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ORIGINAL ARTICLE
Prostate-specific G-protein-coupled receptor collaborates with

loss of PTEN to promote prostate cancer progression

M Rodriguez1, S Siwko', L Zeng’, J L%, Z Yi? and M Liu'?

Among frequent events in prostate cancer are loss of the tumor-suppressor phosphatase and tensin homologue (PTEN) and
overexpression of prostate-specific G-protein-coupled receptor (PSGR), but the potential tumorigenic synergy between these
lesions is unknown. Here, we report a new mouse model (PSGR-Pten®’?) combining prostate-specific loss of Pten with probasin
promoter-driven PSGR overexpression. By 12 months PSGR-Pten”’” mice developed invasive prostate tumors featuring Akt
activation and extensive inflammatory cell infiltration. PSGR-Pten®’* tumors exhibited E-cadherin loss and increased stromal
androgen receptor (AR) expression. PSGR overexpression increased LNCaP proliferation, whereas PSGR short hairpin RNA
knockdown inhibited proliferation and migration. In conclusion, we demonstrate that PSGR overexpression synergizes with loss
of PTEN to accelerate prostate cancer development, and present a novel bigenic mouse model that mimics the human
condition, where both PSGR overexpression and loss of PTEN occur concordantly in the majority of advanced prostate cancers,

yielding an environment more relevant to studying human prostate cancer.
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INTRODUCTION

Prostate cancer continues to be a major and growing health
problem today.! The likelihood of developing prostate cancer is
as high as 1 in 6 men, and of these, 1 in 30 will die as a direct
consequence of metastatic disease.” Although a number of
genetic and lifestyle factors have been implicated in the
development of prostate cancer, along with mediating conditions
such as chronic inflammation, how specific genetic lesions interact
and contribute to cancer progression remains an area of active
discovery.

Phosphatase and tensin homologue (PTEN) is the most
frequently deleted tumor-suppressor gene in prostate cancer
and its loss is predictive of poor prognosis.3~ PTEN inactivation or
loss is also implicated in prostate cancer progression to a
castration-resistant phenotype.>® Downregulation of PTEN func-
tion induces a concomitant activation of AKT, which can regulate
cell survival and growth pathways, including nuclear factor (NF)-
kB-dependent inflammation,® as well as mechanistic target of
Rapamycin, glycogen synthase kinase-3@ and Raf.” Although PTEN
loss has been reported to cooperate with ERG transactivation'®
or p53 loss'' in prostate cancer development, at present, our
understanding of the oncogenic events that cooperate with PTEN
loss during tumor progression remains limited.

The prostate-specific G-protein-coupled receptor (PSGR) is
exclusively expressed in the human prostate and is overexpressed
in prostate tumors, with PSGR levels correlating with tumor
progression.'>'> PSGR expression is controlled in part by
interleukin-6 signaling,'® suggesting potential PSGR upregulation
in response to inflammatory stimuli. Recent findings in our lab
show that transgenic PSGR expression induces a chronic
inflammatory reaction in the prostate through AKT-mediated

NF-kB activation, resulting in low-grade prostatic intraepithelial
neoplasia (PIN)."” However, PSGR overexpression by itself was
unable to cause complete carcinoma formation, suggesting the
contribution of additional lesions during prostate carcinogenesis.

Here, we sought to determine how downregulation of PTEN
synergizes with overexpression of PSGR, a genetic combination
frequently seen in human prostate cancer,®'? to enhance prostate
cancer development. We generated a novel mouse model
encompassing a prostate-specific combination of these genetic
alterations and examined the effects on cell proliferation,
migration and tumor progression. We observed accelerated
tumorigenesis in double mutant mice accompanied by AKT-
NFkB-driven inflammation, loss of E-cadherin suggestive of
epithelial-to-mesenchymal-like transition and paracrine regulation
of stromal AR. Our model represents a new approach for analyzing
combinatorial effects of lesions frequently observed in human
cancers.

