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Abstract

Prostate cancer (PCa) constitutes a serious health challenge and remains one of the main causes of cancer-related
death among men. The more aggressive form of the disease has been attributed to androgen independence, resulting
in a lack of response to androgen deprivation therapy and sustained activation of other growth pathways. The scaffold

proteins p-arrestin 1 and 2 (farrl and parr2), which are known to mediate G protein-coupled receptor desensitization and
internalization, were also shown to modulate prostate tumorigenesis. farrl is significantly overexpressed (>4-fold) in PCa
cells relative to pBarr2. In this study, we investigated the effect of parrl overexpression in PCa development and progression
using the mouse and human PCa cell xenografts, and autochthonous transgenic adenocarcinoma of the mouse prostate

(TRAMP) models deficient in f3-arrestin depletion of farrl in TRAMP mice (TRAMP/Barrl~-) increased PCa growth and
decreased overall survival relative to control TRAMP or TRAMP/Barr2-- animals. Prostate tissues from TRAMP/Barr1~"-
tumors displayed an increase in androgen receptor (AR) expression, whereas overexpression of farrl in TRAMP-C1
(TRAMP-C1-Barrl-GFP) which derived from TRAMP decreased AR expression, cell proliferation and tumor growth in nude
mice xenografts, relative to control TRAMP-C1-GFP. Knockdown of Barrl expression in human MDA PCa 2b cells (MDA PCa
2b-Barrl~-) also decreased AR expression cell proliferation and tumor growth relative to control (MDA PCa 2b-Sham) cells.
Interestingly, both TRAMP-C1-Barrl-GFP and MDA PCa 2b-Barrl~- xenografts showed a decrease in AKT phosphorylation
but an increase in MAPK activation. Altogether, the data indicate that the effect of farrl in modulating AR signaling to

regulate PCa aggressiveness is cell and host autonomous.

Introduction

Prostate cancer (PCa) is the most diagnosed cancer and the
second leading cause of cancer-related deaths in American
men (1). The widespread use of prostate-specific antigen
(PSA) screening for PCa since the mid-1980s has increased the
number of diagnoses (2). Fortunately, because PCa is now de-
tected earlier, men are typically diagnosed with less severe
disease. Since the localized disease is curable, early detection
has significantly improved clinical outcomes (1-3). Despite
these promising statistics, in the USA, being of African des-
cent is a significant risk factor for having more severe dis-
ease (Gleason score >7) at diagnosis (3). Social and behavioral
factors may account for some of the striking differences in

PCa severity (4-6). Familial aggregation of PCa cases, how-
ever, supports the notion that development of PCa is, at least
in part, due to genetic factors (7). Studies of the molecular
mechanisms of PCa disparity have also revealed differences in
androgen metabolism and inflammation (8,9). Although con-
centrations of testosterone and dihydrotestosterone (DHT)
are similar within the prostate (10), African American males
(AAM) tend to have higher systemic androgen levels and
greater androgen receptor (AR) expression (10,11). AAM also
expressed higher levels of proangiogenic chemokines which
direct neovascularization of the growing tumor (9,12). In add-
ition, the chemokine scavenger Duffy antigen receptor for
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Abbreviations

AAM African American men

AKT protein kinase B

AR androgen receptor

ERK extracellular signal-regulated kinase

GPCR G protein-coupled receptor

PSA prostate serum antigen

TRAMP transgenic adenocarcinoma of the
mouse prostate

Barrl B-arrestin 1

Barr2 B-arrestin 2

chemokines (DARC) was shown to be relatively absent in PCa
of AAM (12). These observations implicate androgen metab-
olism, angiogenesis and inflammation in PCa progression and
give possible underlying reasons for racial disparity.

Arrestins (Arr-1, Arr-2/farrl, Arr-3/farr2 and Arr-4) are a
family of cytosolic proteins that regulate G protein-coupled re-
ceptor (GPCR) signaling following sustained stimulation with
agonist, a process termed homologous desensitization (13-15).
Arr-1 and Arr-4 are restricted to the visual system, whereas parrl
and parr2 are ubiquitously expressed (15). In addition to GPCRs
downregulation, farrl and parr2 are also involved in many im-
portant cellular functions including cell development, differen-
tiation and chemotaxis (16,17). Several pathways critical to PCa
converge at Barrl and parr2, including androgen metabolism,
angiogenesis and metastasis (18,19). Knockdown of farr1 in PCa
cells was previously shown to decrease AR expression and ac-
tivation, thereby inhibiting tumor development and metastasis
(19). parr2 was also shown to promote AR degradation resulting
in loss of function and possibly, independence from AR signaling
(18). This study was undertaken to determine in vivo the role of
Barrl overexpression in the onset of prostate adenocarcinoma.
The data herein demonstrate that farrl overexpression may
have opposite effect in PCa development, depending on the host
or cell types.

