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Simple Summary: Disparity in clinical outcome data due to the biological heterogeneity of prostate
cancer (PCa) has drawn attention to approaches that stratify homogeneous subsets of patients. In
recent years, PCa fusion genes (specifically TMPRSS2-ERG fusion) have been identified as oncogenic
drivers with the potential for patient stratification and as targets for effective prevention/intervention
strategies in drug efficacy trials. In the present study, employing relevant TMPRSS2-ERG (fusion)-
driven and non-TMPRSS2-ERG-driven mouse models of PCa, we report the potential usefulness
of the non-steroidal anti-inflammatory drugs (NSAIDs) aspirin and naproxen specifically against
TMPSS2-ERG fusion-driven prostate tumorigenesis. These findings are consistent with the clinical
observations and warrant further investigation of the molecular mechanisms and utility of NSAID
interventions for precision cancer prevention.

Abstract: The consumption of the non-steroidal anti-inflammatory drug (NSAID) aspirin is associated
with a significant reduction in the risk of developing TMPRSS2-ERG (fusion)-positive prostate cancer
(PCa) compared to fusion-negative PCa in population-based case–control studies; however, no
extensive preclinical studies have been conducted to investigate and confirm these protective benefits.
Thus, the focus of this study was to determine the potential usefulness of aspirin and another
NSAID, naproxen, in PCa prevention, employing preclinical models of both TMPRSS2-ERG (fusion)-
driven (with conditional deletion of Pten) and non-TMPRSS2-ERG-driven (Hi-Myc+/− mice) PCa.
Male mice (n = 25 mice/group) were fed aspirin- (700 and 1400 ppm) and naproxen- (200 and
400 ppm) supplemented diets from (a) 6 weeks until 32 weeks of Hi-Myc+/− mice age; and (b) 1 week
until 20 weeks post-Cre induction in the fusion model. In all NSAID-fed groups, compared to no-
drug controls, there was a significant decrease in higher-grade adenocarcinoma incidence in the
TMPRSS2-ERG (fusion)-driven PCa model. Notably, there were no moderately differentiated (MD)
adenocarcinomas in the dorsolateral prostate of naproxen groups, and its incidence also decreased by
~79–91% in the aspirin cohorts. In contrast, NSAIDs showed little protective effect against prostate
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tumorigenesis in Hi-Myc+/− mice, suggesting that NSAIDs exert a specific protective effect against
TMPRSS2-ERG (fusion)-driven PCa.

Keywords: prostate cancer; TMPRSS2-ERG fusion; Hi-Myc mice; aspirin; naproxen; NSAID

1. Introduction

Population-based case–control studies have highlighted the potential benefits of the
non-steroidal anti-inflammatory drug (NSAID) aspirin intake against the risk of developing
prostate cancer (PCa) [1–3]. Notably, a recent small population-based case–control study
identified an association between aspirin use and a reduction in the transmembrane pro-
tease serine 2-Ets (erythroblastosis virus E26)-related gene [TMPRSS2-ERG] fusion-positive
PCa [2]. Among men reporting current aspirin use, there was a ~37% reduction in the risk
of developing TMPRSS2-ERG-positive PCa, with a stronger risk reduction observed with
longer durations of use [2]. No association with aspirin use was seen in TMPRSS2-ERG-
negative PCa [2]. However, no extensive preclinical efficacy studies have been conducted
to confirm these protective benefits or to investigate the mechanistic basis. Thus, it is imper-
ative to carry out efficacy studies in TMPRSS2-ERG-driven and non-TMPRSS2-ERG-driven
PCa preclinical animal models and examine the antitumor efficacy of aspirin against PCa
development and progression (either dependent or independent of TMPRSS2-ERG fusion
status) and further to assess whether NSAIDs other than aspirin can also confer similar
protective effects against PCa.

The mechanisms that may underlie the preventive activity of aspirin and other NSAIDs
against cancer are complex [4,5]. However, their anti-inflammatory activity, including
inhibition of cyclooxygenases 1 and 2 (COX-1, -2), resulting in a reduction of several
prostaglandins (PGs) as well as thromboxane A, are recognized as potential anti-cancer
mechanisms [4,5]. This may be particularly applicable to PCa, in which inflammation,
although not necessarily a trigger for tumorigenesis, may contribute to tumor progression
mediated by the overexpression of COX-2, particularly in higher-stage PCa [6,7], leading to
the overproduction of the inflammation mediators such as PGs, and thromboxane A [8].
Of note, COX-2, unlike the constitutively active COX-1 enzyme, is inducible by cytokines
and growth factors [7]. Notably, aspirin intake has been associated with gastrointestinal
complications arising from COX-1 inhibition, and various NSAIDs, especially the COX-2
selective inhibitors, have been implicated in human cardiovascular (CV) risk [4,5,9]. Given
that a comparative systematic review identified that in the non-aspirin NSAID users, the
lowest CV risks were associated with naproxen, a non-selective NSAID [9], we decided
to evaluate the chemopreventive efficacy of aspirin as well as naproxen against prostate
tumorigenesis in relevant preclinical models.

The overall objective of the present study was to determine the potential clinical
usefulness of aspirin and naproxen for PCa prevention employing preclinical models
of TMPRSS2-ERG fusion- and Pten loss-driven (given that Pten loss together with the
TMPRSS2-ERG fusion initiate neoplastic events) [10] as well as non-TMPRSS2-ERG-driven
PCa tumorigenesis. Furthermore, extensive studies were performed using these models
to delineate the mechanisms that may be involved in the efficacy of these NSAIDs, and
possible intermediate biomarkers potentially involved in mediating the protective effects
of aspirin and naproxen were critically examined.

2. Materials and Methods
2.1. Animals

Homozygous male and female TMPRSS2-ERG. Ptenflox/flox mice were crossed to gen-
erate TMPRSS2-ERG. Ptenflox/flox mice (breeding pairs were a kind gift from Dr. Yu Chen,
Memorial Sloan-Kettering Cancer Center, New York) [11,12]. At 8 weeks of age, the male
offsprings were administered tamoxifen for Cre-induction as described previously [12].
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Hi-Myc mice [Hi-Myc+/− (ARR2PB-Myc, FVB/N)] were used as a non-TMPRSS2-
ERG fusion-driven PCa model. This mouse model is a spontaneous model of PCa, where
tumorigenesis is Myc-driven (androgen-dependent, prostate-specific ARR2/probasin-cMyc
transgene expression); this model is extensively used in pre-clinical anti-PCa efficacy
studies [13–15]. Cryopreserved Hi-Myc mouse embryos were acquired from NCI and re-
derived. Male Hi-Myc mice were generated by breeding female Hi-Myc+/− with wild-type
FVB male mice (Charles River Labs., Wilmington, MA, USA) as described previously [12].
Animal care and treatments were in accordance with institutional guidelines (Univer-
sity of Colorado Denver Animal Care and Use Committee) under approved protocol #B-
57915(02)1E (approved on 9 August 2016). Mice of the relevant genotype were randomized
into different groups (as and when the litters were available).

