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Abstract

BACKGROUND—The gastrin-releasing peptide receptor (GRPr) is upregulated in early and late-
stage human prostate cancer (PCa) and other solid tumors of the mammary gland, lung, head and
neck, colon, uterus, ovary, and kidney. However, little is known about its role in prostate cancer.
This study examined the effects of a heterologous GRPr agonist, bombesin (BBN), on growth,
motility, morphology, gene expression, and tumor phenotype of an osteoblastic canine prostate
cancer cell line (Ace-1) in vitro and in vivo.

METHODS—The Ace-1 cells were stably transfected with the human GRPr and tumor cells were
grown in vitro and as subcutaneous and intratibial tumors in nude mice. The effect of BBN was
measured on cell proliferation, cell migration, tumor growth (using bioluminescence), tumor cell
morphology, bone tumor phenotype, and epithelial-mesenchymal transition (EMT) and metastasis
gene expression (quantitative RT-PCR). GRPr mRNA expression was measured in primary canine
prostate cancers and normal prostate glands.

RESULTS—Bombesin (BBN) increased tumor cell proliferation and migration in vitro and tumor
growth and invasion in vivo. BBN upregulated epithelial-to-mesenchymal transition (EMT)
markers (7TWIST, SNAIL, and SLUG mRNA) and downregulated epithelial markers (£-cadherin
and B-catenin mRNA), and modified tumor cell morphology to a spindle cell phenotype. Blockade
of GRPr upregulated E-cadherin and downregulated VIMENTIN and SNA/L mRNA. BBN altered
the in vivo tumor phenotype in bone from an osteoblastic to osteolytic phenotype. Primary canine
prostate cancers had increased GRPr mRNA expression compared to normal prostates.

CONCLUSION—These data demonstrated that the GRPr is important in prostate cancer growth
and progression and targeting GRPr may be a promising strategy for treatment of prostate cancer.

"Correspondence to: Dr. Thomas Rosol, Department of Veterinary Biosciences, The Ohio State University, Columbus, OH 43210.
rosol.1@osu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elshafae et al. Page 2

Keywords
GRPr; EMT; metastasis; canine; bombesin

INTRODUCTION

Prostate cancer (PCa) represents the second leading cause of cancer-related deaths among
males with an estimated 27,540 deaths in the USA in 2015 [1]. PCa accounted for 37% of all
cancers in African-American males in 2013 [2]. Histopathological studies have shown that
up to 75% of men in their eighties will have foci of adenocarcinoma in their prostates [3]. It
is important to have a better understanding of the different signaling pathways that play a
role in prostate cancer invasion and metastasis. One of these pathways is GRPr signaling that
was found to be upregulated in PCa. The gastrin-releasing peptide receptor (GRPr) is a
tumor-associated cell membrane receptor that is over-expressed in PCa (62—-100%) and
many other solid tumors, for example, breast (38—-72%), lung (85-100% of small cell type),
head and neck (100%), pancreatic (75%), and brain cancer (85% of glioblastomas) [4-8].
Although GRPr is highly expressed in prostate cancer, few studies have investigated the role
of the GRPr in the pathogenesis of prostate cancer.

GRPr is a subtype of the bombesin receptor family, which is a member of the G-protein
coupled receptor superfamily. GRP receptors have a wide variety of biological functions
such as gastrointestinal hormone release (e.g., gastrin), pancreatic and gastric exocrine
secretions, and smooth muscle contraction. In many cancers, they have an autocrine growth
effect [9-13]. Their preferred agonist is gastrin-releasing peptide (GRP), a bombesin-like
peptide that is the natural ligand of GRPr in vivo in mammals [14-16]. GRP and GRP
analogues selectively bind to the GRP receptor family. Interestingly, mammalian GRP is
functionally and structurally similar to bombesin (BBN). BBN is a tetradecapeptide
extracted from amphibian skin that shares C-terminus sequence homology (7 amino acids)
with GRP and binds to all GRP receptors with high specificity and affinity similar to GRP.
GRP has been shown to promote tumor growth and differentiation in multiple human
cancers [17]. GRPr signaling promoted the development of androgen-independent prostate
cancer [18,19], and activation of GRPr in the prostate resulted in upregulation of promoters
of angiogenesis, which are essential for the development of metastasis [20].