Materials and methods

Materials

The PCa cell lines MDA PCa 2b (CRL-2422), PC3 (CRL-1435), LNCaP (CRL-
1740), DU-145 (HTB-81), EOO6AA (CRL-3277) and TRAMP-C1 (CRL-2730), as
well as the normal prostate cell line RWPE-1 (CRL-11609), were purchased
from American Type Culture Collection (ATCC) (Manassas, VA). The cells
were cytogenetically tested and authenticated using the short tandem re-
peat method before being frozen. All cell-based experiments were carried
out on cells that have been tested and cultured for <12 weeks. Cell culture
and molecular biology reagents, unless otherwise noted were purchased
from Life Technologies (Carlsbad, CA). Human insulin (19298), cholera toxin
(C8052), phosphoethanolamine (P0503), hydrocortisone (H6909), selenious
acid (211176), epidermal growth factor (EGF) (E4127), protease inhibitors
cocktail (P8340), radioimmunoprecipitation assay (RIPA) buffer (R0278) and
puromycin dihydrochloride (P9620) were purchased from Sigma-Aldrich
(St. Louis, MO). RNeasy Mini Kit (74104) was purchased from Qiagen Inc.
(Valencia, CA). XTT Cell Proliferation Assay Kit (30-1011K) was purchased
from ATCC, whereas Geneticin (G418) (11811031), UltraPure LMP agarose
(16520-050) and Lipofectamine 3000 (L3000-015) were purchased from
Invitrogen. Plasmid transfection medium (sc-108062), UltraCruz transfec-
tion reagent (sc-395739), human farrl double nickase plasmid (sc-400642-
NIC), parr2 double nickase plasmid (sc-416686-NIC) and control double
nickase plasmid (sc-437281) were obtained from Santa Cruz (Dallas, TX).
Nude (Nw/J) and transgenic adenocarcinoma of the mouse prostate
(TRAMP C57BL/6) mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). farrl”- and parr2~- mice (C57BL/6) were a generous gift from
Dr R. J. Lefkowitz (Duke University, Durham, NC). Extract-N-Amp Tissue
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PCR Kit was purchased from Sigma. farr2 primers were synthesized by
Invitrogen. Barrl genotyping was performed by Transnetyx (Cordova, TN).

Development of TRAMP/Barrl-- and
TRAMP/Barr2-- mouse models

All experiments and procedures were approved by and conformed to
the guidelines of the Animal Care and Use Committee of North Carolina
Central University, Durham, NC.

Barrl”- or Barr2”- (C57BL/6) mice were bred with TRAMP (C57BL/6)
mice to generate TRAMP/Barrl’- or TRAMP/parr2*~ F1 generations.
TRAMP/Barrl- or TRAMP/Barr2*- mice were subsequently crossed with
Barrl-- or farr2”- mice, respectively, to maintain desired populations.

For genotyping, 1-2 cm sections of mouse tails were incubated
at 55°C for 10 min, followed by 98°C for 3 min per manufacturer’s
protocol to extract DNA (Sigma). Nested primers that were used for
Barr2 amplification are FL21 5-TCTTCAAGAAGTCGAGCCCT-3; FL22
5-ACAGGGTCCACTTTGTCCA-3; FL23 5-GCTAAAGCGCATGCTCCAGA-3".
Primers used for TRAMP transgene SV40Tag were as follows: Forward
5’-CCGGTCGACCGGAAGCTTCCACAAGTGCATTTA-3" and Reverse 5-AGG
CATTCCACCACTGCTCCCATTCATC-3". Primers used for TRAMP trans-
gene rPB CAT were: Forward 5-GCGCTGCTGACTTTCTAAACATAAG-3 and
Reverse 5'-GAGCTCACGTTAAGTTTTGATGTGT-3’ (The Jackson Laboratory).
PCR products were electrophoresed on 1% agarose gel for 40 min. farrl
knockout animals can only be genotyped by Southern blotting (20). For ac-
curate genotyping, mouse tails were sent to Transnetyx (Cordova, TN). By
using real-time PCR, copy numbers of the parrl gene were determined to
identify genotypes of TRAMP mice crossed with parrl~- animals.

Peritoneal recruitment of leukocytes

Zymosan was prepared in phosphate-buffered saline (PBS) to a final
concentration of 1 mg/ml and 1.0 ml was injected into the peritoneum
of control, parrl- and parr2-deficient mice. Mice were euthanized by CO,
asphyxiation and the peritoneal cavity was lavaged at 4-h post-injection
with 8 ml of ice-cold RPMI containing 2% FBS (fetal bovine serum) and
2 mM EDTA (ethylenediaminetetraacetic acid). Cells were collected by
centrifugation, lysed and assayed for f-arrestin expression by western
blotting.

Cell culture

MDA PCa 2b cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM/Ham'’s F12) supplemented with 20% heat-inactivated FBS, 25 ng/
ml cholera toxin, 10 ng/ml EGF, 0.005 mM phosphoethanolamine, 100 pg/
ml hydrocortisone, 45 nM selenious acid, 0.005 mg/ml bovine or human
insulin. LNCaP cells were cultured in RPMI 1640 supplemented with
10% FBS, 10 mM HEPES buffer, 1 mM sodium pyruvate, 1.26 g/L glucose,
100 pg/ml streptomycin and 100 IU/ml penicillin. PC3 cells were cultured
in DMEM/Ham’s F12 medium, supplemented with 10% FBS, 4 mM/L glu-
tamine, 100 pg/ml streptomycin and 100 IU/ml penicillin. TRAMP-C1 cells
were grown in DMEM supplemented with 5% FBS, 5% Nu-Serum IV, 10 nM
dehydroisoandrosterone, 0.005 mg/ml bovine insulin, 1.5 g/L sodium bicar-
bonate, 100 pg/ml streptomycin and 100 IU/ml penicillin. Cell harvesting
was performed using 0.05% Trypsin-EDTA (1x). All cells were maintained
in a 5% CO, air atmosphere.