2.2. Animal Diets

Throughout the study, all mice were fed a powdered semipurified diet (gamma irradi-
ated modified AIN-76A: Envigo# TD 94096 diet). In the NSAID diet-fed cohorts, one week
after Cre-induction, the control TD 94096 powder diet was switched to a TD 94096 diet
supplemented with different doses (human equivalent doses) of aspirin or naproxen [16].
Treatment drugs were aspirin (Sigma Aldrich, St. Louis, MO, USA: cat# A2093) and
naproxen (TCI Chemicals, Portland, OR, USA: cat# M1021). Aspirin 700 ppm and 1400 ppm
doses were prepared by mixing 0.7 g or 1.4 g of aspirin in 1 kg of powder TD 94096 diet,
respectively. Naproxen 200 ppm and 400 ppm doses were prepared by mixing 0.2 g or
0.4 g of naproxen in 1 kg of the powder diet. The powder was mixed uniformly using the
geometric dilution approach and tumble blending. Since the animal facility was specifically
pathogen-free, all drug-supplemented diets were prepared/mixed under aseptic conditions;
supplemented diets were prepared fresh on the same day of utilization and feeding bowls
were replenished daily with fresh powder-control or NSAID-supplemented diets.

In the TMPRSS2-ERG. Ptenflox/flox efficacy study, 1 week post-Cre-induction (tamoxifen-
induced at 8 weeks of age), mice were initiated on an NSAID-supplemented powder
diet until the end of the study (20 weeks post-Cre-induction or 28 weeks of age). In the
Hi-Myc+/− efficacy study, the NSAID-supplemented diets were fed from 6 weeks of age
until the study endpoint at 32 weeks of age. Animals were permitted free access to food
and drinking water. Animal body weights were recorded weekly, and the animals were
monitored daily for general health. As overall controls, age-matched non-Cre induced
TMPRSS2-ERG. Ptenflox/flox or wild-type (FVB) mice fed either a control diet or NSAID-
supplemented diets (as per the above protocol) were also included in the study and
sacrificed at the study endpoint. The group size was 25 mice for the control and NSAID-
supplemented groups of the PCa models and 7 mice for the non-PCa controls. The efficacy
study design with NSAIDs in the TMPRSS2-ERG-driven and non-TMPRSS2-ERG-driven
(Hi-Myc+/−) PCa models is detailed in Supplementary Table S1.

2.3. Euthanasia and necropsy

Before necropsy, mice were weighed and then humanely euthanized using CO2 as-
phyxiation followed by exsanguination. The lower urogenital tract (LUT), including the
bladder, seminal vesicles, and prostate, were removed en bloc, and the LUT wet weight was
recorded (Supplementary Figure S1). Distinct sections of the prostate, including the anterior
prostate (AP), ventral prostate (VP), and dorsolateral prostate (DLP) lobes, were carefully
extracted and micro-dissected whenever feasible [when the tumor obscured the bound-
aries of lobes, they were taken as such (without micro-dissection)]. The entire prostate
was either formalin-fixed or in some cases dissected in the middle and one portion was
formalin-fixed and the other was snap-frozen and stored at –80 ◦C (for molecular analysis
in future studies).
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2.4. Histopathological and Immunohistochemical Evaluation of Prostatic Tissues

Multiple tissue sections were made from each prostatic tissue/tumor paraffin block.
Serial tissue sections (5 µm thick), after every 5 such sections of paraffin-embedded tissues
(three slides per tissue) were stained with hematoxylin and eosin (H&E) for histopathologi-
cal evaluation. Stained sections were then examined under a microscope, and categorized
according to the Bar Harbor classification of mouse prostate pathology into prostatic hy-
perplasia, prostatic intraepithelial neoplasia (PIN) lesions, microinvasive carcinoma, and
well (WD)/moderately (MD)/poorly differentiated (PD) adenocarcinoma [17–19]. The
maximum histological score for the prostate lobe was used to calculate a mean tumor grade
for the group. Blinded analysis for histopathological data collection was performed only
after an initial review of the possible pathology in these prostate tissues.

For immunohistochemistry (IHC), after deparaffinization, tissue sections were sub-
jected to staining using specific primary/secondary antibodies (based on streptavidin-biotin
system), followed by 3,3′-diaminobenzidine (DAB) staining, as per the guidelines provided
by the manufacturer, and following previously established protocols [18,20]. Primary anti-
bodies used were from Abcam, Waltham, MA, USA; [PCNA (#ab29), ERG (#ab92513), CK5
(3ab52635)], NFκB (#ab16502)]; and Santa Cruz Biotechnology Inc., Dallas, TX, USA; [andro-
gen receptor (#sc816), c-Myc (#sc-40), prostein (#sc393069), PECAM-1/CD-31 (#sc376764),
COX-2 (#sc-1747), COX-1 (#sc-1752), vimentin (V9 #sc-6260), CK8 (#sc-8020); Cell Sig-
naling Technology, Danvers, MA, USA; E-cadherin (#3195), cleaved-caspase 3 (#9661)].
Biotinylated secondary antibodies used were from Dako/Agilent, Santa Clara, CA, USA;
[rabbit anti-mouse (#E0464), rabbit anti-rat (#E0468), and goat anti-rabbit (#E0432)]; and
Santa Cruz Biotechnology Inc., Dallas, TX, USA; [rabbit anti-goat #sc-2774]. Fluorescent
tagged-secondary antibodies used were from Invitrogen, Waltham, MA, USA; [goat anti-
mouse-Alexa Fluor 647 (#A21236), goat anti-rabbit-Alexa Flour 488 (#A11008)]. Since the
most aggressive pathologies were observed in the DLP in both models, the IHC analysis
was mostly conducted on these tissues [12].