RESULTS

PSGR overexpression cooperates with Pten loss to facilitate
prostate cancer progression

PSGR expression increases upon transition from benign prostate
tissue to primary prostate cancer, as we have previously shown.'?
High expression levels are maintained in advanced prostate
cancer, suggesting a possible role in this disease stage. Genomic
data set analysis (Oncomine (Compendia Bioscience, Ann Arbor,
MI, USA - http//:www.oncomine.org)'® was performed on tumor
data sets available online. Four data sets out of ten showed
upregulation (expression change > 1.5-fold) of PSGR, or OR51E2, in
89% and 50%, 76% and 70% of tumors, respectively'®2?
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(Supplementary Figure 1A). These microarray results are in accord
with two previous reports using in situ hybridization and
quantitative PCR analysis that found PSGR overexpression in
76% and 64% of prostate cancers.'®?® PTEN inactivation is
common in advanced prostate cancer,’ suggesting that
co-occurrence and potential synergism between PSGR over-
expression and PTEN loss are highly probable. In the Oncomine
(Compendia Bioscience) database, we found that PSGR was
frequently overexpressed but PTEN expression was not
significantly changed in prostate tumor tissue (P < 0.001;
Supplementary Figure 1B); by TCGA analysis PTEN was mutated
or deleted in 21% (103 out of 487 tumors) of prostate cancers, but
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no significant correlation in expression between PSGR and PTEN
genes could be found (data not shown). However, the limitations
of tumor mRNA microarrays, including a smaller dynamic range
and less reliable expression quantitation than quantitative PCR,
and lack of information on protein levels, led us to adopt an
alternative approach. To further investigate the possibility of
synergy between PSGR overexpression and PTEN loss in prostate
tumor development, we created a bigenic mouse model over-
expressing human PSGR with a conditional Pten knockout, both
driven by the ARR,PB promoter. Immunohistochemistry showed
downregulation of Pten expression in epithelial cells (Figure 1a),
with consequent elevation of phosphoAKT (S473) upon PSGR
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Presence of PSGR cooperates with Pten deletion. (a) Immunohistochemistry showing intensity of Pten expression in 12-month-old

prostate sections of each genotype analyzed. (b) Immunohistochemistry showing activation of AKT (phosphoS473) in genotypes analyzed.
(c) Mice harboring a complete Pten deletion together with PSGR overexpression (PSGR-PTEN*4) show more aggressive progression both at
6 months (iv) and 12 months (viii) compared with PSGR overexpression alone (PSGR-WT (ii and vi)) or complete Pten deletion alone (PTEN*4
(iii and vii)). Thick arrows indicate infiltrating inflammatory cells; long arrows indicate carcinoma in situ. (d) Representative bar graph showing
morphological differences between each genotype at 6 (left) and 12 (right) months of age (n =4 mice/age/genotype, 10 analyzed fields per
mouse). All images shown were taken using x 20 objectives (x40 for inserts) and are representative of N=4 mice per genotype and time point.
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overexpression and complete loss of Pten (Figure 1b).
Tumor initiation and progression of Pten-deleted mice was much
slower than originally described for the conditional Pten knockout
model.* Analysis of mouse tissues at 6 and 12 months of age
revealed striking differences in tumor progression. Of note, at
6 months of age, PSGR transgenics (PSGR-Pten”-Cre™ or PSGR-
Pten"™) showed an increased amount of LGPIN lesions, character-
ized by cell layer conglomeration and a tufting growth pattern
but no nuclear enlargement or prominent nucleoli (Fi ure 1c-ii).

Mice with only a complete deletion of Pten (Pten”-Cre* or
Pten®”) showed PIN lesions of a cribriform pattern, with cells
beginning to grow toward the center of the lumen and a small
increase in stromal cells (Figure 1c-iii). Pten knockouts with an
added PSGR transgene (PSGR-Pten”-Cre* or PSGR-Pten®?),
however, show glands with cribriform PIN that have already reached
the center of the lumen and a higher extent of cell infiltration in
the stroma (Figure 1c-iv). No carcinoma was detected at this time
point. At 12 months of age, the phenotype is significantly
different. PSGR-Pten"" prostates continued to show LGPIN lesions,
but no progression to carcinoma, as previously described (Figure
1c- vi), whereas Pten®” mice displayed an important inflammatory
cell infiltration with carcinoma in situ lesions growing adjacent to
HGPIN glands (Figure 1c-vii). PSGR-Pten®® mice, however, already
showed invasive adenocarcinomas with tumor masses disrupting
the normal prostatic architecture, including the basal membranes
and smooth muscle cells normally surrounding the glands (Figure
1c-viii). PSGR-overexpressing mice were analyzed with conditional
loss of one Pten allele (Pten”"-Cre* (PTEN*'*) vs PSGR-Pten”"'-Cre*

(PSGR—PTENA/+), and while they did show glands with LGPIN, no
significant differences were found between these genotypes at
either time point (data not shown).