Knockout and overexpression of arrestins in PCa
cell lines

To generate arrestin knockout in MDA PCa 2b cells, we utilized the
double nickase gene-editing strategy (a D10A-mutated nickase version
of CRISPR/Cas9). Cells (6 x 10°) were initially seeded into a T-25 flask and
allowed to fully attach over 2 days. Cells were then transfected with 6 ng
of either Barrl double nickase plasmid (sc-400642-NIC), farr2 double
nickase plasmid (sc-416686-NIC) or control (Sham) plasmid (sc-437281)
using 18 pl UltraCruz transfection reagent and following protocol as
instructed by the manufacturer (Santa Cruz). Twenty-four hours post-
transfection, GFP (green fluorescent protein)-positive cells were sorted
by flow cytometry and collected cells then placed under 1 pg/ml puro-
mycin antibiotic selection for 5 days to obtain arrestin knockout clones
as well as control (Sham) cells. Cells were assayed and subsequently
used for further experiments. Assayed cells are a combined pool of at
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least three independent selected clones and results validated by con-
ducting knockout (along with corresponding control, Sham) on two sep-
arate occasions.

For overexpression of arrestins in LNCaP, PC3 and TRAMP-C1 cells,
GFP-tagged arrestin constructs on pcDNA3.1 plasmids obtained from
GenScript were utilized. Briefly, 4 x 10° cells were plated overnight in
100 mm? dishes. On the following day, cells were transfected with 40 pg
plasmid containing enhanced GFP alone or GFP-tagged arrestin, using
Lipofectamine 3000 as prescribed by the manufacturer. Twenty-four hours
after transfection, cells were placed under selection using G418 antibiotic
(1 mg/ml for both PC3 and LNCaP; 400 pg/ml for TRAMP-C1) for 4 weeks
to obtain cells stably expressing proteins. Levels of mRNA transcripts and
protein expression were monitored by real-time PCR and western blotting,
respectively. Cells expressing GFP were later sorted by FACS and subse-
quently used for further experiments.

Real-time PCR

For Barrl and parr2 gene expression analysis, total RNA was extracted from
cells following the manufacturer’s protocol (Qiagen). RNA was diluted to
a ratio of 1:1 with reverse transcriptase master mix (2x) and transcribed
to cDNA. gRT-PCR was performed as described previously (20). Data are
represented as fold change in mRNA expression. The experiments were
repeated 3-4 times in triplicate.

Cell proliferation assay

Cell proliferation was determined as described previously (21). Briefly, ad-
herent cells were harvested using trypsin and collected by centrifugation.
Cells (1 x 10%) were seeded in 100 pl of culture media per well in a 96-well
plate and incubated overnight. Activated-XTT solution (50 pl) was added
to cells in each well, and the plate was incubated in 5% CO, incubator
at 37°C for 4 h before obtaining readings. Absorbance was measured at
490 nm using a spectrophotometer. Blank wells were used for background
control.

Wound healing assay

For wound closure assay, 2 x 10* cells in 100 pl media were plated into each
well of a 96-well ImageLock Microplate (Essen BioScience, Ann Arbor, MI,
Cat #4379) and incubated overnight for TRAMP-C1 and 3 days for MDA
PCa 2b cells. By using a 96-pin IncuCyte WoundMaker, the cell monolayer
was gently scratched across the well and washed with growth media to
remove cell debris. Fresh medium (100 pl) was then added, cells incubated
and images of scratched wounds captured at different time points using
the IncuCyte ZOOM® live-cell system (Essen BioScience, Ann Arbor, MI).
Results were analyzed using the IncuCyte software and are presented as
relative wound density.

Soft agar colony assay

As described previously for anchorage-independent growth in a 6-well
plate (22), cells (5 x 10° per well) were suspended in 2 ml of 0.4% agar and
plated on top of a solidified base layer containing 2 ml of 0.6% agar in
complete growth media. Cultures were incubated at 37°C in 5% CO, in-
cubator for 3 weeks, following which colonies were stained using 0.01%
crystal violet solution. Colony images were captured using the Bio-Rad Gel
Doc XR+ imaging system. Each experiment was performed in triplicates
on two independent occasions.

Tumor xenografts

Male athymic nude mice (6-8 weeks) were injected subcutaneously
with cells (5 x 10° cells/mice) resuspended in a 300 pl mix of growth
media and matrigel (1.5:1 ratio). Tumor progression was monitored and
measured over the course of the experiment. After 5-6 weeks, mice
were euthanized by CO, asphyxiation. Tumors were dissected from
mice, weighed and measured with a Thorpe Caliper. Tumor volume
was calculated using the formula: Volume = (d; x d; x d3) x 0.5236
where d represents the three orthogonal diameter measurements (20).
Tumor and tissue specimens were fixed in buffered formalin for further
analysis.

Immunohistochemistry and semi-quantitation

Paraffin-embedded prostate tissue sections from TRAMP, TRAMP/Barrl-
and TRAMP/Barr2”/- mice were dewaxed with xylene and rehydrated
through graded series of alcohol. Tissue sections were treated with 0.10
M citric acid buffer in a heated pressure cooker for 10 min. Slides were
blocked with normal goat serum and overlaid with 1:500 dilution of ei-
ther control (rabbit), anti-Barrl, anti-farr2 or anti-AR antibody overnight
at 4°C. Slides were then rinsed and overlaid with secondary biotinylated
goat anti-rabbit IgG (1:200) and incubated for 60 min. After washing with
PBS, slides were overlaid with a 1:200 dilution of ExtrAvidin-peroxidase
conjugate and incubated for 60 min. DAB (diaminobenzidine) was used
for chromogenic localization of the antigen. After optimal color devel-
opment, sections were washed with sterile water, counterstained with
Mayer’s hematoxylin and dehydrated into the graded series of alcohol and
mounted.