2.5. Statistical and Microscopic Analyses

Data were analyzed using Sigma Stat/Graph Pad Prism version 8.0 Software. Two-
sided p values less than 0.05 were considered significant. Fisher’s exact test was applied to
compare the incidence of PIN and adenocarcinoma lesions. Unpaired two-tailed Student’s
t-test or ANOVA was utilized for other data sets. Detailed statistical information for these
assessments is provided in Supplementary Tables S2 and S3. Regarding the IHC studies,
quantifying positive cells involved counting brown-stained cells within the total cell count,
across 5–8 randomly selected fields at a magnification of ×400. This quantification was
then expressed as a percentage of positive cells. The level of immunoreactivity, as indicated
by the intensity of brown staining, was semiquantitatively graded as 0 (no staining), +1
(weak), +2 (moderate), +3 (strong), and +4 (very strong); slight variations in relative
intensity were considered depending upon the specific molecular marker being examined.
This grading system was slightly adapted to accommodate different types of staining
(membrane, cytoplasmic, peri-nuclear, nuclear); further details can be found in the figure
legends where the data are presented.

H-Score analysis for prostein expression was calculated as [% proportion area of the
prostate (positive for prostein expression) × immunoreactivity score (prostein perinuclear
intensity)]. For H-score calculations, the % proportion area was given arbitrary scores
(<1% = 0, ≤2–10% = 1, ≤11–25% = 2, ≤26–50% = 3, ≤51–100% = 4). Variations among
the groups were ascertained through either ANOVA or unpaired t-tests, depending on
relevance, followed by Tukey’s test for conducting multiple comparisons. Mean values
accompanied by their corresponding standard error of the mean (SEM) are presented
to represent quantitative data. Microscopic evaluations were performed using a Zeiss
Axioscope 2 microscope (Carl Zeiss, Jena, Germany). Photomicrographs were captured
using an AxioCam MrC5 camera (Carl Zeiss, Jena, Germany) as shared in relevant figures
and Supplementary Figure S2. Comparative data of IHC analysis in age-matched non-Cre
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induced TMPRSS2-ERG. Ptenflox/flox or wild-type (FVB) control mice fed either a control
diet or NSAID-supplemented diets are shown in Supplementary Figures S3–S6.

3. Results
3.1. Effects of Aspirin and Naproxen Intervention on Cancer Progression in Different Prostate
Lobes of TMPRSS2-ERG Fusion-Driven and Non-Fusion-Driven Hi-Myc+/- PCa Models

No significant difference in body weight gain (LUT weights subtracted) between
the efficacy study mice on control diets and NSAID-supplemented diets was observed.
The overall control groups (no-TAM and WT-FVB mice), either fed with control diet or
NSAID-supplemented diets, showed significantly lower LUT weights compared to their
respective positive controls [(+TAM) and Hi-Myc+/− mice]. There was no difference in
LUT weights of TMPRSS2-ERG Ptenflox/flox (+TAM) mice fed with control diet and NSAID-
supplemented diets (Supplementary Figure S1). On the other hand, while the LUT weights
of the Hi-Myc+/− control mice were similar to mice fed with naproxen (200 and 400 ppm)
and aspirin 700 ppm diets, a slight increase (~1 fold, p ≤ 0.05) in the LUT weight of
aspirin 1400 ppm-fed mice was observed compared to Hi-Myc+/− controls (Supplementary
Figure S1).

With regards to the histopathological evaluation of the harvested prostate, NSAID-fed
TMPRSS2-ERG. Ptenflox/flox (+TAM) mice had a significant decrease in the incidence of
higher-grade adenocarcinoma lesions compared to no-drug controls (but had a higher
incidence of PIN—the nonaggressive pre-neoplastic stage) in DLP (Figure 1A, left panel).
Specifically, the incidence of MD adenocarcinoma in the DLP decreased from ~57% (no-drug
controls) to ~5% (aspirin 700 ppm) and ~12% (aspirin 1400 ppm), signifying a ~79–91%
decrease in MD incidence in the aspirin cohorts (Figure 1C). Markedly, both doses of
naproxen seemed to have a slightly stronger preventive effect than aspirin, as indicated by
a complete absence of MD tumors in DLP compared to no-drug controls. It may be noted
that highly aggressive PD adenocarcinomas were not observed in this mouse model [12].
Importantly, the reduction in the incidence of any type of adenocarcinoma (micro, WD
and MD) was significant at both low and high naproxen dose levels but only significant
for the low aspirin dose and not the high aspirin dose. High-grade PIN (HGPIN) lesions
were concomitantly increased in the NSAID groups; the incidence of HGPIN increased
from ~5% (no-drug controls) to ~48% (aspirin 700 ppm), ~32% (aspirin 1400 ppm), ~50%
(naproxen 200 ppm), and ~38% (naproxen 400 ppm). This observation indicates the arrest
of tumor progression at the lower stages by the NSAIDs evaluated in this study. Notably,
WD adenocarcinoma lesions were also significantly decreased by both NSAIDs; specifically,
naproxen 200 ppm and naproxen 400 ppm decreased the WD incidence from ~29% to
~5% and ~7%, respectively. However, the DLP effects of these NSAIDs were not dose-
related. In the AP lobe, a similar trend was observed; the NSAIDs decreased the incidence
of higher-grade adenocarcinoma lesions (MD) from ~26% (no-drug controls) to ~10%
(aspirin 700 ppm), ~11% (aspirin 1400 ppm), ~4% (naproxen 200 ppm), and ~7% (naproxen
400 ppm). However, there appeared to be an inverted dose response with the higher dose
level of both NSAIDs resulting in a lesser protective effect than the low doses. Since in the
VP, not many aggressive pathologies were observed in the non-drug control group; the
NSAIDs had no significant impact on their incidence.
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Figure 1. Effects of aspirin and naproxen interventions on cancer progression in different prostate
lobes of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc+/− PCa models. NSAID effects
on (A) % incidence of pre-/neoplastic and adenocarcinoma lesions, (B) tumor grades of histopatho-
logical lesions in different prostate lobes of TMPRSS2-ERG. Ptenflox/flox (+TAM) (left-panel), and
Hi-Myc+/− (right-panel) mice. (C) Representative pictographs (×100, H&E images) depicting repre-
sentative histopathological changes in the dorsolateral prostate of TMPRSS2-ERG. Ptenflox/flox (+TAM)
and Hi-Myc+/− mice after aspirin and naproxen interventions. Scale bar represents 100 µm. Doses
used were aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen
400 ppm (N400). The maximum histological score for the prostate lobe was used to calculate a mean
tumor grade for the group. VP, ventral prostate; DLP, dorsolateral prostate; AP, anterior prostate;
LGPIN, low-grade prostatic intraepithelial neoplasia; HGPIN, high-grade prostatic intraepithelial
neoplasia; MIC, micro-invasive carcinoma; WD, well-differentiated (adenocarcinoma); MD, moder-
ately differentiated (adenocarcinoma); PD, poorly differentiated (adenocarcinoma). Quantified data
are represented as Columns (mean for each group): bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01.
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In terms of the effect on % area of prostatic lesions (Figure 2A and Supplementary
Table S2), there was a decrease in DLP % area covered by MD lesions; while both naproxen
dose groups had absolutely no MD lesions, aspirin 700 ppm, and aspirin 1400 ppm interven-
tions decreased the ~13% (no-drug controls) area covered by MD adenocarcinoma lesions
to ~ 0.5% and ~2.4%, respectively; a similar trend was observed for WD lesions. In terms
of effect on tumor grade (Figure 1B, left panel), in DLP, the tumor grade was decreased
from 4.48 ± 0.15 (no-drug controls) to 3.42 ± 0.12 (p ≤ 0.001, aspirin 700 ppm), 3.64 ± 0.13
(p ≤ 0.001, aspirin 1400 ppm), 3.27 ± 0.06 (p ≤ 0.001, naproxen 200 ppm), and 3.29 ± 0.07
(p ≤ 0.001, naproxen 400 ppm). Again, no dose-dependent effects were observed in the
aspirin and naproxen groups with respect to the efficacy against cancer progression; the
high aspirin dose effect was somewhat less than that of the low aspirin dose.
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lobes of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc+/− PCa models. NSAID effects 
Figure 2. Effects of aspirin and naproxen interventions on % area of lesions in different prostate lobes
of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc+/− PCa models. NSAID effects on
% area of different prostate lobes displaying normal, pre-/neoplastic, adenocarcinoma lesions in
(A) TMPRSS2-ERG. Ptenflox/flox (+TAM), and (B) Hi-Myc+/− mice. Doses used were aspirin 700 ppm
(A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen 400 ppm (N400). Data are
presented as the % area of the prostatic lobe of each group. VP, ventral prostate; DLP, dorsolateral
prostate; AP, anterior prostate; LGPIN, low-grade prostatic intraepithelial neoplasia; HGPIN, high-
grade prostatic intraepithelial neoplasia; MIC, micro-invasive carcinoma; WD, well-differentiated
(adenocarcinoma); MD, moderately differentiated (adenocarcinoma); PD, poorly differentiated (ade-
nocarcinoma). Quantified data are represented as Columns (mean for each group): bars represent
SEM. (Statistical data in Supplementary Tables S2 and S3).
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In the Hi-Myc+/− mouse model, all the NSAID diet-fed groups showed little pro-
tective effect against prostate tumorigenesis compared to the control diet-fed Hi-Myc+/−