PSGR combined with Pten loss increases prostate cell proliferation

Macroscopically, loss of Pten alone produced an altered pheno-
type in the prostate, but identification of individual lobes was still
possible, whereas addition of PSGR frequently caused deformities
in prostatic structure and occlusion of the adjacent seminal
vesicles (Figure 2a). In an effort to understand the underlying
mechanisms of this phenotype, we performed Ki67 staining to
measure differences in proliferation. As shown in Figure 2b,
overexpression of PSGR alone was enough to induce a small
increase in proliferation levels in 12-month-old mice, but when
combined with a complete loss of Pten expression, the effect on
proliferation was greater than in Pten knockouts alone. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
analysis for apoptosis showed that PSGR overexpression or Pten
deletion alone were enough to significantly reduce apoptosis, but
these genetic alterations do not appear to act synergistically to
decrease cell death (Figure 2c).

PSGR in conjunction with loss of Pten induces an invasive
phenotype in the prostate

Analysis of smooth muscle actin showed that smooth muscle cells
begin to disappear in Pten™® mice at 12 months of age W|th a
fragmented layer of cells surrounding the glands. PSGR-Pten™” mice,
however, showed no actual glandular structure and had a complete
loss of smooth muscle cells, including in areas surrounding the tumor
mass. These mice did show positive smooth muscle cells in intra-
tumoral areas, which marked neoangiogenic formations surrounded
by cancer cells (Figure 3a). Because of this increased tumorigenicity,
we analyzed the samples for both E-cadherin and androgen receptor
(AR). E-cadherin expression (Figure 3b) was decreased both by the
overexpression of PSGR (PSGR-Pten™™ at 12 months) and by the
complete loss of Pten, with a synergistic effect observed in PSGR-Pten”’
4 mice at 12 months of age, which had an almost complete loss of
E-cadherin expression. AR was also affected by this genetlc
combination, as both epithelial and stromal AR were lost in Pten™*
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mice, but stromal AR expression was regained in PSGR-Pten™” mice
(Figure 3c), suggesting that PSGR may increase stromal AR expression
upon complete loss of Pten and contribute to the elevated cell
proliferation observed in these mice (Figure 2b).

Upon Pten loss, PSGR potentiates inflammatory cell infiltration in
the stroma

Because PSGR is capable of inducing a chronic inflammatory
reaction in the prostate, we hypothesized that this has a role in AR
expression differences upon Pten deletion. In the presence of Pten,
p65 NF-kB expression is increased by PSGR, but its localization is
both nuclear and cytoplasmic (Figures 4a-v and Figure 4b wild
type (WT) vs PSGR-WT). AR expression is not significantly changed
between PtenV" and PSGR-Pten"'" mice (Figure 4a-iii and vi,
Figure 4c WT vs PSGR-WT). However, in the absence of epithelial
Pten (Pten®), no p65 expression can be detected (Figure 4a-xiii
and Figure 4b PTEN #4), and both epithelial and stromal AR are
significantly decreased (Figure 4a-ix and Figure 4c PTEN®4). When
PSGR is overexpressed (PSGR-Pten®’?), stromal p65 nuclear
localization increased (Figure 4a-xi and Figure 4b PSGR-PTEN“/4)
accompanied by a significant upregulation of stromal AR
(Figure 4a-xii and Figure 4c PSGR-PTEN"4), suggesting that in a
Pten-deleted context, PSGR may regulate stromal AR expression
through stromal NF-kB. Quantitations are shown in Figures 4b and c.
To further characterize this immune cell infiltration, we performed
immunohistochemistry for CD3 as well as macrophage markers. We
observed an increase in infiltrating macrophages, and synergy
between PSGR overexpression and Pten loss on increasing numbers
of infiltrating CD3* T cells (Supplementary Figure 2A). Therefore,
PSGR overexpression together with Pten loss enhances immune
cell infiltration in prostate tumors.

