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ABSTRACT

Clinical management of castration-resistant prostate cancer (CRPC) resulting from androgen deprivation therapy
(ADT) remains challenging. Many studies indicate that androgen receptor splice variants (ARVs) play a critical
role in the development of CRPC, including resistance to the new generation of inhibitors of androgen receptor
(AR) action. ARVs are constitutively active and lack the ligand-binding domain (LBD), thereby allowing prostate
cancer (PC) to maintain AR activity despite therapies that target the AR (full-length AR; AR-FL). Previously, we
have reported that long-term ADT increases the neuroendocrine (NE) hormone — Gastrin Releasing Peptide (GRP)
and its receptor (GRP-R) expression in PC cells. Further, we demonstrated that activation of GRP/GRP-R
signaling increases ARVs expression by activating NF-kB signaling, thereby promoting cancer progression to
CRPC. Most importantly, as a cell surface protein, GRP-R is easily targeted by drugs to block GRP/GRP-R
signaling. In this study, we tested if blocking GRP/GRP-R signaling by targeting GRP-R using GRP-R antago-
nist is sufficient to control CRPC progression. Our studies show that blocking GRP/GRP-R signaling by targeting
GRP-R using RC-3095, a selective GRP-R antagonist, efficiently inhibits NF-xB activity and ARVs (AR-V7)
expression in CRPC and therapy-induced NEPC (tNEPC) cells. In addition, blocking of GRP/GRP-R signaling by
targeting GRP-R can sensitize CRPC cells to anti-androgen treatment (such as MDV3100). Further, preclinical
animal studies indicate combination of GRP-R antagonist (targeting ARVs) with anti-androgen (targeting AR-FL)
is sufficient to inhibit CRPC and tNEPC tumor growth.

Introduction

Significance

Antiandrogen treatment of PC cells induces NED and reprograms

approach to control CRPC tumor growth.

If prostate cancer (PC) remains localized, therapy such as prosta-
tectomy or radiation therapy can cure the patient. Since PC is an

cancer cells to colonize and grow in the bone microenvironment. androgen-dependent disease, androgen deprivation therapy (ADT) is the
Blocking of GRP/GRP-R signaling can sensitize CRPC cells to anti- standard of care for initial systemic treatment of metastatic and recur-
androgen treatment by decreasing ARVs expression. Combination rent PC [1-3]. ADT, in the majority of PC patients, results in initial
of ADT with blocking of GRP/GRP-R signaling is a potential new regression of disease and a dramatic decrease in serum PSA. Despite the

success of androgen blockade, including new generation of
anti-androgens, nearly all patients eventually progress to
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castration-resistant prostate cancer (CRPC). Many studies have demon-
strated that failure to the new generation of anti-androgens, such as

Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license


mailto:renjie.jin@vumc.org
www.sciencedirect.com/science/journal/19365233
https://www.elsevier.com/locate/tranon
https://doi.org/10.1016/j.tranon.2021.101213
https://doi.org/10.1016/j.tranon.2021.101213
https://doi.org/10.1016/j.tranon.2021.101213
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2021.101213&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

T.C. Case et al.

abiraterone acetate or enzalutamide, appears to be mediated through
the induction of AR splice variants (ARVs) [4-8]. ARVs, which lack the
ligand-binding domain (LBD), are constitutively active in the absence of
ligand, thereby allowing CRPC to maintain AR activity. Therefore, the
traditional androgen-ablation therapy [9], such as luteinizing
hormone-releasing hormone analogs that block the production of
testicular androgens and/or LBD targeted AR blockers alone cannot
inhibit ARVs activation to control advanced PC.