group. Even though there was a slight decrease in the incidence of PD adenocarcinoma in
DLP (Figure 1A, right panel) (complete absence in aspirin groups and naproxen 400 ppm
group), however, this decrease was not considered biologically significant as the average
prostate area of the PD lesions in control diet-fed Hi-Myc group was only ~2%; inciden-
tally, naproxen 200 ppm did not affect the incidence of PD significantly (Figure 2B and
Supplementary Table S3). Importantly, tumor grade was also only marginally affected in
the NSAID-treated groups (in VP, DLP, and AP) (Figure 1B, right panel). Although the
naproxen 400 ppm dose effect was slightly more efficacious than the naproxen 200 ppm
dose or the aspirin doses, these differences were not statistically significant.

Nonetheless, this differential effect of NSAIDs’ efficacy in fusion-driven versus non-
fusion-driven PCa models suggests that NSAIDs have a specific protective effect against
TMPRSS2-ERG (fusion)-positive PCa, as previously suggested [2].

3.2. Differential Effects of Aspirin and Naproxen Intervention on the Expression of Proliferative
Markers and ETS Transcription Factor (ERG) in the Prostate of TMPRSS2-ERG Fusion-Driven
and Non-Fusion-Driven Hi-Myc+/- PCa Models

Proliferation cell nuclear antigen (PCNA): IHC analysis for PCNA (proliferative index)
revealed that the treatment with NSAIDs (both drugs/doses) significantly decreased the
number of PCNA-positive cells in TMPRSS2-ERG. Ptenflox/flox (+TAM) mouse prostate by
~28–30% (p≤ 0.001) in the aspirin groups and ~22–38% (p≤ 0.01–p≤ 0.001) in the naproxen
groups, but not in the Hi-Myc+/− mice (Figure 3A). The data strongly suggested that
treatment with NSAIDs results in decreased proliferation of PCa tumor cells, specifically
in the TMPRSS2-ERG fusion-positive mice, and thus, corroborated the histopathological
observations, which indicated that the NSAIDs also caused a significant arrest of PCa tumor
progression in TMPRSS2-ERG fusion-positive mice but not in the Hi-Myc+/− mice.

3.2.1. C-Myc

IHC analysis of the proliferative/oncogenic marker, c-Myc, revealed that the treatment
with NSAIDs [naproxen: both 200 and 400 ppm doses (p≤ 0.01 and p≤ 0.001, respectively),
aspirin 700 ppm dose (p ≤ 0.001)] resulted in significant reduction of c-Myc expression
in TMPRSS2-ERG. Ptenflox/flox (+TAM) mouse prostate. In Hi-Myc+/− mice, both doses of
naproxen (200 and 400 ppm) substantially reduced (p ≤ 0.01–p ≤ 0.05) the expression of
c-Myc in the prostate tissue, whereas aspirin treatments had no effect (Figure 3B).