Our hypothesis was that GRPr signaling will increase the proliferation, invasiveness, and
tumor growth of prostate cancer. To test our hypothesis, we developed a PCa cell line that
expressed recombinant human GRPr, called Ace-1-huGRPr. In this investigation, we
determined the impact of GRPr signaling on tumor cell proliferation and migration, the
expression of EMT genes after induction of the GRPr signaling pathway and measured the
effect of bombesin (GRPr agonist) on tumor growth and phenotype in the subcutis and bone
of nude mice. In addition, we measured GRPr expression in primary canine prostate cancers.
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MATERIALS AND METHODS

Reagents and Cell Lines

Animals

Bombesin (GRPr agonist) was purchased from the Anaspec Company (Fremont, CA). A
GRPr antagonist (G-Abz4-STAT), which binds to the receptor with high affinity was
obtained from the laboratory of Dr. Tweedle (The Ohio State University). Five frozen tumor
specimens from dog primary prostate cancers (OC, CB, FM, Probasco, and LuMa) were
obtained from The Ohio State University (OSU) College of Veterinary Medicine
Biospecimen Repository. The Ace-1 cell line has been developed in our lab from a primary
prostatic carcinoma of an 8-year-old male castrated Labrador retriever [21]. The Ace-1 cells
form mixed osteoblastic/osteolytic bone metastases in nude mice [21-24]. The cloned
Ace-1-huGRPr cells were provided by coauthor, Dr. Michael Tweedle. A high expressing
clone (clone 15) was selected based on cell binding assay using 12°1-Tyr*-BBN and
expression of huGRPr mRNA. Each cell expressed approximately 690,000 cell membrane
receptors. The Ace-1 and Ace- 1-huGRPr cells were stably transfected with luciferase so
that the cells could be imaged in vivo using bioluminescence [25]. The cell lines were
cultured in DMEM/F12 containing 10% FBS and antibiotics and maintained at 37°C, 5%
C02, and 100% humidity.

Athymic 5-week-old male nude mice (NCr-nu/nu) were purchased from the OSU
Comprehensive Cancer Center (OSUCCC) Target Validation Shared Resource (TVSR).
Mice were kept according to the NIH standards established in the “Guidelines for the Care
and Use of Laboratory Animals.” All procedures were in accordance with protocols
approved by the Institutional Animal Care and Use Committee of The Ohio State University.
The mice were subdivided after injection of tumor cells into two equal groups (control and
treatment). Bombesin treatment was initiated one day after tumor cell injection. Bombesin
(BBN) was injected intraperitoneally twice daily at a dose of 5 pg/kg. After 3 weeks
(subcutaneous xenografts) and 2 weeks (intratibial xenografts), the mice were euthanized
and tissues were collected.

Ace-1 Xenografts (Subcutaneous and Intratibial Injections)

Subcutaneous injection—Sixteen nude mice were injected subcutaneously (SQ) with 2
x 106 Ace-1- huGRPr cells that were transduced with the luciferase gene and suspended in
0.2 ml sterile Dulbecco’s phosphate-buffered saline (DPBS) with a 25-Ga needle. The mice
were monitored daily and the tumor dimensions were recorded three times weekly using
digital calipers. The tumor volume was calculated using the formula: length x width x height
x 0.5. The tumor dimensions were recorded by two pathologists who were blinded to the
treatment groups.

Intratibial injection—Six nude mice were injected intratibially (IT) with 50,0000 Ace-1-
huGRPr cells suspended in 10 ul DPBS using a Hamilton syringe and a 27-Ga needle. The
mice were anesthetized using 2.5% isoflurane and the right rear limb was sanitized with
alcohol. Each mouse was placed in a supine position and the ankle was held using the thumb
and index finger. The needle was introduced through the patellar ligament and directed into
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the tibial marrow space crossing the articular cartilage. The mice were monitored daily and
tumor growth was recorded weekly using bioluminescent imaging using the Xenogen IVIS
100 imaging system (Caliper Life Sciences, Hopkington, MA).

Cell Proliferation Assay

Ace-1 and Ace-1-huGRPr cells (control and BBN-treated) were plated at 3.7 x 103 cells per
well in 12- well plates (four replicates for each cell line). After 24 hr. (pre-incubation
period), the cells were treated with 1 nM of BBN for 5 days and fresh medium was replaced
each day. Cells were harvested at days 3 and 5 and counted using the Cellometer Auto T4
cell counter (Nexcelom Bioscience, Lawrence, MA). Detached cells were removed and
wells were washed with DPBS. The adherent cells were trypsinized and diluted 1:1 with
trypan blue. Live and dead cells were counted, and cell number and viability were recorded.

Wound Healing Assay

Cell migration was measured using a wound healing assay for Ace-1 and Ace-1-huGRPr
cells (control and BBN-treated), which were seeded in 6- well plates at 4 x 10* cells/well
and cultured until 200% confluence. The monolayers were wounded (scratched) in a straight
line across the well with a 200 pl pipette tip. The wounded monolayers were then washed
twice with DPBS to remove cell debris and loosely attached cells. Culture medium with and
without 1 nM of BBN was added to the treatment and control wells, respectively. The wound
area was subsequently inspected and photographed after 1, 3, 6, and 24 hr using an inverted-
phase contrast microscope with digital camera. The wound area was calculated using
Wimasis image analysis software (Winscratch; Munich, Germany).