Recently, neuroendocrine differentiation (NED) has become
increasingly recognized as a mechanism that allows transdifferentiation
of PC cells to escape ADT, including resistant to new generation of anti-
androgen therapies [10-15]. Although a de novo clinical presentation of
small cell NE carcinoma of the prostate is rare, a subset of patients
previously diagnosed with prostate adenocarcinoma may develop
neuroendocrine features in later stages of CRPC progression as a result of
treatment resistance. Despite sharing clinical, histologic, and some
molecular features with other NE carcinomas, including small cell lung
cancer, castration-resistant neuroendocrine prostate cancer (CRPC-NE)
is clonally derived from prostate adenocarcinoma. A clinical study
shows that NED is positive in up to 52% of PC patients with bone
metastasis [16]. Most recently, Aggarwal and colleagues have reported
that prostatic metastatic bone cancer is made up of about 10-15% NEPC
(small cell carcinoma) which is histologically similar to NE prostate
cancer (NEPC) metastasis to the lung and liver [17]. Regardless NEPC
develops from primary NE cells or prostatic adenocarcinoma cells that
transdifferentiate to therapy-induced NEPC (tNEPC), the tumors express
NE markers [11,18,19], NEPC/NED has a more aggressive clinical
behavior, an unfavorable prognosis, and is a non-curable disease [20].
Therefore, developing a new treatment for CRPC and NEPC/NED is a
critical challenge.

Previously, we have demonstrated that activation of GRP/GRP-R
signaling increases NF-kB activity and ARVs expression thereby
contributing to progression to CRPC [21]. These findings strongly
indicate that GRP/GRP-R signaling is a potential target to control CRPC.
GRP is a 27-amino acid neuropeptide that is the mammalian homologue
of the linear tetradecapeptide bombesin (BN) originally isolated from
the skin of frogs. It shares homology with BN at the amidated C-terminal
sequence in the final 7 amino acids [22,23]. The GRP-R is the receptor to
which GRP and BN bind with a high affinity [22,23]. Most important,
our studies show that GRP-R expression is increased in both of human
prostate adenocarcinoma and NEPC [21]. As a cell surface protein,
GRP-R is easily targeted by drugs to block GRP/GRP-R signaling.

In this study, we tested if blocking of GRP/GRP-R signaling by tar-
geting GRP-R using GRP-R antagonist is sufficient to control CRPC and
anti-androgen induced bone growing NEPC/NED. We demonstrated that
blocking of GRP/GRP-R signaling by targeting GRP-R can sensitize
CRPC cells to anti-androgen treatment by decreasing ARVs expression in
PC cells. Further, combination of GRP-R antagonist (targeting ARVs)
with anti-androgen (targeting AR-FL) is sufficient to inhibit tumor
growth in CRPC and therapy-induced (t)NEPC mouse xenograft models.

Materials and methods
Cell culture and materials

The human prostate carcinoma cell line LNCaP and 22RV1 were
obtained from the ATCC (Manassas, VA). LNCaP-MDV cells were
generated by treating LNCaP cells with MDV3100 (10~°M) for more
than 3 months (named LNCaP-MDV) and maintained in the regular
culture medium with MDV3100 (10~°M) for further studies. Cells were
maintained at 37°C in a humidified atmosphere of 5% CO; in the air and
were tested for contamination within the past 6 months using a Myco-
plasma Detection Kit (Southern Biotech). Cell lines were routinely
cultured in RPMI 1640 (Gibco-BRL) medium containing 5% fetal calf
serum (FBS) (Hyclone), 0.1% Insulin-Transferrin-Selenium (ITS) and
0.1% Glutamine (Gibco-BRL). The following reagents were purchased
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for in vitro and in vivo experiments: RC3095 (a selective GRP-R antago-
nist; Sigma-Aldrich) and MDV3100 (an AR antagonist; Sigma).

Reverse transcription and real-time PCR

Total RNAs from experimental cells were extracted using Trizol
(Gibco-BRL), and residual genomic DNA was removed by DNasel
(Invitrogen) treatment. The RNAs were reverse transcribed using
random primers and Superscript II (Gibco-BRL) according to the man-
ufacturer’s protocol. The primers used to amplify wild-type AR (AR-FL)
were 5-TTCGAATGAACTACATCAAGGAACTCGATCG-3' (forward), 5'-
TTGGGCACTTGCACAGAGAT-3' (reverse); primers of AR-V7 were 5’-
CCATCTTGTCGTCTTCGGAAATGTTATGAAGC-3’ (forward), 5-
TTTGAATGAGGCAAGTCAGCCTTTCT-3’ (reverse) [5]; primers of
Neuron-Specific Enolase (NSE) were 5’-GAACTATCCTGTGGTCTCC-3’
(forward), 5°- CGACATTGGCTGTGAACTTG-3’ (reverse); primers of
Synaptophysin were 5’-TCAGTTCCGGGTGGTCAAG-3’ (forward), 5’-
AAGACCCATTGCAGCACCTT-3’ (reverse); primers of Chromogranin A
were 5’-TCCAAGGCGCCAAGGA-3’ (forward), 5- CATCTT-
CAAAACCGCTGTGTTTC-3" (reverse); primers of GAPDH were
5’-CCATGGAGAAGGCTGGGG-3’ (forward), 5- CAAAGTTGTCATG-
GATGACC-3’ (reverse). Real-time qPCR reactions were carried out in a
20p1 volume using a 96-well plate format and fluorescence was detected
utilizing the Bio-Rad I-Cycler IQ Real-time detection system. Gene
expression was normalized to GAPDH (housekeeping gene) by the
2AACt hethod [24]. The values plotted represent the mean of at least
three individual samples + SD.