3.2.2. ERG

Changes in ERG expression upon treatment with NSAIDs were investigated by IHC
analysis, indicating ERG expression in TMPRSS2-ERG. Ptenflox/flox (+TAM) mice PCa tissues
was reduced considerably after treatment with NSAIDs [naproxen: both 200 and 400 ppm
doses, aspirin 700 ppm dose (p ≤ 0.001 for all)]. Treatment with aspirin 1400 ppm dose
did not result in any significant decrease in the ERG-positive population (Figure 3C).
Since the ERG protein overexpression is likely due to the TMPRSS2/ERG fusion [21,22],
it is interesting to note that treatment with NSAIDs led to the decreased level of the
fusion gene activity, suppressing the overexpression of ERG and possibly the reduced
expression of ERG-target genes involved in prostate tumorigenesis. Given that ERG was
not overexpressed in the Hi-Myc+/− mice prostate (as reported by us previously) [12], we
did not evaluate the impact of NSAIDs on ERG in that cohort.
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Figure 3. Differential effects of aspirin and naproxen intervention on the expression of proliferative
markers and ETS transcription factor (ERG) in the prostate of TMPRSS2-ERG fusion-driven and non-
fusion-driven Hi-Myc+/− PCa models. NSAID effects on (A) PCNA, (B) c-Myc in dorsolateral prostate
of TMPRSS2-ERG. Ptenflox/flox (+TAM) (left-panel), and Hi-Myc+/− (right-panel) mice. (C) ERG
expression in dorsolateral prostate of TMPRSS2-ERG. Ptenflox/flox (+TAM). Representative pictographs
(×400 magnification) of DAB-stained prostate tissues showing brown-colored positive staining
(PCNA-nuclear, c-Myc-cytoplasmic/nuclear, ERG-nuclear) are shown above each panel. Scale bar
represents 20 µm. Doses used were aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen
200 ppm (N200); naproxen 400 ppm (N400). Age-matched NSAID untreated mice [(No-TAM) and
FVB (WT)] represent respective controls for each strain. Quantified data are represented as Columns
(mean for each group): [TMPRSS2-ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− (untreated and NSAID-
fed) n = 10 tissues/group; No-TAM: n = 4 tissues; FVB (WT): n = 3 tissues; bars represent SEM.
*, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns, p > 0.05.

3.3. Differential Effects of Aspirin and Naproxen Intervention on Angiogenesis and Apoptosis
Markers in the Prostate of TMPRSS2-ERG Fusion-Driven and Non-Fusion-Driven Hi-Myc+/−

PCa Models
3.3.1. CD-31 (PECAM-1)

IHC analysis for angiogenesis marker CD-31 revealed that both aspirin and naproxen
treatments reduced the expression of CD-31 significantly (p ≤ 0.05–p ≤ 0.001) in the Hi-
Myc+/− mouse prostate tissue. However, in the TMPRSS2-ERG. Ptenflox/flox (+TAM) mouse
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model, aspirin and naproxen treatments were not as effective, and only the lower dose
of aspirin (700 ppm, p ≤ 0.01) and the higher dose of naproxen (400 ppm, p ≤ 0.05) were
associated with a significant decrease in CD-31 expression (Figure 4A). Taken together,
these results indicate that while NSAIDs exhibit anti-angiogenic benefits, irrespective of
TMPRSS2-ERG fusion state, the main factor defining their anti-PCa effect does not appear
to involve anti-angiogenic activities but rather significant impact on proliferation, especially
in the fusion-driven prostate tumorigenesis state (compared to no effect on proliferation in
the Hi-Myc+/− mice prostate).Cancers 2023, 15, x FOR PEER REVIEW  11  of  25 
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Figure 4. Differential effects of aspirin and naproxen intervention on angiogenesis and apoptosis
markers in the prostate of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc PCa models.
NSAID effects on (A) CD-31 (PECAM-1) angiogenesis marker, and (B) cleaved-caspase-3 (apoptosis
marker) in dorsolateral prostate of TMPRSS2-ERG. Ptenflox/flox (+TAM) (left-panel), and Hi-Myc+/−

(right-panel) mice. Representative pictographs (×400 magnification) of DAB-stained prostate tis-
sues showing brown-colored positive staining (CD-31: endothelial membrane junction, c-caspase-3:
cytoplasmic/nuclear) are shown above each panel. Scale bar represents 20 µm. Doses used were
aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen 400 ppm
(N400). Age-matched NSAID untreated mice [(No-TAM) and FVB (WT)] represent respective controls
for each strain. Quantified data are represented as Columns (mean for each group): [TMPRSS2-
ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− (untreated and NSAID-fed) n =10 tissues/group; No-TAM:
n = 4 tissues; FVB (WT): n = 3 tissues; bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns,
p > 0.05.

3.3.2. Cleaved Capsase-3

IHC analysis for cleaved caspase-3 was performed to investigate the effect of NSAIDs
on apoptosis induction. Both NSAID treatments (both drugs/doses) increased the number
of cleaved caspase 3-positive cells in both TMPRSS2-ERG. Ptenflox/flox (+TAM) (~1.5–2 folds,
p ≤ 0.01–p ≤ 0.05) and Hi-Myc+/− mouse prostate (~1.6–1.7 folds, p ≤ 0.01) compared to
their no-drug controls (Figure 4B). However, the % of apoptotic cells (though significantly
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increased) was overall very low (~3–5%) in the prostate tissue of these NSAID treated
groups in both mouse models.

3.4. Differential Effects of Aspirin and Naproxen Intervention on the Cell Type Distribution (Basal,
Luminal) in the Prostate of TMPRSS2-ERG Fusion-Driven and Non-Fusion-Driven Hi-Myc+/−

PCa Models
(CK5/CK8) Basal/Luminal Epithelial Cell Markers

Immunofluorescence (IF) staining to investigate the effect of NSAIDs on epithelial cell
type distribution in TMPRSS2-ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− mouse prostates
indicated that both NSAIDs caused a significant decrease (p ≤ 0.01–p ≤ 0.05) in the expres-
sion level of the luminal cell marker CK8 but did not change the expression of basal cell
marker CK5, suggesting that NSAID treatment significantly changes the mean distribution
of the CK5/CK8 population (Figure 5).
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Figure 5. Differential effects of aspirin and naproxen intervention on the cell type distribution (basal,
luminal) in the prostate of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc+/− PCa
models. NSAID effects on the expression pattern (dual immunofluorescence staining) of basal cell
marker CK-5 (green) and luminal cell marker CK-8 (red) in dorsolateral prostate of (A) TMPRSS2-
ERG. Ptenflox/flox (+TAM), and (C) Hi-Myc+/- mice. Nuclei are stained blue with DAPI. Scale bar
represents 50 µm. (B,D) Quantified data for mean fluorescence intensity are represented as Columns
[CK-5 (left panel) and CK-8 (right panel)]: mean for each group from 10 fields (×600) per 2 tissue
sections; bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns, p > 0.05. CK, cytokeratin. Doses
used were aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen
400 ppm (N400).
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3.5. Differential Effects of Aspirin and Naproxen Intervention on the Expression of
Prostate-Specific Solute Carrier Family Member (Prostein) and Androgen Receptor (AR) in the
Prostate of TMPRSS2-ERG Fusion-Driven and Non-Fusion-Driven Hi-Myc+/− PCa Models
3.5.1. Prostein (SLC45A3)