PSGR overexpression affects cell oncogenic properties both
directly and indirectly

We next investigated specific oncogenic effects of PSGR using
human prostate cancer cell lines. We previously showed PSGR
expression in LNCaP and MDA PCa 2a cells. The prostate cancer
cell line LNCaP has an inactivating mutation in PTEN,? therefore,
we selected it to generate cells stably expressing either PSGR
(LNCaP-PSGR) or short hairpin RNA targeting PSGR (LNCaP-KD) by
lentiviral transduction. PSGR levels were measured by real-time
PCR and found to be increased approximately 500-fold (data not
shown) in the overexpressing cell lines and decreased by ~90% in
the KD cells (Supplementary Figure 3A). We observed an increase
in proliferation in LNCaP-PSGR (Figure 5a) cells, but no significant
changes in cell migration (Figure 5b), whereas LNCaP-KD
(Figure 5c) cells showed decreased cell proliferation compared
with control, and a stronger negative effect on cell migration
(Figures 5d and e). PSGR overexpression did not affect cell
invasion or colony formation (Figures 5f and g). Using PSGR-
overexpressing cells, we analyzed the expression of AR and AR-
dependent genes, including PSA and NKX3.1. As with our findings
in the mouse model (Figure 3c), there was a downregulation of
epithelial AR in PSGR-overexpressing cells. AR function decreased
as well, as evidenced by a decrease in PSA and NKX3.1 expression
(Figure 6a). Because PSGR is normally expressed in prostate
epithelial cells, we tested whether PSGR can regulate stromal AR
expression through paracrine mechanisms, using an in vitro two-
dimensional co-culture system. We cultured stromal WPMY-1 cells
together with LNCaP-Ctrl or LNCaP-PSGR cells in the presence or
absence of Raw264.7 cells, a mouse macrophage cell line, using a
CoStar Transwell co-culture system. PSGR overexpression in tumor
epithelial cells (that is, LNCaP-PSGR) resulted in fivefold higher
PSGR levels in co-cultured stromal (WPMY-1) cells but did not
affect WPMY-1 AR expression (Figures 6b and c). Addition of
macrophages had no effect on PSGR expression in WPMY-1 cells;
however, co-culture with both macrophages and LNCaP-PSGR
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Figure 2. PSGR overexpression induces proliferation in a Pten-deleted background. (a) Representative macroscopic image of male
genitourinary tract showing differences between 12-month-old Pten-deleted mice (PTEN*%) and Pten-deleted mice overexpressing PSGR
(PSGR-PTEN“4). (b) Ki67 staining showing increased proliferation in PSGR-overexpressing Pten-deleted mice, both at 6 months (left) and
12 months (right). Bar graph represents average Ki67-positive cells/field, + standard error (n =4 per genotype per age). P=0.001, t-test. Arrows
indicate location of positive staining cells. (c) TUNEL assay showing differences in cell apoptosis between different genotypes. Bar graph
represents average TUNEL-positive cells/field, +standard error (minimum 10 fields analyzed per section; n=4 mice per genotype) P=0.004

and P=0.37, t-test.

cells profoundly increased PSGR expression in WPMY-1 cells,
suggesting the existence of a paracrine mechanism between the
PSGR-expressing epithelial and stromal cells that is aided by
activated macrophages (Figure 6¢). Importantly, AR expression

Oncogene (2016) 1153-1162

increased (~5-fold) in stromal cells exposed to PSGR-activated
macrophages. This suggests that PSGR activation of macrophages
in the microenvironment could have a role in regulating AR
expression in stromal cells, possibly through NF-kB.
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Figure 3. Characterization of PSGR-Pten mice. (a) Smooth muscle actin staining shows breakage of smooth muscle barrier surrounding
prostate glands in PTEN®2 mice at 12 months of age. Overexpression of PSGR with Pten deletion (PSGR-PTEN“") shows disintegration of
smooth muscle gland barrier, with emergence of new intra-tumoral blood vessel structures. Arrows indicate positive stained cells.
(b) E-cadherin staining shows downregulation of E-cadherin in PTEN* prostates at each time point. Downregulation of E-cadherin in PSGR-WT
prostates is seen at 12 months of age and there is a synergistic decrease in E-cadherin expression in PSGR-PTEN*2 at both 6 months and
12 months of age. (c) Androgen receptor (AR) expression is downregulated in PTEN*? in both epithelial and stromal cells at both time points.
PSGR-PTEN*“ mice show re-emergence of AR in stromal cells. Bar graph represents average number of AR-positive cells per
compartment + standard error (n=4 mice per genotype), P=0.001, t-test. Thick arrows indicate location of positive staining cells; long
arrow indicates gland with negative AR staining. 6m, 6 months; 12m, 12 months.