FACS analysis of single-cell isolates from
TRAMP tumors

Prostates were isolated from TRAMP mice (n = 3), minced with scissors to
fine slurry and incubated in digestion buffer (RPMI 1640, 5% FBS, 1 mg/
ml collagenase and 30 pg/ml DNase) at 37°C for 45 min. Single cells were
washed, then cell counts and viability were determined using trypan
blue exclusion on a hemocytometer. Cells (2 x 10°) were resuspended in
FACS analysis buffer and stained with PE (phycoerythrin)-conjugated
anti-mouse CD3, CD4, CD45, CD8a, NKp46 or Ly6 antibodies. Stained cells
were analyzed on a FACScan Flow Cytometer using CellQuest software.
Unstained cells served as negative controls and were used to establish
gating.

Immunoblotting

Rabbit parrl/2 (4674S), parr2 (3857S), GAPDH (2118S), anti-phospho-ERK
% (4370S), anti-ERK % (9102S), anti-phospho-AKT (4058S) and anti-AKT
(9272S) were obtained from Cell Signaling Technologies (Danvers, MA).
Anti-AR (ab133273) and parrl rabbit monoclonal antibody (ab32099) were
purchased from Abcam (Cambridge, MA), whereas anti-GFP (G1544),
anti-mouse IgG (A9044) and anti-rabbit IgG (A9169) were obtained from
Sigma-Aldrich.

For immunoblotting, cell pellets or minced tissues were washed and
lysed in RIPA supplemented with a cocktail of protease inhibitor. Cell or
tissue lysates were cleared by centrifugation for 10 min, protein estimated
and 20-50 pg protein suspended in 4x loading buffer. Samples were boiled
for 5 min and separated by SDS-PAGE. Resolved proteins were transferred
into nitrocellulose paper and probed by using antibodies against the dif-
ferent proteins as indicated.

Statistical analyses

Results are expressed as mean + SEM. Statistical analysis was performed
using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). Differences
between groups were determined using one-way ANOVA or Student’s
t-test (two-tailed), as appropriate. A P value <0.05 was considered statis-
tically significant.

Results

Generation of TRAMP/Barrl~- and
TRAMP/Barr2-/- animal models

To assess in vivo the role of farrl and parr2 in prostate tumor
growth and metastasis, we used the well-established TRAMP
model, in which an rPB-SV40 Tag transgene was constructed to
generate transgenic mice from the C57BL/6 strain (23,24). These
mice develop progressive PCa starting from mild hyperplasia at
8-12 weeks followed by severe hyperplasia, neoplasia and pul-
monary and lymphatic metastatic cancer onset in 24-28 weeks
(20, 24, 26). TRAMP mice were backcrossed with farrl~- or farr2”/-
mice, both of the C57BL/6 strain, to generate TRAMP/Barrl~- and
TRAMP/Barr2”- populations. As shown in Figure 1A, TRAMP
and parr2 genes could be easily amplified using commercially
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Figure 1. Tumor development in TRAMP, TRAMP/Barrl”- and TRAMP/Barr2”- mouse models. (A) Genotyping of TRAMP mice was performed by PCR using commer-
cially available probes for the two transgenes as suggested by The Jackson laboratory. farr2 genotyping was carried as described in Materials and methods. parrl
genotyping was performed by Transnetyx. (B) parrl and farr2 depletion were confirmed by immunoblotting using an anti-farrl/farr2 monoclonal antibody. Data shown
are representative of 3 experiments. (C) Inhibition of farrl promotes prostate tumor development in TRAMP mice. Representative PCa in TRAMP, TRAMP/parrl”- and
TRAMP/Barr2”- mice after 30 weeks. (D) Average tumor weight after 30 weeks. **P < 0.001. (E) For survival rate, TRAMP (n = 12), TRAMP/Barr1”- (n = 10) and TRAMP/Barr2--
(n = 12) were kept in observation up to 55 weeks for mortality. Survival based on natural death or point at which tumors grew to become too large was determined. The

experiments were repeated twice with similar results.

available primers. Genotyping of parrl~- mice was carried out by
Southern blotting or by Transnetyx, an automated genotyping
service. To further confirm the genotyping results, cell lys-
ates were assayed by western blotting for farrl and parr2 ex-
pression using a farrl/2 antibody. As shown in Figure 1B and
Supplementary Figure S3, TRAMP displayed expression of both
Barrl and PBarr2 whereas TRAMP/Barrl’- (middle lane) and
TRAMP/Barr2-- (right lane) were deficient in farrl or pfarr2 ex-
pression, respectively.

TRAMP, TRAMP/Barrl~- and TRAMP/Barr2~- animals were ob-
served for 30 weeks for the onset and progression of orthotopic
tumors (Figure 1C). Tumors from TRAMP/Barrl~- animals were 8
times (6.64 + 1.94 g) the weight of TRAMP (0.78 + 0.26 g) tumors
(Figure 1C, left versus center panel; Figure 1D). The averaged

tumors from TRAMP/Barr2-- mice were similar to that of control
TRAMP (0.58 + 0.11 g; Figure 1C and D).