IHC analysis for prostein (SLC45A3) revealed that NSAID treatments (both drugs/doses)
significantly reduced the H-score of prostein expression in prostate tissues in both TMPRSS2-
ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− mouse models (p ≤ 0.05–p ≤ 0.001 for both)
(Figure 6A). Prostein is a prostate-specific protein expressed in normal and malignant
prostate tissues [23,24]. The loss of prostein expression in the prostate is associated with
SLC45A3-ERG gene fusions and unfavorable clinical outcomes [23,24]; however, in our
previously published study [12], we reported overexpression of prostein in both TMPRSS2-
ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− mouse models (regardless of the fusion-driven or
non-fusion-driven PCa). The clinical significance of our current observation could not be
ascertained nor correlated with the differential effects of NSAIDs against fusion-driven vs.
non fusion-driven prostate tumorigenesis in our study.
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Figure 6. Differential effects of aspirin and naproxen intervention on the expression of prostate-
specific solute carrier family member (prostein) and AR in the prostate of TMPRSS2-ERG fusion-
driven and non-fusion-driven Hi-Myc+/− PCa models. NSAID effects on (A) Prostein (SLC45A3), and
(B) Androgen receptor (AR) expression in dorsolateral prostate of TMPRSS2-ERG. Ptenflox/flox (+TAM)
(left-panel), and Hi-Myc+/− (right-panel) mice. Representative pictographs (×400 magnification) of
DAB-stained prostate tissues showing brown-colored positive staining (AR-nuclear intensity and
prostein-peri-nuclear presence) are shown above each panel. Scale bar represents 20 µm. Doses used
were aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen 400 ppm
(N400). Age-matched NSAID untreated mice [(No-TAM) and FVB (WT)] represent respective controls
for each strain. Quantified data are represented as Columns (mean for each group): [TMPRSS2-ERG.
Ptenflox/flox (+TAM) and Hi-Myc+/− (untreated and NSAID-fed) n = 10 tissues/group; No-TAM:
n = 4 tissues; FVB (WT): n = 3 tissues; bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns,
p > 0.05.
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3.5.2. AR

IHC for AR expression revealed that NSAIDs (both drugs/doses) were effective
in significantly reducing (p ≤ 0.01–p ≤ 0.05) the expression levels of AR in TMPRSS2-
ERG. Ptenflox/flox (+TAM) mouse prostate by ~46–66% (in aspirin groups) and ~49–61%
(in naproxen groups). In Hi-Myc+/− mouse prostate, both doses of naproxen (200 and
400 ppm) significantly reduced the AR expression by ~61% (p ≤ 0.01) and ~53% (p ≤ 0.05),
respectively. In contrast, aspirin treatment (both doses) was not associated with a significant
decrease in AR expression (Figure 6B).

3.6. Differential Effects of Aspirin and Naproxen Interventions on the Expression of
Inflammation-Related Markers in the Prostate of TMPRSS2-ERG Fusion-Driven and
Non-Fusion-Driven Hi-Myc+/− PCa Models
3.6.1. NFκb (Total p65)

IHC analysis indicated that NSAID treatments (both drugs/doses) significantly de-
creased the expression of NFκb (total p65) in TMPRSS2-ERG. Ptenflox/flox (+TAM) mouse
prostate by ~27–35% (p ≤ 0.001) in aspirin groups and ~17–20% (p ≤ 0.05–p ≤ 0.001) in
naproxen groups. In Hi-Myc+/− mice, aspirin (700 and 1400 ppm doses) and naproxen
(400 ppm dose) decreased the expression of NFκb (total p65) by ~32–35% (p ≤ 0.01 for both)
and ~24% (p ≤ 0.05), respectively (Figure 7A).

3.6.2. COX-1 and COX-2

NSAID treatments (both drugs/doses) significantly decreased (p ≤ 0.001) the expres-
sion of COX-2 in TMPRSS2-ERG. Ptenflox/flox (+TAM) mouse prostate. Notably, prostate
COX-2 expression in TMPRSS2-ERG. Ptenflox/flox (+TAM) mice was reduced by ~47–58% in
aspirin groups and ~61–66% in naproxen groups. In Hi-Myc+/− mice, aspirin [700 ppm
(p ≤ 0.01) and 1400 ppm dose (p ≤ 0.05)] and naproxen (200 ppm dose, p ≤ 0.05) were
associated with the decreased expression (~36–41%, and ~28%, respectively) of COX-2.
IHC analysis of COX-1 expression indicated that NSAIDs (both drugs/doses) significantly
decreased the expression (p ≤ 0.01- p ≤ 0.001) only in TMPRSS2-ERG. Ptenflox/flox (+TAM)
prostate but not in the Hi-Myc+/− mice (Figure 7B,C).

3.7. Differential Effects of Aspirin and Naproxen Intervention on the Expression of Epithelial to
Mesenchymal Transition Markers in the Prostate of TMPRSS2-ERG Fusion-Driven and
Non-Fusion-Driven Hi-Myc+/− PCa Models
E-Cadherin and Vimentin

IF staining was performed to investigate the effect of NSAIDs on epithelial-mesenchymal
markers in TMPRSS2-ERG. Ptenflox/flox (+TAM) and Hi-Myc+/− mouse prostate. Results
indicated that the treatment with NSAIDs (both drugs/doses) significantly decreased
(p ≤ 0.001) the expression of mesenchymal marker vimentin in TMPRSS2-ERG. Ptenflox/flox