Western blot analysis

Whole cell lysate was extracted from experimental cells. A 20ug
aliquot of each protein sample was separated on a 4 to 12% Tris-glycine
gradient gel (NOVEXTM), and then transferred to nitrocellulose mem-
branes (Schleicher & Schuell, Germany). The membranes were blocked
with 5% skim milk in TBS-T (Trypsin buffered saline, 1% Tween-20)
buffer. The AR (N20, Santa Cruz), AR-V7 (Precision), Synaptophysin
(Abcam) antibodies were added, and the blots were incubated o/n in 4
C°. After washing three times for 10 min each in TBS-T, incubation was
performed for 1 h with the secondary horseradish-peroxidase-
conjugated anti-rabbit/anti-mouse antibody. f-actin was used as the
loading control. The signals were developed by an ECL detection system
(Amersham Biosciences, Amersham, USA).

Transient transfection assay

The NGL vector [a NF-kB responsive reporter vector which has
Luciferase and Green Fluorescent Protein (GFP) reporter genes] [25]
was used to measure NF-kB activity and the ARRyPB-Luc vector (an AR
responsive reporter vector) [26] was used to measure AR activity in the
PC cells by transient transfection experiments. Cells were plated at an
initial density of 2.5 x 10*/well in 24-well tissue culture plates. After 24
h, the cells were transfected with NGL/ARR,PB-Luc vectors using Lip-
ofectamine (Invitrogen) for four hours according to the manufacturer’s
protocol. Luciferase activity was determined using the Promega Corp
luciferase assay system 24 h after treatment with RC3095 and/or
MDV3100. The transfection efficiency was determined by
co-transfecting pRL-CMV containing the Renilla luciferase reporter gene
(Promega). The values plotted represent the mean of at least three in-
dividual samples + SD.

Proliferation assay

Experimental cells were plated in a 96-well plate (1 x 10%/well).
After 24 h, the cells were treated with or without different combination
of drugs (MDV3100 or RC3095) in different concentration. MTT assay
was performed at 48 h after the cells had been treated with referenced
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Fig. 1. Long-term ADT reprogrammed PC cells to enable cancer cells to grow in the bone microenvironment. (A) Morphological changes in LNCaP and those
treated with MDV3100 (LNCaP-MDV) when observed by light microscopy. (B, C and D) NE markers (Chromogranin A, Synaptophysin and Neuron Specific Enolase),
full-length AR (AR-Full) and AR-V7 expression were determined by qPCR. (E) AR-Full (SC, N-20 antibody), AR-V7 and Synaptophysin (Syn) expression were
determined by WB. (F & G) LNCaP and LNCaP-MDV (Gc to f) were grafted into the mouse bones by intratibial injection. Tumor formation (red circle) was determined
(8 weeks after grafting) by small animal X-ray radiograph imaging (F), H&E and IHC staining of AR, and AR-V7 (Ga,b: LNCaP negative; Gc to f: LNCaP-MDV). Arrow
in Gb: bone marrow (blue); in Gd: new bone (black), tumor cells (green). Statistical significance was determined by student’s t-test. ** p <0.001.

drugs. All of the measurements were carried out in triplicate.