DISCUSSION

PSGR is overexpressed in ~60-75% of tumor samples.
Prostate cancers frequently have other concomitant genetic

NF-kB activation has a very important role in prostate cancer
progression, and high levels of NF-kB activity are a predictor of
poor outcome for patients with early forms of prostate cancer.?®

12,23

mutations, such as PTEN, which is deleted in 70% of advanced
prostate cancers® Inactivation of PTEN leads to further AKT
activation, which alone is sufficient to establish prostate cancer.?*

© 2016 Macmillan Publishers Limited

Furthermore, NF-kB is also upregulated in subsets of castration-
resistant prostate cancer patients, highlighting its potential as a
therapeutic target in both early and advanced prostate cancer.”’

Oncogene (2016) 1153 -1162
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Figure 4. Androgen receptor (AR) expression pattern is correlated with p65 (NF-kB) expression pattern. (a) Staining shows expression pattern
of p65 (NF-kB) and AR in prostate sections of 12-month-old mice. PSGR-WT mice show both cytoplasmic and nuclear localization of p65 and
AR (v and vi). Nuclear localization is correlated with protein activity. PSGR-PTEN*"4 mice show increased levels of nuclear p65 and AR in the
stromal compartment of the prostate (xi and xii). (b) Box plots represent the average number of positive cells per field for each genotype.
Only nuclear p65 and AR staining was considered as positive (n=4 mice/group). Comparison of p65 staining between WT and PSGR-
overexpressing mice is significantly increased (P-value=0.02), whereas concomitant deletion of PTEN and PSGR overexpression further
increases p65 nuclear staining (P-value =0.0001). (c) For AR, there is no significant difference in stromal AR staining (P-value = 0.86) between
WT and PSGR-overexpressing mice, and deletion of PTEN alone is enough to induce a significant loss of stromal AR (P-value = 0.009). Double
mutant mice, however, show a statistically significant increase in stromal AR staining (P-value = 0.04), suggesting deletion of PTEN is necessary
for PSGR to induce expression of stromal AR.

We sought to discover whether augmented AKT activity from
Pten deletion would further increase NF-kB activity in PSGR-
overexpressing conditions and facilitate prostate cancer progression.

Using our bigenic mouse model (PSGR overexpression with
conditional Pten deletion) we found that, indeed, PSGR-Pten®*
mice had faster tumor progression and developed larger tumors
capable of compromising the prostatic architecture. Several major
mechanisms were involved in the phenotype of these mice. First,

Oncogene (2016) 1153-1162

there was a small increase in proliferation of PSGR-overexpressing
mice, which was significantly enhanced in double mutant PSGR-
Pten®” mice, suggesting a potential synergistic mechanism. This
was also seen in vitro, where overexpression of PSGR induced cell
proliferation and PSGR knockdown had the opposite effect.
Second, in accord with previous reports,?® PSGR regulated cell
migration, as PSGR knockdown in LNCaP cells showed a significant
decrease in migration. Curiously, in our mouse model, the loss

© 2016 Macmillan Publishers Limited
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Figure 5.

PSGR overexpression affects LNCaP oncogenic properties. (a) PSGR overexpression in a PTEN inactivated cell line (LNCaP) induced

cell proliferation (*P <0.01, **P < 0.05, t-test) n=6 per day. (b) PSGR overexpression did not have significant effects on cell migration
compared with controls (Ctrls; n=3) at 24 or 48 h after scratch assay. (c) PSGR knockdown decreased cell proliferation in LNCaP cells
compared with non-targeted Ctrls (*P < 0.05, **P < 0.01, t-test) n=6 per day. (d) PSGR knockdown decreased cell migration compared with
non-targeted Ctrls. (e) Bar graph represents average number of migrating cells in LNCaP-KD vs LNCaP-NT (non-targeted Ctrls) + standard error
(*P < 0.05, t-test). (f) PSGR overexpression or knockdown did not significantly affect cell invasion. NT indicates non-targeting control shRNA.
Bar graphs represent average number of invading cells + standard error. (g) PSGR overexpression or knockdown had no significant effect on

LNCaP colony formation.

of E-cadherin was significantly greater in the double mutant
mice (PSGR-Pten®” mice) when compared with either PSGR-
overexpressing or Pten-deleted single-mutant mice, suggesting a
potential for increased invasion in PSGR-Pten®* mice in vivo.