(+TAM) mouse prostate. Concomitantly, there was an increase in the expression of ep-
ithelial marker E-cadherin in TMPRSS2-ERG. Ptenflox/flox (+TAM) by aspirin (1400 ppm
dose, p ≤ 0.05) and naproxen [200 and 400 pm doses, (p ≤ 0.001 for both)]. Treatment with
aspirin 700 ppm dose also increased the expression of E-cadherin, although it did not reach
statistical significance. In the Hi-Myc+/− mouse prostate, vimentin expression was only
decreased by aspirin 1400 ppm dose (p≤ 0.01), while all NSAIDs (both drugs/doses) signif-
icantly increased (p ≤ 0.05–p ≤ 0.001) E-cadherin expression (Figure 8). Taken together, the
results suggested that NSAID treatments decreased epithelial to mesenchymal transition of
prostate tumor cells irrespective of the TMPRSS2-ERG fusion state in PCa.
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Figure 7. Differential effects of aspirin and naproxen intervention on the expression of inflammation-
related markers in the prostate of TMPRSS2-ERG fusion-driven and non-fusion-driven Hi-Myc
PCa models. NSAID effects on (A) NFκB (total p65), (B) COX-2, and (C) COX-1 expression in
dorsolateral prostate of TMPRSS2-ERG. Ptenflox/flox (+TAM) (left-panel), and Hi-Myc+/− (right-
panel) mice. Representative pictographs (×400 magnification) of DAB-stained prostate tissues
showing brown-colored positive staining (NFκB—cytoplasmic/nuclear intensity, COX-2, and COX-1:
cytoplasmic intensity) are shown above each panel. Scale bar represents 20 µm. Doses used were
aspirin 700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen 400 ppm
(N400). Age matched-NSAID untreated mice [(No-TAM) and FVB (WT)] represent respective controls
for each strain. Quantified data are represented as Columns (mean for each group): [TMPRSS2-ERG.
Ptenflox/flox (+TAM) and Hi-Myc+/− (untreated and NSAID-fed) n = 10 tissues/group; No-TAM: n = 4
tissues; FVB (WT): n = 3 tissues; bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns, p > 0.05.
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Figure 8. Differential effects of aspirin and naproxen intervention on the expression of epithelial to
mesenchymal transition markers in the prostate of TMPRSS2-ERG fusion-driven and non-fusion-
driven Hi-Myc+/− PCa models. NSAID effects on the expression pattern (dual immunofluorescence
staining) of E-cadherin (green) and vimentin (red) in dorsolateral prostate of (A) TMPRSS2-ERG.
Ptenflox/flox (+TAM), and (C) Hi-Myc+/− mice. Nuclei are stained blue with DAPI. Scale bar represents
50 µm. (B,D) Quantified data for mean fluorescence intensity are represented as Columns [E-cadherin
(left panel) and vimentin (right panel)]: mean for each group from 10 fields (×600) per 2 tissue
sections; bars represent SEM. *, p ≤ 0.001; #, p ≤ 0.01; $, p ≤ 0.05; ns, p > 0.05. Doses used were aspirin
700 ppm (A700); aspirin 1400 ppm (A1400); naproxen 200 ppm (N200); naproxen 400 ppm (N400).
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4. Discussion

The American Cancer Society statistical estimates indicate that in 2023, there will
be 288,300 new PCa cases and ~34,700 deaths associated with PCa [25]. While a few
natural and synthetic drug strategies showed preventive and therapeutic benefits against
PCa in preclinical models, most of these agents failed to replicate the protective benefits
in clinical studies [26–29]. One major limitation of clinical prevention studies could be
that it takes a considerably long time (decades) for precursor PCa lesions to advance to
clinically overt disease stages. As such, it is critical to identify a clinical cohort in which
PCa-specific regimens can be evaluated for PCa preventive efficacy long before there are any
signs of the disease. Several population-based studies have previously shown a potential
relationship between long-term usage/intake of specific drugs and PCa incidence and
severity. Interestingly, some of these PCa studies, while focusing on the same agent, have
often shown conflicting results [3,27,28,30–35]. This suggests the impact of different study
populations and thus highlights the need for more specific target cohort selection strategies
that have the ability to stratify more homogeneous subsets of individuals at risk for PCa, as
heterogeneity of this disease (in clinical/molecular features) can significantly impact the
study outcomes [36].

One notable scientific breakthrough in recent times that has the potential to overcome
the observed disparity in data outcomes due to study cohort heterogeneity is the identi-
fication of PCa fusion genes involving the promoter of transmembrane protease serine 2
(TMPRSS2-prostate-specific and androgen-responsive) fused with the coding sequence of
Ets gene family members as oncogenic drivers [36–38]. The most common of these fusions
is with ERG, an Ets family member, resulting in TMPRSS2-ERG fusions, identified in ap-
proximately 50% of PCa cases [36–38]. Under the control of androgen-sensitive-promoter
elements of TMPRSS2, the resultant gene fusion leads to the expression of Ets transcription
factors [36]. Thus, these gene fusions, specifically TMPRSS2-ERG fusions, could be used as
targets for effective prevention/intervention strategies and stratification of homogenous
PCa patient populations in drug efficacy trials [36,37]. This is indeed an important discov-
ery, as it could help us revisit the efficacy outcomes of potential anti-PCa drugs from a new
perspective; specifically if differential outcomes have been reported in clinical trials carried
out at different centers, such as those reported for NSAIDs use in PCa [35,39].

For the past several years, pre-clinical studies have strongly supported the protective
benefits of NSAIDs for PCa prevention [5]. However, results from epidemiological and
clinical studies have been inconclusive. While some studies reported an inverse relationship
between NSAID use and PCa risk, other population-based studies have shown either no
benefits or increased PCa risk [3,30–35]. For example, the Finnish Prostate Cancer Screening
trial, which examined NSAID use and PCa risk in 78,615 men, reported increased PCa risk
in current NSAID users, while previous use of NSAIDs, including aspirin use, was not
associated with PCa [35]. Similarly, in the VITamins And Lifestyle cohort study [30], no
significant association between low-dose/regular dose aspirin or other non-aspirin NSAIDs
use in the previous decade and PCa risk was observed, although there was a trend towards
an inverse association between regular dose aspirin intake and risk of high-grade PCa [30].
On the other hand, the Cancer Prevention Study II Nutrition Cohort reported that daily
aspirin use for at least 5 years was associated with a 15% risk reduction of PCa [31]. This is
in agreement with another study which reported a significant correlation between daily
aspirin intake (past 1 year) and lower risk of highly aggressive PCa tumors (Gleason score
≥7 or Stage III or IV PCa) and between different NSAID use and lower risk of PCa tumors
with a Gleason score of 7 or higher [3]. Interestingly, a combination strategy of weekly
calcitriol (45 µg per week) and daily naproxen (375 mg, twice daily) in a phase II trial
of PCa patients, who had a biochemical recurrence based on increasing prostate-specific
antigen (PSA) levels, showed an increase in PSA doubling time in 75% of the patients [40].
A population-based case–control study EPICAP conducted in France that enrolled newly
diagnosed PCa patients (<75 years of age) and age-matched male controls demonstrated
a significant association between NSAID use and reduced PCa risk (~23% reduction in
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PCa risk) [3]. Specifically, non-aspirin NSAID use showed protective benefits against
aggressive PCa, including PCa associated with prior history of prostatitis [3]. Several
meta-analysis studies [32], which have been conducted to investigate these conflicting
results, have affirmed the positive benefits of NSAID use against PCa (i.e., NSAID use
is inversely related to PCa incidence and PCa-specific mortality) and have attributed the
negative results to a lack of data on drug dosage/duration of use.