CRPC xenograft mouse model

All animal studies were carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory An-
imals of the National Institutes of Health. The protocol was approved by
the Vanderbilt Institutional Animal Care & Use Committee (Permit
Number: M1600233). 1) CRPC xenograft mouse model was generated by
injection of 22RV1 cells (1 x 10° cells) subcutaneously into the right
flank of 6 -to 7 weeks old male athymic nude mice (BALB/c strain). After
the primary tumors reached 3 to4 mm diameter (2 to3 weeks), the mice
were treated with RC3095 (20ug/day, sc) alone or in combination with
castration or MDV3100 (10mg/kg/day, gavage) to mimic ADT for two
weeks. Tumor volume was measured weekly and calculated by the

formula: Volume = /6 x W x H x L (mm?®). At 2 weeks after treatment,
the xenograft tissues were harvested and fixed in 10% buffered formalin
and paraffin embedded for histologic and immunohistochemical ana-
lyses. 2) tNEPC bone growth mouse model, was generated by intratibial
injection of LNCaP-MDV cells (1 x 10° cells) into the 6 and 7 weeks old
male athymic nude mice (BALB/c strain). Tumor formation was moni-
tored using small animal X-ray radiograph imaging (Faxitron LX-60;
Lincolnshire). After bone tumor formation (about 4 weeks after graft-
ing), the mice were treated with RC3095 (20ug/day, sc) alone or in
combination with castration or MDV3100 (10 mg/kg/day, gavage) to
mimic ADT for two weeks. At 2 weeks after treatment, harvested tibiae
were fixed in 10% neutral buffered-formalin solution for 24 h and
decalcified in 0.5 mol/L EDTA in Ca?*- and Mg?*-free Dulbecco’s PBS
for one week before embedding in paraffin for histologic and immuno-
histochemical analyses. Each group had at least five mice. The results
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Fig. 2. Blocking of GRP/GRP-R signaling efficiently inhibits NF-kB activity and ARVs (AR-V7) expression in PC cells. GRP-R antagonist (RC3095) was used to
block GRP/GRP-R signaling in 22RV1 and LNCaP-MDV cells. A and B) NF-kB activity in PC cells was measured using the NGL reporter. C and D) ARVs (AR-V7)
expression was determined by qPCR. E and F) ARVs (AR-V7) expression was further confirmed by Western blot analysis. Blot signals were quantified using ImageJ
program. Results were normalized by actin signals. Statistical significance was determined by student’s t-test. * p <0.05; ** p <0.001.
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Fig. 3. Blocking of GRP/GRP-R signaling increases anti-androgen sensitivity in CRPC cells. A and B) 22RV1 cells were treated with RC3095, MDV3100 or
RC3095+MDV3100. AR activity was measured using ARR2PB-Luc vector (A). PSA expression was measured by ELISA assay (B). C and D) 22RV1 (C) and LNCaP-
MDV (D) cells were treated with RC-3095, MDV3100 or RC3095+MDV3100. MTT assay was performed at 48 h after the cells had been treated with referenced drugs.
Statistical significance was determined by student’s t-test. * p <0.05; ** p <0.001.

are reported as the mean percent + SD.
Immunohistochemistry

Paraffin-embedded tissue sections were stained immunobhis-
tochemically with antibodies against Ki67 (clone TEC-3, DAKO), AR (N-
20, Santa Cruz) and AR-V7 (Precision). The primary antibody was
incubated at the appropriate concentration (Ki67, 1:1000; AR, 1:1000;
AR-V7, 1:200) for one hour at room temperature. The secondary anti-
body was incubated for 60 min. Slides were rinsed extensively in tap
water, counterstained with Mayer’s hematoxylin and mounted. For
quantitation of the cell proliferation, the cells were counted as positive
for Ki67 when nuclear immunoreactivity was observed. Each tissue
section was counted manually in three different areas to assess the Ki67
positive cells index. The data were then presented as number of Ki67
positive cells (%). Each group had at least five mice. The results are
reported as the mean percent + SD.

Serum PSA measurements

Mouse plasma (22RV1 group) was obtained from the caudal vein
before scarified at 2 weeks after treatment for measurement of PSA
levels using a Quantikine human PSA immunoassay kit (R&D Systems,
Inc., Minneapolis, MN, USA) according to the manufacturer’s in-
structions. The values plotted represent the mean of each in triplicated
individual samples + SD.