We next determine the effect of B-arrestin deficiency on
TRAMP mouse survival. As shown in Figure 1E, parrl deletion
caused a significant (P = 0.0013) reduction in the median survival
of TRAMP/Barrl~- mice (~38 weeks) relative to control TRAMP
mice (~44 weeks). TRAMP/fBarr2-- animals displayed a slight but
not significant increase (~46 weeks) in the median survival.

Effect of Barrl depletion on intratumor leukocytes
infiltration

We next analyzed the intratumor leukocyte infiltration of cell
isolates from prostate tumors of TRAMP* and TRAMP*/Barrl~-
mice. As shown in Figure 2, a significant decrease was observed in
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Figure 2. FACS analysis of intratumor-infiltrating leukocyte subpopulations. Single-cell isolates from TRAMP and TRAMP/Barrl~- prostate tumors (n = 3) were stained
for different leukocyte subpopulations: CD3, CD4, CD8, CD45, LY6G and NKp46 and were analyzed by a FACScan flow cytometer using CellQuest software. *P < 0.05;

P <0.01.

tumor-infiltrating CD3+, CD4*, CD8* and CD45* in TRAMP*/Barrl~-
as compared with TRAMP* mice. No significant difference was
found in tumor-infiltrating polymorphonuclear or natural killer
cells as determined by Ly6G and NKp46 staining, respectively.

Overexpression of farrl in TRAMP-C1 cells inhibited
tumor growth

To further investigate the effect of farrl in tumor progression,
we used the TRAMP-C1 tumorigenic cell line that was estab-
lished from the TRAMP mouse model (27). Western blot analysis
revealed a lower expression of farrl in TRAMP-C1 cells as com-
pared with the human PCa cell lines LNCaP (~20-fold), PC3 (~10-
fold) and MDA PCa 2b (~40-fold) (Figure 3A and Supplementary
Figure S1, available at Carcinogenesis Online). A pcDNA3 vector
expressing a GFP tag at the C-terminus was used to generate
TRAMP-C1 cells stably overexpressing farrl (TRAMP-C1-Barrl-
GFP) or GFP alone (TRAMP-C1-GFP). farrl overexpression was
confirmed by western blotting using both parrl- (Figure 3B) and
GFP (data not shown)-specific antibodies. TRAMP-C1-Barr1-GFP
cells displayed significant decrease in cell migration (Figure
3C and D) and anchorage-independent cell growth in soft agar
(Figure 3E), relative to TRAMP-C1-GFP or control TRAMP-C1 cells.

Xenografts in nude mice were used to assess the effect of
Barrl overexpression in TRAMP-C1 cell tumor development. Nude
mice (n = 5) of 6-8 weeks of age were injected with (5 x 10°) con-
trol TRAMP-C1-GFP or TRAMP-C1-Barrl-GFP cells. Heterotopic
tumor growth was monitored and tumor volume was measured.
As shown in Figure 3F, TRAMP-C1-Barrl-GFP cells developed sig-
nificantly smaller tumor xenografts (0.04 + 0.0182 g) as compared
with TRAMP-C1-GFP (0.102 + 0.0132) cells. These data support the
ones obtained with TRAMP/Barr1”- mouse model and indicate that
Barrl expression in the TRAMP system may delay the onset of PCa.

parrl knockdown in MDA PCa 2b cells inhibited
tumor growth

It was previously shown that parrl inhibition in human PCa
cells decreased tumor growth (19). These data contrasted with

the ones obtained with the TRAMP/Barrl”- mouse model or
TRAMP-C1 cells overexpressing farrl (Figures 1 and 3F). To
further assess the effect of farrl in PCa tumorigenesis, we in-
hibited both parrl and parr2 expression in the human MDA PCa
2b cell line, using CRISPR double nickase plasmids with either
Sham vector or vector containing farrl- or farr2-specific tar-
gets. Stable cell lines deficient in farrl (MDA PCa 2b-Barrl™) or
Barr2 (MDA PCa 2b-Barr2”-) were generated and analyzed. As
shown in Figure 4A, expression of parrl and parr2 was reduced
by ~98% in both MDA PCa 2b-farrl”- and MDA PCa 2b-fBarr2-.
MDA PCa 2b-farrl”- cells exhibited significant decrease in cell
proliferation (Figure 4B), cell migration (Figure 4C and D) and
anchorage-independent cell growth in soft agar (Figure 4E), rela-
tive to MDA PCa 2b-fBarr2”- or MDA PCa 2b expressing the vector
alone (MDA PCa 2b-Sham).

Tumor xenografts in nude mice (Figure 4F) also demonstrated
that MDA PCa 2b-farrl”- mice developed significantly smaller
tumors (1.28 + 0.34 g) relative to control MDA PCa 2b-Sham
(4.71 + 0.37 g). MDA PCa 2b-farr2”- showed a slight but not sig-
nificant difference in tumor volume and weight (3.25 + 0.52 g)
relative to control. These data confirm a previously published
report using LNCaP and C4-2 cells deficient in pfarrl expression
(19), but differ from that of TRAMP-farrl”- animals (Figure 1)
but mirrored the ones obtained with TRAMP-C1-Barrl-GFP cells
(Figure 3).

Overexpression of farr2 in LNCaP and PC3 cells showed no
significant difference in tumor growth, relative to control cells
expressing the vector alone (Supplementary Figure S2A and B,
available at Carcinogenesis Online).