Interestingly and highly relevant to the present study are the outcomes from a
population-based case–control study which reported that aspirin users showed a ~37%
reduction in the risk of developing TMPRSS2-ERG-positive PCa, and that the risk reduction
was stronger with a longer duration of aspirin use [2]. Notably, the study reported no asso-
ciation of aspirin use with TMPRSS2-ERG-negative PCa [2]. This is an important finding, as
it brings into focus the importance of patient stratification based on TMPRSS2-ERG fusion
positivity, which was not known earlier and thus was not a selection criterion in patient
accrual in the previous trials or case studies looking into NSAID efficacy against PCa. In
light of this background, we recently characterized and compared the stage-specific pro-
gression of PCa under both TMPRSS2-ERG fusion-driven and non-fusion-driven states [12]
so that a relevant pre-clinical model could be utilized to address some of the unanswered
questions related to the efficacy of NSAIDs against PCa. In that study, we reported that
the time-based growth and progression events occur at different rates in the fusion-driven
and non-fusion-driven PCa models [12]. Another important outcome from the previous
characterization study was a significant increase in the infiltration of immune cells in the
TMPRSS2-ERG fusion-positive tumors, including a stage-specific increase, compared to
fusion-negative tumors in preclinical PCa mouse models [12]. This observation is sup-
ported by the fact that previous preclinical in vitro studies have reported the induction of
TMPRSS2-ERG gene rearrangements in TMPRSS2-ERG fusion-negative PCa cells by stress,
such as exposure to inflammatory cytokines, oxidative stress, and ionizing radiation [41–43].
Given that fusion-driven PCa could be associated with significant inflammatory triggers
arising from the immune-rich tumor niche, there lies the possibility that NSAID drugs,
such as aspirin and other non-aspirin NSAIDs, due to their ani-inflammatory effect, could
be more effective in TMPRSS2-ERG fusion-positive PCa. This hypothesis also strongly
supports the previous clinical observations that NSAIDs have protective benefits against
PCa associated with prostatitis.

Notably, in the present study, treatment with both NSAIDs, aspirin and naproxen,
showed strong efficacy in reducing prostate tumorigenesis in the TMPRSS2-ERG-driven
PCa model (although there was no dose-dependent effect), but not in the non-TMPRSS2-
ERG-driven (Hi-Myc+/− mouse) PCa model. The lack of dose-dependent effect indicates
that an optimum effect against fusion-driven PCa is achievable with lower doses of both
NSAIDs and that increasing the doses may not necessarily increase efficacy. From the
molecular analysis (IHC-based evaluation) of the prostate tissue samples, differential
molecular effects of NSAIDs treatment in both mouse models were observed; however,
the biological basis of the strong efficacy of both aspirin and naproxen treatments in
reducing prostate tumorigenesis in only the TMPSS2-ERG fusion-driven PCa model could
not be ascertained. Given that the promoter elements of TMPRSS2 are androgen-sensitive
and that as a result of TMPRSS2-ERG fusion, the androgen-bound androgen receptor
binds to TMPRSS2 regions, and the downstream cascade of events is initiated for ERG
overexpression [36]; thus, there is a considerable likelihood that the NSAID-mediated
decrease in AR expression could also be an important factor impacting the inhibitory
effect of NSAIDs on fusion-driven PCa. Both NSAIDs exhibited anti-angiogenic benefits
irrespective of the TMPRSS2-ERG-fusion state. Still, the main factor defining their anti-PCa
effects, relative to TMPRSS2-ERG-fusion positivity, appears to be the ability of the NSAIDs
to significantly affect the proliferative growth phase of the fusion-positive tumors. There is
also a possibility that the lack of efficacy in the Hi-Myc model may be due to the inability
of NSAIDs to interfere with the molecular mechanisms underlying PCa carcinogenesis
in that model. However, the possibility that the very strong tumorigenic stimulus of
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the overexpression of Myc in Hi-Myc+/− mouse could result in insensitivity to NSAID-
inhibition of PCa formation is negated by the fact that there is also increased expression of
c-Myc in TMPRSS2-ERG-driven PCa model [12]. Results also indicated that even though
NSAID treated tumors showed relatively higher apoptotic cells compared to untreated
tumors, the apoptotic cells were overall very miniscule in number; thus, the anti-PCa
effect exhibited against TMPRSS2-ERG fusion-positive tumors by the NSAIDs did not
involve apoptosis.

Importantly, compared to aspirin, naproxen showed relatively more protective benefits
against TMPSS2-ERG fusion-driven prostate tumorigenesis. This could be attributed, at
least in part, to its more significant inhibitory effect on the inflammatory trigger molecule
(COX-2), as COX-2 has been reported to be overexpressed in PCa, and its higher/aberrant ex-
pression has been implicated in PCa growth and progression as well as poor prognosis [6,7].
Among the inflammatory markers studied here, a strong differential inhibition was ob-
served for COX-1. In the Hi-Myc model, no effect was observed for either NSAIDs. This
contrasts with the strong inhibition of COX-2 seen for both NSAIDs in both models. Fur-
ther studies on this pathway may shed light on the molecular mechanism for this effect.
Additional studies are warranted to critically assess the effects of the NSAIDs on inflam-
matory signaling pathways and inflammatory/immune cell type infiltration-subtype in
the prostate tissue and to elucidate the mechanistic reason behind the preventive efficacy
of NSAIDs and seemingly superior efficacy of non-aspirin NSAID naproxen compared to
aspirin in the TMPSS2-ERG-driven PCa model, but not in the non-TMPRSS2-ERG-driven
PCa model.

5. Conclusions

Overall, the study outcomes from the present study are the first of its kind to indicate
the benefits of NSAIDs, specifically against TMPSS2-ERG fusion-driven prostate tumorige-
nesis, which could help in patient stratification in future PCa clinical trials. Although there
were some differential molecular effects of NSAID treatments in both mouse models, these
molecular changes could not collectively establish the biological basis of the strong efficacy
of both aspirin and naproxen NSAID treatments in reducing PCa tumorigenesis in only
the TMPSS2-ERG fusion-driven prostate cancer model and not in the non-fusion-driven
PCa model.
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PCa prostate cancer
TMPRSS2 transmembrane protease serine 2
Ets erythroblastosis virus E26
ERG Ets related gene
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PIN prostatic intraepithelial neoplasia
LGPIN low-grade PIN
HGPIN high-grade PIN
WD well differentiated
MD moderately differentiated
PD poorly differentiated
PCNA proliferation cell nuclear antigen
PECAM-1/CD-31 platelet endothelial cell adhesion molecule-1
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