Statistical analysis

Where appropriate, experimental groups were compared using two-
sample t-test, with significance defined as p <0.05.

Results
Generating therapy-induced bone-growing NEPC cell line

Increasing evidence indicates NED plays a critical role in PC cells
escape of ADT, including resistant to a new generation of anti-androgen
therapies [10-14]. To test if GRP/GRP-R targeted therapy is sufficient to
inhibit growth of castration-resistant prostate adenocarcinoma and NED
PC cells, first, we generated an ADT-resistant PC cell by treating
androgen dependent LNCaP PC cells with MDV3100 for more than 3
months (named LNCaP-MDV). Our studies show that long-term ADT
with anti-androgens induces PC cell transdifferentiation to NEPC, as
demonstrated by morphology, gene expression profiles (Fig. 1).
Morphologically, LNCaP-MDV cells developed many long cytoplasmic
processes, with secondary and tertiary neurotic-like branching, well
beyond 3 to 5 times the length of the cell body (Fig. 1A). Relative to the
parental cells, LNCaP-MDV had increased NE markers (chromogranin A,
synaptophysin and NSE) expression (Fig. 1B). Further, although
full-length AR (AR-FL) expression is slightly decreased (at protein level;
Fig. 1E), AR variants (AR-V7) expression is significantly increased
(Fig. 1D, E). These results indicate long-term treatment with
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Fig. 4. Blocking of GRP/GRP-R signaling in combination with ADT is sufficient to control CRPC tumor growth in vivo. 22RV1 cells were placed into the right
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volumes at the end point. Results are expressed as the mean percentage change in tumor volume; bars, + SD. Statistical significance was determined by student’s t-

test. * p <0.05; ** p <0.001.

anti-androgens induces NED in PC cells.

In order to test if therapy-induced NED allows cancer cells to grow in
the bone microenvironment, LNCaP-MDV, the therapy-induced NEPC
(tNEPC) cells were inoculated into the bone of nude mice by intratibial
injection. Small animal X-ray radiograph imaging was performed to
monitor bone lesion development. Mice were sacrificed for histological
analysis at 8 weeks post-inoculation. It is well known that LNCaP cells
are difficult to grow in murine bone following intratibial or intrafemural
injection [27]. As expected, no growth (0/5) was detected by either
X-ray radiographic imaging or histological analysis for control LNCaP
cells grafted into the bone after 8 weeks (Fig. 1F left panel and G a, b).
Most surprisingly, long-term ADT enabled LNCaP-MDV cells to colonize
and grow in the bone by intratibial injection (Fig. 1F right panel, G ¢, d,
e and f). X-ray radiograph imaging and histological analysis show that
LNCaP-MDV cells formatted osteoblastic and osteoclastic mixed tumors
in the bone environment (Fig. 1F and G ¢, d). These results indicate that
long-term ADT can changes the characteristics of LNCaP to LNCaP-MDV
cells that enables a non-bone-growing PC cell to progress to a
bone-growing PC cell. Additionally, the LNCaP-MDV cell line is the first
model of tNEPC that grows in the bone.

Blocking of GRP/GRP-R signaling efficiently inhibits NF-xB activity and
ARVs (AR-V7) expression in PC cells

Previously, we demonstrated that axis of ADT - GRP/GRP-R — NF-
kB — ARVs is an important mechanism that contributes PC progression
to CRPC [21]. In addition, we have demonstrated that GRP-R expression
is high in 99% of the PC patients, including NEPC [21]. Most impor-
tantly, as a cell surface protein, GRP-R is easily targeted by drugs. As a
selective GRP-R antagonist, RC-3095 has been shown to have
anti-inflammatory properties in many types of murine models [28-30].
In order to determine if blocking of GRP/GRP-R signaling efficiently
inhibits NF-kB activity and ARVs expression thereby control CRPC
progression, 22RV1, an androgen-independent AR-FL and AR-V7 posi-
tive prostate adenocarcinoma cell, and LNCaP-MDV, a therapy-induced
tNEPC cells were treated with RC-3095. NF-xB activity in PC cells was
measured using the NGL reporter that is a NF-xB responsive vector
which has Luciferase and Green Fluorescent Protein (GFP) reporter
genes [25]. The results show that blocking GRP/GRP-R signaling using
RC3095 is sufficient to inhibit NF-xB activity in both of prostate
adenocarcinoma (22RV1) and tNEPC (LNCaP-MDV) cells (Fig. 2A and
B). In addition, blocking of GRP/GRP-R signaling efficiently inhibits

ARVs (AR-V7) expression in these PC cells (Fig. 2 C -F).

