﬁ'}l 5 ng/ml £
w2 30 = | PS5 pg/ml ol
PTEN o2 £2 8
Total gg 20 e
—_—— —— 2 = © *
| —— | COX-2 ﬁ% g 4 i
E £ 10
| — . —— — —— - |Ac1m
0 0 .
o P& P& CaPB CaPB- P8 P8- CaP8 :
e —— V) e CaPe. 3 PKC:
MNuclear
| ———————— |ATF2
I e p——— ‘NF-NB(DE5}
Cytosol
I ———————— ‘Vinculln
D Control PKC: Lentivirus _ Control __ PKC:  Lentivirus
e NTC PTEN NTC PTEN shRNA
0 PTEN 0 PTEN — T s
Z E ¥ Z 5 § SshRNA » 127 £ Vehice
e e S —— | PH o = - | PS5 pg/ml Tk
[- --——---—lPch: 23 =
—— = |PTEN e ]
| — — |PTEN Total ng g *
e e e |COX-2 4
[------Iﬁmlin
S S S S | £ ctin NTC PTEN NTC PTEN shRNA
- e amn | NF-xB (p85) Control PKCe Lentivirus
Muclear
———— — — — —| T
—— - - — NF-xB (p65)
Cytosol
|-——-—-—— Vinculin

Figure 3. PKCe overexpression and Pten loss cooperate for COX-2 induction
(A) Top. Phospho-NF-xB p65 and COX-2 immunohistochemical staining in prostates from

12 month-old PB-PKCe, Pten*/~, PB-PKCe;Pten*/~, or wild-type (FVB/N) mice.
Representative figures are shown. Magnification: 20x. Bottom: Quantification. Numbers are

percent of positivity. *, p< 0.05, **, p< 0.01 and ***, p< 0.001.

(B) P8 and CaP8 cells with or without stable PKCe overexpression (achieved by infection
with PKCe lentivirus) were treated with either LPS or vehicle for 4 h. Left. PKCe, COX-2
and NF-xB p65 expression in total cell lysates, cytosolic and nuclear extracts was
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determined by Western blot. Actin, vinculin and ATF2 were used as loading controls for
each fraction. Right. COX-2 mRNA levels, as determined by Q-PCR, normalized to vehicle
treated parental P8 cells. LZ, LacZ lentivirus.

(C) PGE; levels in the culture medium assessed by enzyme immune assay, normalized to
vehicle treated parental P8 cells.

(D) Left. RWPE-1 cells subject to PKCe overexpression or control (achieved by lentiviral
means) were subject to stable Pten depletion using shRNA lentiviruses. A representative
Western blot is shown. Middle: Cells were treated with LPS (5 pg/ml) or vehicle for 4 h.
PKCe, COX-2 and NF-xB p65 expression in total cell lysates, cytosolic and nuclear extracts
was determined by Western blot. Right: PGE; levels in the culture medium, normalized to
vehicle treated NTC control cells.

In (B), (C), and (D), results were expressed as mean + S.D. of triplicate measurements. *, p<
0.05, **, p< 0.01 and ***, p< 0.001. Similar results were observed in 2 additional
experiments.
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Figure 4. The canonical NF-xB pathway mediates COX-2 induction in PK Ce overexpressing,
Pten depleted prostate cells

(A) Effect of GFX (0.5 uM), parthenolide (2.5 puM), wedelolactone (10 uM), BX795 (5 uM),
and BKM120 (0.3 pM) treatment for 16 h on COX-2 expression in PC3-mL cells. Left:
COX-2 mRNA levels, as determined by Q-PCR, normalized to untreated cells. Middle:
COX-2 protein levels, as determined by Western blot. Right. Densitometric analysis of
COX-2 expression from Western blots.

(B) Murine CaP8-PKCe cells were treated with LPS (5 ug/ml, 4 h) in the presence of
different inhibitors. Left: COX-2 mRNA levels, normalized to LPS, no inhibitor. Right:
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COX-2 protein levels as determined by Western blot, relative to LPS-treated cells, no
inhibitor.