Effects of Barrl deletion on tumor expression of AR
and prostate serum antigen

The effect of Barrl depletion on prostate tissue from TRAMP
animals was also analyzed by histological examination of
tumors from TRAMP and TRAMP/Barrl~- mice, using murine
AR. As shown in Figure 5A, TRAMP/Barrl~- prostate showed
a marked increase in AR expression as compared with


http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab021#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab021#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab021#supplementary-data

T.O.Adekoyaetal. | 777

a
&
o]
<
s E
B o 4
- oA A
- {
s § ¢
> 60 < I <
= o o o
€ = [
RS Barrl-GFP
g
£ 20
E e | Barrl

D

== TRAMP-C1
== TRAMP-C1-GFP
== TRAMP-C1-Barri-GFP

1261

100+

U

50

254

Relative Wound Density (%)

0 6 12 18 24 30 36

Time (Hrs)

TRAMP-C1-  TRAMP-C1-
GFP

Number of colonies/well

@0.15

TRAMP-C1- D o0
GFP v b‘ 5]

TRAMP-C1 > 2 oo

2SO e
parrt-GFP  © W - £

 o0.00

Figure 3. Overexpression of farrl in TRAMP-C1 cells inhibits cell proliferation and tumor growth. (A) Western blotting analysis of farrl expression in TRAMP-C1 cells relative to
LNCaP, PC3 and MDA PCa 2b cells. Band density was calculated by Image]J software, normalized for GAPDH expression and are the averages of three experiments. (B) Overexpression
of Barrl in TRAMP-C1 cells using a pcDNA3 plasmid containing a GFP-tagged parrl (TRAMP-C1-Barrl-GFP) or vector alone (TRAMP-C1-GFP). G418-resistant cells were selected and
analyzed by immunoblotting using anti-Barr1 or anti-GFP. (C) For cell migration assays, closure of the wound was continuously monitored using the IncuCyte system until scratches
were closed. Data shown are the representative image of wound healing assay at 0, 12 and 24 h. (D) Graphical quantification of the rate of wound closure expressed as relative
wound density (%). Data shown are representative of two experiments performed in sextuplicates. (E) Colony formation assay was used to determine anchorage-independent
cell growth of TRAMP-C1-Barrl-GFP or control TRAMP-C1-GFP cells. Representative images and graphical quantification of number of colonies were determined after 21 days. (F)
For tumor xenografts, cells (5 x 10° cells) were injected subcutaneously into 6- to 8-week-old nude mice. Mice were euthanized and tumor weight was determined after 6 weeks.
Representative images of dissected tumors and normalized tumor weight are shown. The results are representative of one of the three experiments. *P < 0.05, *P < 0.01, **P < 0.001.



778 | Carcinogenesis, 2021,Vol. 42, No. 5

control TRAMP prostate. Tumor lysates were also assayed by
western blotting and showed a ~4-fold increase (3.8 + 0.48)
in AR expression as compared with TRAMP (Figure 5B and C).
Tumors xenografts from TRAMP-C1 cells overexpressing farrl
(TRAMP-C1-Barrl-GFP) exhibited a significant decrease in AR
(42.95 + 8.74) relative to control TRAMP-C1-GFP cells (100 =
10.98) (Figure 5D and E).

We next assessed the effect of farrl deletion in AR and PSA
expression in MDA PCa 2b tumor xenografts. As shown in Figure
5F and G, MDA PCa 2b-Barrl~- tumors displayed ~80% decrease
in AR expression (20.59 + 1.65) relative to tumors from MDA PCa
2b-Sham cells (100 + 9.85). In contrast, PSA expression in MDA
PCa 2b-Barrl”- tumors increased ~2.3-fold (229.10 + 13.61) rela-
tive to MDA PCa 2b-Sham (100 + 8.00) tumors (Figure S5F and H).

Effects of Barrl in AKT and MAPK activation

To determine the effect of farrl expression in AKT and MAPK
expression and activation, prostate lysates from TRAMP and
TRAMP/parrl”- mice were assayed for total AKT and ERK
as well as phospho-AKT (p-AKT) and phospho-ERK (p-ERK).
TRAMP/Barrl”- tumors showed a ~3-fold increase in AKT ex-
pression (304 = 21) relative to GAPDH, as compared with TRAMP
(100 = 29) (Figure 6A and B). The increase in AKT expression in
TRAMP/Barrl”- tumors, however, correlated with a significant
decrease in AKT phosphorylation (21.35 + 9) as compared with
TRAMP (100 + 3.3) (Figure 6A and C). No significant difference was
found in ERK expression relative to GAPDH (100 + 27 and 87 + 20
for TRAMP/Barrl”- and TRAMP, respectively; Figure 5A and D).
ERK activation, however, decreased by ~40% in TRAMP/Barrl~"-
(63 + 2.3) as compared with TRAMP (100 + 0.1) Figure 5A and E).

We next assayed TRAMP-C1-farrl-GFP and TRAMP-C1-GFP
tumor xenograft lysates for total and phosphorylated AKT and
ERK. No significant difference in AKT and ERK expression was
detected in TRAMP-C1-parrl-GFP relative to control TRAMP-C1-
GFP tumors (Figure 6F). TRAMP-C1-farrl-GFP displayed a sig-
nificant decrease in AKT (37.04 + 6.02; Figure 6F and G) but an
increase in ERK (166.70 + 14.2, Figure 6F and H) phosphorylation,
as compared with TRAMP-C1-GFP (100 + 1.85 and 100 * 6.29, re-
spectively; Figure 6F-H).