Blocking of GRP/GRP-R signaling increases anti-androgen sensitivity in
CRPC cells

It is known that both wild-type AR-FL and ARVs regulate AR target
genes and contributes to PC cells survival and progression. Our previous
study indicated that GRP/GRP-R signaling contributes CRPC progres-
sion through increasing ARVs expression [21]. Blocking GRP/GRP-R
signaling alone may inhibit ARVs expression (Fig. 2C to F) but may
not be sufficient to block both wild-type AR-FL and ARVs activity.
However, anti-androgens (such as Bicalutamide and MDV3100) will
block AR-FL activity efficiently in PC cells. Therefore, it is possible that
blocking ARVs expression by blocking GRP/GRP-R signaling may
reverse anti-androgen insensitive CRPC cells to become anti-androgen
sensitive PC cells. To investigate if blocking of GRP/GRP-R signaling
increases anti-androgen sensitivity in CRPC cells, first, we investigate if
blocking of GRP/GRPR signaling is sufficient to block AR activity in
CRPC cells. 22RV1 cells were treated with RC3095, MDV3100 or
RC3095+MDV3100. AR activity was measured using ARR2PB-Luc
vector, AR responsive reporter vector [26]. The results show that
although RC3095 efficiently inhibits AR-V7 expression (Fig. 2D and F),
RC3095 alone treatment failed to inhibit AR activity and PSA expression
significantly (Fig. 3A and B). Also, as expected, MDV3100 alone
treatment failed to inhibit PSA expression significantly in 22RV1 cells
(Fig. 3B). However, when RC3095 [107°M; 107°M is the lowest suffi-
cient concentration of RC3095, which can significantly inhibit expres-
sion of AR-V7 in both of 22RV1 and LNCaP-MDV cells (Fig. 2C-F)] was
present, MDV3100 efficiently inhibited PSA expression and AR activity
in 22RV1 cells (Fig. 3B). These results indicate that although RC3095 is
sufficient to inhibit AR-V7 expression efficiently (Fig. 2D and F), it
cannot inhibit AR-FL activity efficiently; and, MDV3100 may inhibit
AR-FL activity but it cannot block AR-V7 activity. To block AR activity
efficiently in 22RV1 cells, both of RC3095 (107°M; blocks AR-V7
expression/activity) and MDV3100 (10~°M; blocks AR-FL activity) are
needed (Fig. 3B). To further confirm this observation, 22RV1 and
LNCaP-MDV tNEPC cells were treated with RC3095 alone or in combi-
nation of RC3095 with MDV3100. Our studies show that RC3095 or
MDV3100 alone had no significant effect on the growth rate of 22RV1
and LNCaP-MDV cells (Fig. 3C and D). However, when the cells were
treated with anti-androgen (MDV3100; >10"°M) plus GRP-R antagonist
(RC3095; 10~%M), the growth rate of the cells was significantly inhibited
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(Fig. 3C and D). These results indicate that blocking of GRP/GRP-R
signaling is sufficient to decrease AR-V7 expression thereby increasing
responsiveness of CRPC and tNEPC to the anti-androgen treatment.

Blocking of GRP/GRP-R signaling in combination with ADT is sufficient to
control CRPC tumor growth in vivo