(C) IKKa, IKKp, and NIK RNA. depletion in CaP8-PKCe cells was achieved using two
different RNAI duplexes in each case. N7C, non-target control RNAI.

(D) Effect of IKKa, IKK, and NIK RNAI depletion on COX-2 mRNA induction by LPS in
CaP8-PKCe cells. Results were normalized to NTC, + LPS.

(E) IKKa, IKK, and NIK RNAI depletion in PC3-mL cells was achieved using two
different RNAI duplexes in each case. N7C, non-target control RNA..

(F) Effect of IKKa, IKKp, and NIK RNAi depletion in PC3-mL cells on COX-2 mRNA
expression. Results were normalized to NTC.

(G) The indicated cells were transfected with a plasmid encoding the IxBa “super-
repressor” (IxBa'®P) and 24 h later stimulated with either LPS (5 ug/ml) or vehicle for 4 h.
COX-2 mRNA levels were normalized to LPS-treated control cells (CaP8-PKCe and LNCaP
cells) or untreated control cells (PC3-mL cells).

In (A), (B), (D), (F) and (G), results were expressed as mean + S.D. of triplicate
measurements. *, p< 0.05 and **, p< 0.01. Similar results were observed in two additional
experiments.
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Figure5. Differential sensitivity of PK Ce overexpressing and Pten-depleted prostate epithelial

cellsto COX-2 inhibitors

(A) P8 and CaP8 cells with or without stable PKCe overexpression were treated with

different concentrations of NS398, and cell viability was determined after 24, 48, or 72 h of

treatment using the MTT assay.

(B) P8 and CaP8 cells with or without stable PKCe overexpression were treated with

different concentrations of rofecoxib, and cell viability was determined after 24, 48, or 72 h

of treatment using the MTT assay.
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(C) Cells were treated with NS398 (30 uM, 24 h), and subjected to Western blot analysis of
the indicated apoptotic markers.

(D) Bax/Bcl2 ratio was determined after densitometric analysis of Western blot of Bax and
Bcl2 protein. *, p< 0.05 and **, p< 0.01 vs. control.

(E) Migration of P8-PKCe and CaP8-PKCe cells after treatment with different
concentrations of NS398 or rofecoxib was determined using a Boyden chamber. 7op:
Representative images. Bottorm:. Quantification of migrating cells. **, p< 0.01 vs. untreated
(no treatment of NS398 or rofecoxib).

(F) Effect of NS398 or rofecoxib on PGE; levels in the culture medium, as determined by
enzyme immune assay. **, p< 0.01 vs. LPS, no NS398 or rofecoxib.

In (A), (B), (D), (E), and (F), results were expressed as mean * S.D. of triplicate
measurements. Similar results were observed in two additional experiments.
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Figure 6. COX-2 inhibition impairs PK Ce driven tumorigenicity
(A) Male athymic nude mice were fed with either control laboratory or rofecoxib diet.

Following 7 days of the start of the dietary regimen, CaP8-PKCe cells were injected s.c. into
the left flank of the nude mice and tumor growth was monitored for 30 days. Results were
expressed as mean = S.D. (n= 8 mice/group).

(B) CaP8-PKCe cells were injected s.c. into the left flank of the nude mice. When the tumor
reached either 150 mm?3 or 400 mm3, mice were randomly divided into groups that received
either control or rofecoxib diet. Left: Tumor volume, expressed as mean = S.D. (n= 10 mice/
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group). Middle: Tumor growth was analyzed for a period of 33 days. For this analysis, tumor
volume was measured every three days. Data were represented on a semilogarithmic scale
and fitted by linear regression. Slopes for each growth curve are represented (P = 0.089,
Mann Whitnet U-test). Right: Kaplan-Meier plot for tumor-free survival. ***, p< 0.001, log
rank test.

(C) Top: CD-31 staining in prostates from 12-month-old transgenic mice fed with either
control or rofecoxib diet for 6 months. Representative figures are shown. Magnification:
10x. Bottom left panel: Quantification of number of vessels/um2. Bottom right panel:
Quantification of mean vessel area (um?2). Results were expressed as mean + S.D. (n=10). *,
p< 0.05; **, p< 0.01.
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