Tumor xenografts from MDA PCa 2b-farrl”- also displayed de-
crease in AKT (45.06 + 11.64; Figure 6l and J) and increase in ERK
(159.4 + 4.84, Figure 61, G and K) activation relative to control MDA
PCa 2b-Sham (100 + 13.42 and 100 + 13.70, respectively; Figure 61-K).

Discussion

PCa is a well-studied disease, but yet there are still many un-
knowns with regard to the onset, progression and metastatic
aspects of prostate tumorigenesis (28). In addition, the eventual
transformation from androgen dependent to the more aggres-
sive form of androgen-independent or castration-resistant PCa
has further complicated the molecular understanding of the dis-
ease. Several recent studies have shown that in addition to GPCR
desensitization and downregulation, -arrestins regulate AR ex-
pression and functions thereby modulating PCa development
and prognosis (18,19). farrl was shown to be overexpressed (4-
to 40-fold) in most PCa cell lines relative to farr2 (Supplementary
Figure S1, available at Carcinogenesis Online). To investigate in
vivo the role of farrl overexpression in prostate tumorigen-
esis, we used the well-established TRAMP mouse model of
PCa to generate Parrl-deficient (TRAMP/Barrl”) and pBarr2-
deficient (TRAMP/Barr2’-) TRAMP models. The data herein
indicate that the effect of Barrl in PCa development and pro-
gression may be host-dependent. First, TRAMP/fBarrl~- animals

showed aggressive tumor growth and significantly lower sur-
vival rate relative to control TRAMP or TRAMP/Barr2”- mice.
Second, overexpression of farrl in the murine TRAMP-C1 cells
which were derived from the TRAMP prostate, decreased cell
proliferation and tumor growth in nude mice relative to control
TRAMP-C1 cells (Figure 3). In contrast, knockout of farrl expres-
sion in human MDA PCa 2b cells, decreased cell proliferation
and xenograft tumor growth in nude mice (Figure 4).

The infiltration of immune cells into tumor microenviron-
ment (TME) is a key component of the tumor immunity (29).
Tumor from TRAMP/Barrl”’- model displayed significant de-
crease in tumor-infiltrating lymphocytes (TILs) including
CD4, CDS8, CD3 and CD45, in the TME relative to TRAMP or
TRAMP/Barr2”- mice (Figure 2, data not shown). The decrease of
TILs in TRAMP/Barrl”- mice tumors could be due to defective
leukocyte migration caused by the lack of Barrl/cytoskeleton
molecules scaffolding properties or suppressed the release of
chemoattractive cytokines by the tumor cells (30). Nevertheless,
whether this decrease in T-cell infiltration alone contributes to
the significant difference in tumor development and survival
of TRAMP/Barrl’- mice remains to be investigated. Elevated
levels of T lymphocytes in tumor infiltrates, however, have been
associated with better prognosis due to their antitumor im-
mune responses (31). Yang et al. (32) recently reported that high
intratumoral CD8+ T-cell infiltration is associated with improved
survival in PCa patients undergoing radical prostatectomy.

It was previously reported that Barrl expression in PCa cells
correlates with AR expression and activation (19). Inhibition of
Barrl in the castration-resistant PCa line C2-4 and to a lesser
extent, the androgen-dependent LNCaP cells were shown to de-
crease AR expression thereby suppressing tumor progression
and metastasis (19). Inmunohistochemical and immunoblotting
analysis of prostate tissues from TRAMP/Barrl~- animals, how-
ever, revealed a marked increase in AR expression and nuclear
localization (Figure 5A-C). The reason for this discrepancy re-
mains unclear. AR overexpression, however, has been correlated
to both tumor suppression and tumor progression (33). Thus,
it could be that in the TRAMP mouse model, the axis AR/Barrl
functions as a tumor suppressor. Supporting this contention
is that overexpression of farrl in TRAMP-C1 cells, which were
derived from TRAMP prostate adenocarcinoma, reversed the ef-
fect of Barrl inhibition, resulting in a significant decrease of AR
expression, cell proliferation, colony formation and xenografts
tumor growth (Figures 3, 5D and E). AR has also been shown to
interact with a large number (>300) of cofactors to regulate its
gene transcriptional activity (34,35). Another explanation could
be that in the TRAMP model, AR couples to different cofactors
to modulate prostate tumorigenesis. Indeed, as was the case
for C2-4 and LNCaP cells (19), CRISPR knockout of parrl in the
human MDA PCa 2b cell line decreased AR expression, cell pro-
liferation and tumor growth (Figures 4, 5F and G).

AR inhibition in MDA PCa 2b xenografts correlated with an in-
crease in PSA expression (Figure 5F and H). Several studies have
previously reported the existence of alternative AR-independent
pathways for the control of PSA expression (36). Indeed, sev-
eral transcription factors, including GAGATA-binding protein,
epithelium-specific Ets factor 2 (ESE2) and prostate-derived Ets
factor (PDEF), have been shown to induce PSA expression inde-
pendently of AR activation (37-39). In addition, nuclear farrl was
recently shown to directly interact with a large number of genes,
including AR, to modulate their transcriptional activity (19,40).
Thus, it could be that the loss of the parrl/AR regulatory mech-
anism promoted the effect(s) of other coactivators of androgen-
dependent genes, thereby increasing the expression of PSA.
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Kong et al. (41) recently reported that pfarrl overexpression
in PC3 and DU-145 modulates tumor progression via an AKT/
ERK-dependent pathway. The data herein, however, demon-
strated that alteration of the axis farrl/AR in tumor xenografts
by either overexpression (TRAMP C1-farrl-GFP) or depletion
(MDA PCa 2b-Barrl™”) of parrl, correlated with increase ERK
phosphorylation but decrease AKT activation (Figure 6), cell mi-
gration and tumor progression (Figures 3 and 4). Both reciprocal
and inverse correlation between AKT activation and members of
the MAPK family, including p38 MAPK and ERK has been previ-
ously reported in prostate tumorigenesis (42-44). Malik et al. (44)
have shown that advanced PCa correlates with increased AKT
but decreased ERK activation. Gioeli et al. (45), however, reported
a direct correlation between ERK activation and Gleason score
in prostate tissues. Similarly, tumor lysates from TRAMP/Barr1~-
animals displayed decreased activation of both AKT and ERK,