AR signaling is vital to prostate function. Stromal AR expression
is required for prostate development.?® Androgen binding and
activation of AR within the stromal compartment sends prolif-
erative cues to the epithelium, whereas activation of the AR in the
epithelium drives cell differentiation and expression of secretory
proteins.3° In addition to its role during prostate development, the
AR plays a central role in prostate cancer.?' The development of

© 2016 Macmillan Publishers Limited

human prostate cancer occurs in the presence of an AR-positive
stroma® and AR expression levels are directly related to advanced
stages of prostate cancer.>> However, low expression of stromal
AR in either tumor stroma or normal stroma was also correlated
with shorter cancer-specific survival and more rapid progression
to castration-resistant prostate cancer,®® suggesting the clinical
significance of stromal AR is far from understood. Little is known
about the role of AR in early or non-metastatic prostate cancer.
It is believed that the key molecular event driving change in
prostate cancer involves a transition from AR-induced luminal cell
differentiation to luminal cell proliferation,® but the exact

Oncogene (2016) 1153 -1162
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mechanisms are not yet understood. Our data show that PSGR
overexpression decreases epithelial AR expression both in vitro
and in vivo. Concomitantly, in vivo stromal AR expression is
significantly increased, which could enable increased epithelial
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cell proliferation. Induction of cell proliferation could be further
enhanced by activation of concomitant pathways. Our in vitro data
show increased cell proliferation in PSGR-overexpressing cells
despite downregulation of AR, suggesting a reduced AR-
dependent control on luminal cell differentiation. PSGR over-
expression can itself activate NF-kB,'” which can also induce
prostate epithelial cell proliferation.3*

We observed increased stromal AR expression concomitant to
PSGR overexpression and Pten deletion, suggesting that upregu-
lation of NF-kB activity as a consequence of PSGR overexpression
may regulate AR expression levels in the stroma. Re-emergence
of AR expression is a hallmark of castration-resistant prostate
cancer.® As stromal AR drives epithelial cell proliferation,®? in the
case of PSGR-Pten” mice it may represent a potential mechanism
for progression to advanced prostate cancer. The role of stromal
AR in advanced prostate cancer is still controversial, >~ although
our work suggests that in these genetic conditions, stromal AR
may act as an enhancer of tumor progression.

Inflammation has a prominent role in prostate cancer
development,'*#3° and we have previously reported an inflam-
matory response in mice transgenically expressing PSGR, with
accompanying elevation in NF-kB.!” The relationship between AR
and NF-kB signaling is complex; whereas AR is a downstream
target gene of NF-kB, the consequences of NF-kB activation on AR
expression are believed to be determined by tissue-specific
expression of co-factors. An inverse correlation between NF-kB
activity and AR status has been reported in prostate epithelial
cells>* The opposite is also true, where NF-kB was shown to
transcriptionally modulate AR expression in prostate epithelial
cells*® The underlying mechanisms behind these signaling
differences remain to be determined. Here, we found that PSGR
overexpression moderately increased inflammatory cell infiltra-
tion. When Pten was completely deleted, but PSGR levels were
unchanged (Pten®?), NF-kB levels were undetectable, either in
the epithelia or the stroma. PSGR-Pten®” mice, however, had
increased NF-kB-positive stromal inflammatory cell infiltration,
predominantly of CD3* T cells (Supplementary Figure 2), which
was correlated with stromal AR expression. We confirmed the role
of stromal inflammatory cells on stromal AR expression using a co-
culture system where LNCaP-Ctrl or LNCaP-PSGR cells were grown
with stromal WPMY-1 cells in the presence or absence of Raw246.7
macrophages. Only in the presence of both inflammatory cells and
PSGR-overexpressing cancer cells was there a significant (fivefold)
increase of stromal AR, accompanied by a further increase in PSGR
expression, suggesting an intercellular crosstalk. If replicated
in vivo, a requirement for both PSGR-overexpressing prostate
epithelium and paracrine factors from infiltrating inflammatory
cells would suggest a more complex, indirect relationship
between NF-kB elevation and stromal AR regulation than the
direct regulatory models cited above. Further experiments are
needed to understand the potential relationship between