In order to test if blocking of GRP/GRP-R signaling alone or in
combination with anti-androgens is sufficient to control CRPC tumor
growth in vivo, 22RV1 cells were placed into the right flank of 6 to 7
weeks old male athymic nude mice by subcutaneous (s.c.) injection.
After the primary tumor size reaches 3 to 4 mm in diameter (about 2 to 3
weeks), the mice were treated with RC3095 (20ug/day, sc) alone or in
combination with ADT for two weeks. Castration or MDV3100 (10 mg/
kg/day, gavage) was used to mimic ADT. The results show that after
treatment with either RC-3095, MDV3100 or castration alone, tumors
continued to grow and there was no significant difference in the tumor
size compared to the control group (treated with vehicle). However,
when the mice were treated with RC3095 combined with castration or
MDV3100, the tumor growth was significantly inhibited (Fig. 4A and B).
Immunohistochemical (IHC) staining shows that blocking of GRP/GRP-
R signaling (RC3095 treatment) efficiently inhibits AR-V7 expression
(Fig. 5A) and the number of the cancer cells stained by Ki67 (prolifer-
ation marker) in the tumor from mice treated with RC3095 plus ADT
was significantly lower than that the mice treated with RC3095,
MDV3100 or castration alone (Fig. 5A and B). In addition, when the
mice were treated with RC3095 combined with castration or MDV3100,
the serum PSA levels were significantly decreased (Fig. 5C). These

results strongly support that blocking of GRP/GRP-R signaling in com-
bination with ADT is sufficient to control CRPC tumor growth.

Blocking of GRP/GRP-R signaling in combination with ADT efficiently
inhibits tNEPC tumor growth in the bone

Unlike other types of cancer, patients with advanced PC develop
osseous metastasis and the initial metastasis of PC is almost strictly
limited to bone which is often the only site of spread even in late disease
[31,32]. A clinical study shows that NED is positive in up to 52% of
patients with bone metastasis [16] and up to 15% of the CRPC bone
metastasis are tNEPC [17]. To test if blocking of GRP/GRP-R signaling or
in combination with anti-androgens is sufficient to control tNEPC tumor
growth in the bone, LNCaP-MDV cells were placed into the right flank of
6to 7 week old male athymic nude mice bone by direct intratibial in-
jection. Tumor formation and growth were monitored by a small animal
x-ray radiograph once a week. After bone tumor formation (6 weeks
after grafting), the mice were treated with RC3095 (20ug/day, sc) alone
or in combination with ADT for two weeks. Although conventional x-ray
radiograph is an easy and convincing method to monitor tumor growth
and detect bone lesion, it was difficult to quantitate the tumor size or
bone lesions for assessment of treatment response (Fig. 6A). However, a
significant increase in necrosis was observed in the combination treat-
ment (RC3095+Castration or RC3095-+MDV3100) groups by histolog-
ical analysis (Fig. 6A). In addition, the number of the cancer cells stained
by Ki67 in the tumor from mice treated with RC3095 plus ADT was
significantly lower than that the mice treated with RC3095, MDV3100
or castration alone (Fig. 6B).



T.C. Case et al. Translational Oncology 14 (2021) 101213

A Before After

T ERETREN
R SNy Ve
1 H&, 2 &\ 3

Wiey ~®
TP
L) =

AR

Cx+RC

M

cho

~~
° *#p<0.001
St ok
s %
"g 60 L1 i
= T ok
<] *k T
4
5 |
8 40
]
>
=
- p—
i J
© 20
. L
[ g
o)
Ll
0

Con Cx CxtR RC MDV RC+MDV

RC+MDV

Fig. 6. Blocking of GRP/GRP-R signaling in combination with ADT efficiently inhibits tNEPC tumor growth in the bone. LNCaP-MDV cells were placed into
the right flank of male athymic nude mice bone by direct intratibial injection. Tumor formation and growth were monitored by a small animal x-ray radiograph once
a week. After bone tumor formation (6 weeks after grafting), the mice were treated with RC3095 alone or in combination with ADT for two weeks. A) Tumor
formation was confirmed by small animal X-ray radiograph imaging and H&E staining. Blue arrow indicates tumor necrosis area. B) IHC staining of Ki67 was
performed. Each tissue section was counted manually in three different areas to assess the Ki67 positive cells index. The data were then presented as percentage of
Ki67 positive cells in grafted PC tumor cells. Results are expressed as the means + SD. Statistical significance was determined by student’s t-test. ** p <0.001.



T.C. Case et al.

Taken together, these results strongly indicate that blocking of GRP/
GRP-R signaling in combination with ADT is a potential new approach to
control CRPC tumor growth, including ADT induced tNEPC.