despite a 3-fold increase in AKT expression, relative to TRAMP
(Figure 6A-E). These data further underscore the variability of
Barrl functions in prostate tumorigenesis, which may be cell-
and host-dependent.

B-arrestins are also known to modulate GPCRs-mediated
downstream effectors activation, including MAPK and PI3K,
to regulate cellular functions. Multiple studies have reported
varying expression levels of several GPCRs among PCa cell lines
(46,47). Thus, it could be that the alternate modulatory effects of
Barrl/AR observed between the TRAMP-C1 and MDA PCa 2b cell
lines are due to differential expression pattern of certain GPCRs
between these cells.

A previous study using prostatectomy samples revealed
a negative correlation between farr2 and AR expression (18).
Inhibition of Barr2 in LNCaP cells was shown to increase AR ac-
tivity and PSA expression (18). Depletion of farr2 expression in
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Figure 6. Effect of farrl on AKT and ERK activation. (A) Tumor lysates from TRAMP and TRAMP/Barrl”- were lysed in RIPA and 40 pg of proteins were analyzed by
western blotting for farrl, AKT, p-AKT, ERK, p-ERK and GAPDH. Graphical representation of band densities of AKT (B) and ERK (D) relative to GAPDH as well as phospho-
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both TRAMP mice (TRAMP/Barr2~-; Figure 1 and Supplementary
Figure S3) and MDA PCa 2b cells (MDA PCa 2b/parr2/-; Figure 4)
showed no significant effect in cell proliferation or tumor de-
velopment compared with control cell (MDA PCa 2b-Sham) or
animal (TRAMP). In addition, overexpression of farr2 in both
LNCaP and PC3 cells also showed no significant effect in tumor
growth (Supplementary Figure S2, available at Carcinogenesis
Online).

In summary, the data herein have shown that parrl expres-
sion modulates prostate tumor development and prognosis.
The ability to suppress or promote tumor growth may depend
on several factors including animal models, type of cells and
TME (48,49). Nuclear parrl was recently shown to induce meta-
bolic reprogramming of PCa cells which drives the expression
of tumor-specific phenotypes including anchorage-independent
growth, migration, invasion and proliferation (50). These data,
together with the pleiotropic effects of parrl on GPCR-mediated
cellular functions, suggest that further studies using different
models of PCa are required for the complete understanding of
Barrl effect in prostate tumorigenesis.

Supplementary material

Supplementary data are available at Carcinogenesis online.
Supplementary Figure S1. farrl and Barr2 expression in PCa
cells. RT-PCR analysis of parrl (A) and parr2 (B) expression in
AA (MDA PCa 2b and EOO6AA) and CA (LNCaP and PC3) relative
to normal prostate cells (RWPE-1). Data shown are from three
experiments carried out in triplicate. **P < 0.01; **P < 0.001. For
western blot analysis of farrl (C) and parr2 (E) expression in PCa
cells, cell lysates (20 pg of proteins) were resolved on a 10% SDS-
PAGE, transferred to nitrocellulose paper and probed with anti-
Barrl or anti-pfarr2 antibodies. Band density was calculated by
Image] software, normalized for GAPDH expression and are the
averages of three experiments (D) and (F) *P < 0.05; **P < 0.005;
***P < 0.001.

Supplementary Figure S2. Overexpression of farr2 in PC-3 and
LNCaP cells had no significant effect in tumor development.
(A) PC-3 cells were stably transfected with pcDNA3-EGFP or
PpCDNA3-EGFP expressing p3-arrestin 2 (pCDNA3-Barr2-GFP) and
overexpression of farr2 was assessed by immunoblotting. Cells
(5 x 10° cells) were injected in 6-week-old nude mice. Twenty-
eight days post-injection mice were euthanized, tumors were
excised and tumor weights were determined. (B) LNCaP cells
were stably transfected with pCDNA3-EGFP or pCDNA3-EGFP ex-
pressing p-arrestin 2 (pCDNA3-Barr2-GFP) and overexpression of
Barr2 was assessed by immunoblotting. Cells (5 x 10° cells) were
injected in 6-week-old nude mice. Six weeks post-injection mice
were euthanized, tumors were excised and tumor weights were
determined. Data shown are representative of two independent
experiments.

Supplementary Figure S3. farrl and parr2 expression in TRAMP,
TRAMP/Barrl”- and TRAMP/Barr2”/- prostate tumors. Tissue
sections from TRAMP, TRAMP/Barrl”- and TRAMP/Barr2~- pros-
tate tumors were immunostained with anti-parrl and anti-Barr2
antibodies. Representative images of two independent experi-
ments are shown. Scale bars: 50 pm.
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