<

Figure 6. PSGR can regulate stromal androgen receptor (AR) in vitro
in the presence of inflammatory cells. (a) Reverse transcription-PCR
of AR signaling-related gene products shows decreased AR and
target gene mRNAs (NKX3.1, PSA) following PSGR overexpression.
N = 2. (b) Co-culture experiments using the stromal cell line WPMY-1
with indicated additional cell lines show increased WPMY-1 PSGR
MRNA expression in the presence of both PSGR-overexpressing
LNCaP cells and the Raw246.7 macrophage cell line (P < 0.0002,
t-test). Bar graph represents mean + standard error of n=3 experi-
ments, each done in triplicate. (c) Co-culture with PSGR-
overexpressing LNCaP cells induced WPMY-1 cell AR mRNA
expression only in the presence of Raw246.7 macrophages
(P<0.06). Bar graph represents mean +standard error of n=3
different experiments, each in triplicate.
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PSGR-NFkB-AR and whether this is a targetable new pathway that
would potentially limit the re-emergence of AR in advanced
prostate cancer, thus inhibiting progression to castration-resistant
prostate cancer.

Our findings also hint at a cooperative role between elevated
PSGR expression and PTEN loss in human prostate cancer
development. We have previously reported that PSGR expression
remains at normal levels in benign prostate hyperplasia tissue but
is frequently elevated in PIN lesions and remains elevated in the
majority of primary and metastatic tumors.'? In contrast, PTEN
expression has been reported to be elevated in PIN lesions, with
heterogeneous expression in primary prostate carcinomas where
frequency of PTEN loss correlated with increasing tumor stage and
grade (24,41-4). From these observations we speculate that PSGR
overexpression may be an earlier event in human prostate cancer
progression, occurring during the benign prostate hyperplasia—
PIN transition and instigating an inflammatory response that
places pressure on the PIN cells to select for PTEN loss. However,
this speculation remains to be tested experimentally.

In conclusion, we present a novel mouse model of prostate
cancer development. By combining a prostate-specific loss of Pten
with transgenic overexpression of PSGR, we generated tumors
with high penetrance that exhibit a robust inflammatory response
and re-emergence of stromal AR expression. Furthermore, our
work shows how these two common human prostate cancer
lesions result in hyperactivation of NF-kB and drive further tumor
progression through several possible mechanisms, potentially
explaining the poorer prognosis observed in human patients with
hyperactivation of these pathways. Finally, our data support
further research investigating PSGR as a potential therapeutic
target in prostate cancer.

MATERIALS AND METHODS
Generation of PSGR/PTEN mouse line

All animal experiments were performed in accordance with an animal use
protocol approved by the IBT Institutional Animal Care and Use Committee.
Mouse lines were created by crossing PSGR transgenic FVB mice with floxed
Pten-Cre transgenic FVB mice (Jackson Laboratory) to produce PSGR/Pten”"-
Cre* mice (PSGR-Pten®*) under an ARR2PB promoter. PSGR-Pten® *mice
were then intercrossed to obtain six different genotypes: Pten”-Cre” (WT),
PSGR-Pten”-Cre” (PSGR-Pten""), Pten”"-Cre* (Pten®), PSGR-Pten”"-Cre*
(PSGR-Pten™*), Pten”-Cre* (Pten®?), PSGR-Pten”-Cre* (PSGR-Pten®). Male
animals were analyzed at 6 and 12 months of age. Littermates were
compared when possible; when not possible, controls were assigned on the
basis of similar age and genetic background. Sample sizes were selected
based on our experience of inter-mouse variability in the PSGR transgenic
line. Exclusion criteria included non-experimental morbidity (that is, severe
fight wounds or sickness other than cancer).

Tissue handling and histology

Prostate tissue was extracted from the surrounding genitourinary system
under the microscope and fixed in zinc formalin for 7 h (Richard-Allan
Scientific). Samples were then dehydrated in graded ethanols (70, 85, 95
and 100%), embedded in paraffin and cut into 5 um sections.