Discussion

Numerous studies indicate that ARVs play a critical role in the
development of CRPC, including the resistance to the new generation of
inhibitors of AR action [4-8]. Previously, we have reported that
increased NE peptides, such as BN and GRP, contribute to CRPC through
the activation of NF-kB signaling [33,34]. In addition, we demonstrated
that activation of NF-xB signaling increases ARVs expression in PC cells,
thereby promoting progression to CRPC [35]. However, how NF-kB
signaling is activated after ADT is unclear. Further, although NF-xB
signaling is a promising target in advanced CRPC, it has been difficult to
find drugs that block the oncogenic activity of NF-kB without interfering
with its physiological roles and leading to highly toxic side effects. In
this study, we successfully conducted the following research: 1) Block-
ing GRP/GRP-R signaling using GRP-R antagonist (RC3095) efficiently
inhibits NF-kB activity and decreases AR-V7 expression. 2) Blocking of
GRP/GRP-R signaling by targeting GRP-R can sensitize CRPC cells to
antiandrogen treatment. 3) Blocking of GRP/GRP-R signaling (targeting
ARVs) plus anti-androgen (targeting AR-FL) efficiently inhibits CRPC,
including tNEPC, tumor growth both in vitro and in vivo. Importantly,
based upon these findings, GRP/GRP-R is a potential target to control
growth of CRPC and tNEPC.

GRP-R belongs to a family of G-coupled protein receptors, and the
GRP binds selectively to the GRP-R [22,23]. BN-analogues have been
developed that bind the GRP-R and are now being used for clinical
studies [36-38]. Many studies have shown that GRP-R is expressed at
very low levels in normal prostate glands but is increased in 45-100% of
human PC [39,40]. Consistent with these findings, our previous studies
shown that up to 90% of human PC are positive for GRP-R [21]. Most
important, GRP-R expression is increased in AR negative NEPC tumors
[21]. Therefore, GRP-R is a sufficient target for both of AR positive
adenocarcinoma and AR negative NEPC. Recently, several new clinical
imaging studies by targeting GRP-R, using a radiolabeled BN-analogue,
successfully detected primary, recurrent and metastatic lesions of PC,
and displayed good tumor delineation in a subset of patients with
recurrent PC, including lymph node and bone metastatic lesions in pa-
tients with PC [41,42]. Taken together, these findings strongly indicate
that GRP-R is a promising target for a theragnostic approach in both AR
positive CRPC and AR negative NEPC.

Potent GRP-R antagonists were developed by Coy and co-workers by
modifying the BN peptide backbone, substituting the amide bond with a
pseudopeptide bond [43]. Subsequently, it was demonstrated that
[Leu13—\|J—CH2NH—Leu14] BN derivatives can inhibit BN-stimulated
growth of Swiss 3T3 cells and of various cancer cell lines [44,45]. The
first clinical study using the BN antagonist [D-Tpi®-
Leu13—\|J—CH2NH—Leu14] BN, also known as RC-3095 [44] was conducted
by Schwartsmann et al in 25 patients with advanced solid malignancies,
including 6 PC patients [36]. No toxicity was observed after adminis-
tration of this drug but, unfortunately, no significant response to the
treatment was reported either. Based upon our findings, we expect PC
would have a unique response to GRP/GRP-R activation owing to a close
functional interaction between GRP-R and AR signaling through
elevating ARVs expression. Therefore, the effects of GRP-R antagonist
monotherapy may be sufficient to decrease ARVs expression but may not
be sufficient to totally block both AR-FL and ARVs levels and activity,
thereby control PC progression.

In summary, the results of our study strongly indicate that blocking
of GRP/GRP-R signaling by targeting GRP-R is sufficient to inhibit ARVs
expression thereby control CRPC tumor progression and the combina-
tion therapy of blocking of GRP/GRP-R signaling (targeting ARVs) with
anti-androgens (targeting AR-FL) is sufficient to inhibit CRPC including
tNEPC tumor growth. As a specific antagonist of GRP-R, RC-3095

Translational Oncology 14 (2021) 101213

successfully inhibited CRPC tumor growth by reducing ARVs expression
in our study, including AR-V7 positive tNEPC tumors. However, whether
RC3095 may have an AR-independent effect to control AR negative
NEPC tumors needs further study.
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