Immunohistochemistry

Samples were processed and stained according to the manufacturer’'s
instructions (Vectastain ABC Kit). Antibodies include: PTEN (Cell Signaling
Technology, Danvers, MA, USA (CST #9559 - 1:100)), pAKT(S473) #4060 (CST
1:200), Ki67 (1:500, Novus Biochemicals (Littleton, CO, USA) #NB110-89719),
a-SMA (Sigma-Aldrich (St Louis, MO, USA) #A7607, 1:1000), E-cadherin (CST
#3195, 1:200), AR (Santa Cruz Biotechnology (SCBT, Santa Cruz, CA, USA)
#N-20, 1:400), p65 (CST #6956 1:200). TUNEL assay performed using
DeadEnd Fluorimetric TUNEL Assay (Promega, Madison, WI, USA; #G3250).
Photomicrographs were taken using a Nikon Eclipse 80i microscope and
acquired using NIS-Elements BR 3.2. Investigators were not blinded during
immunohistochemical analysis.

© 2016 Macmillan Publishers Limited

Real-time PCR

A total of 3 ug of RNA was used to generate cDNA for PCR reactions. PSGR
and AR expression levels were detected using the following primers:
rt-OR51E2-F1:  (5'-TTCCTGCAACTTCACACATGCCAC-3’), rt-OR51E2-R1:
(5'-TGGATGTGGATAAGGCCAGGTCAA-3) and AR-F: (5-GGATAGCTACTC
CGGACCTTAC-3'), AR-R: (5'-GGGTGG AAAGTAATAGTCAATGGG-3).

Cell lines

LNCaP cells were obtained from American Type Culture Collection
(Manassas, VA, USA). LNCaP stable cell lines (LNCaP-Ctrl, LNCaP-PSGR,
LNCaP-NT and LNCaP-shPSGR1.1) were grown in RPMI 1640 media
(Hyclone) with 10% FBS (Atlanta Biologicals, Atlanta, GA, USA). For
overexpression, hPSGR was cloned into a pLVX-zsGreen plasmid (Clontech,
Mountain View, CA, USA) and transfected into 293FT (Invitrogen) cells
together with packaging plasmids pMD2.G and psPAX2 (Addgene,
Cambridge, MA, USA). Media were harvested 24 h later and then used to
infect LNCaP cells. For silencing PSGR, hPSGR-specific short hairpin RNA
sequences were cloned into a pLL3.7 plasmid (Addgene) and the same
transfection/infection procedure was used as for overexpression. Two
different sequences were used: #1F: (TGGCCTGTCTTACCCAGATGTTttc
2agagaAACATCTGGGTAAGACAGGCCTTTTTTC); R:(TCGAGAAAAAAGGCC
TGTCTTACCCAGATGTTtctcttgaaAACATCTGGGTAAGACAGGCCA); and
#2F: (TGTTGCCCATAAGCACATCAGTttcaagagaACTGATGTGCTTATGGG
CAACTTTTTTC); R: (TCGAGAAAAAATTGCCCATAAGCACATCAGTtctcttgaaAC
TGATGTGCTTATGGGCAACA). WPMY-1 prostate stromal cells were pur-
chased from American Type Culture Collection. Raw264.7 cells were a gift
from the Dekai Zhang lab. WPMY-1 and Raw264 cells were grown in DMEM
media (Hyclone) with 10% FBS. Cells were co-cultured in Costar Transwell
permeable chambers with 0.4 um pores (24 and 96 wells; Corning
Incorporated, Corning, NY, USA).

Cell transformation assays

Cell proliferation was measured by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,
5-Diphenyltetrazolium Bromide) analysis (Sigma). A total of 1000 cells
per well were seeded in 96 wells and measured for optical density every
day for 6 days. For cell migration, 5000 cells were seeded in 6-well plates
(in triplicate) and grown until full confluence. Cells were then treated
with 40 pm Mitomycin C (EMD Millipore, Billerica, MA, USA) for 2h
and scratched. Migration was analyzed after 24 and 48 h. Cell invasion
was performed using a Boyden invasion chamber, seeding cells
(2000 cells per well) with low-nutrient Matrigel (BD Biosciences,
San Jose, CA, USA) to stimulate cell invasion. Colony formation was
performed using agar plates (Noble Agar, Sigma-Aldrich) with cells
seeded at a density of 5000 cells per plate, and left to grow for 30 days.
Cell media were changed every 48 h.

Statistical analysis

Data analysis is shown as mean with standard error. Statistical differences
between two groups were compared using two-tailed Welch's t-test due to
unequal variances, as indicated by Fisher's F-test analysis of intra-group
variability. P-values and correlation data were obtained using R statistical
package software. A probability of P <0.05 was considered statistically
significant.
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