Bombesin Titration and Time Course Experiments

To determine the optimum dose of BBN on gene expression, a titration experiment was
performed with different concentrations of BBN (0, 0.1, 0.3, 1, 3, and 10 nM) added to both
Ace-1 and Ace-1-huGRPr cells for 24 hr. Six-well plates were used for each cell line and
each dose of BBN was performed in triplicate. In addition, a time course experiment was
performed to determine the effect of GRPr signaling activation on gene expression. BBN
(1.0 nM; the optimum dose determined from the BBN titration experiment) was added to the
cell lines (Ace-1 and Ace-1-huGRPr) in triplicate at different time points (0, 30 min, 1, 3, 6,
and 24 hr).

RNA Extraction and gRT-PCR

Total RNA was extracted from both Ace-1 and Ace- 1-huGRPr cells using the QuickGene
RNA Extraction Kit (AutoGen, Holliston, MA, Cat. No. FK-RC-S2). The RNA was reverse
transcribed into complementary DNA (cDNA) using the Superscript 11 First Strand cDNA
synthesis kit (Invitrogen, Carlsbad, CA). Real-time quantitative polymerase chain reaction
(gRT-PCR) was performed using a Light Cycler 480 (Roche, IN). Samples were analyzed in
triplicate and the relative expression was calculated using the comparative threshold cycle
method [26]. gRT-PCR was performed for the housekeeping gene, glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), as well as genes that have a role in epithelial-
mesenchymal transition (EMT) (VIMENTIN, TWIST, SLUG, SNAIL, CDH1 (E-cadherin),
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and CTNNBI (p-catenin), and prostate cancer-bone interaction and prostate cancer
metastasis including SRC, bone morphogenic protein- 2 (BMP2), Transforming growth
factor beta (7GFpB), myoferlin (MYOF), runt-related transcription factor 2 (RUNX2),
receptor activator of NF-xB ligand (RANKL), and osteopontin (SPPI) in addition to both
canine and human GRPr. The selection of each primer pair was based on the best
amplification and gRT-PCR product melting characteristics from three to four different
primer pairs designed for each gene. All primer pairs were designed using Primer- BLAST
software (http://www.ncbi.nlm.nih.gov/tools/primer-blast) (Table I). In order to confirm
primer specificity, qRT-PCR products for each gene were verified by gel electrophoresis and
sequencing.

Bioluminescent Imaging

Mice were injected intraperitoneally with D-luciferin (100ul at 40mg/ml in PBS) before
imaging. Mice were anesthetized and placed in a bioluminescent imaging system for data
acquisition. Whole animal imaging was performed to monitor tumor growth and any
metastases that occurred. Signal intensities were quantified as the sum of all detected
photons in region of interests (ROIs) using Living Image software 2.5 (Caliper Life
Sciences, Hopkington, MA). The measured bioluminescence was expressed as
photons/sec/cm?2. The imaging was performed every 1min until the peak signal intensity was
reached (approximately 10 min). The IVIS 100 was adjusted to 1 min exposure, medium
binning and F1 stop. The mice were imaged at level D with a distance of 22 cm from the
camera.

Faxitron Imaging

High-resolution radiographic images (DICOM format) of mice were obtained using a
Faxitron laboratory radiography system LX-60 (Faxitron X-ray Corp., Wheeling, IL). The
right leg of each mouse was imaged at 28 KeV for 5 sec on day 14 to qualitatively evaluate
the intratibial tumor induced after injection of Ace-1 cells.

Histopathological Studies

The animals were sacrificed at day 21 (SQ experiment) and day 14 (IT experiment). Bone
and tissue samples were collected. Tissue specimens were fixed in 10% neutral-buffered
formalin at 4°C for 48 hr, embedded in paraffin, cut in 4um sections, and stained with
hematoxylin and eosin (H&E). In addition, bone specimens were decalcified in Mild
Decalcifier (formaldehyde, methanol, and formic acid) (Leica Biosystems, Buffalo Grove,
IL) at 37°C for 4 hr. Images were acquired using an Olympus BX51 microscope equipped
with a Nikon digital camera and quantification of necrotic area in SQ and intratibial tumors
was performed using Image J2 (Fiji, Madison, WI) and Photoshop CS6 software (Adobe).

Statistical Analysis

Data were analyzed using Graph Pad Prism 6.0 software (San Diego, CA). All in vitro
samples were repeated in triplicate or quadruplicate with at least two independent
experiments. gRT-PCR values were normalized to GAPDH mRNA and were expressed as
the fold difference between the treatment group and controls (mean + SD). A P-value <0.05
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was considered to be statistically significant. For the in vivo study, the average
bioluminescence (photons/sec/cm?), tumor volume, tumor weight, and corresponding
standard errors of the mean were determined for each experiment. Data were analyzed using
Student’s #test to compare the results between groups. Dose and time-dependent effects
were analyzed using one-way analysis of variance.

Cell Culture Characteristics

The parent Ace-1 cells had a typical epithelial phenotype in vitro with formation of a
cobblestone pattern of adherent polygonal cells (Fig. 1). In contrast, the Ace-1-huGRPr cells
had a spindle-shaped morphology and were dissociated from each other (Fig. 1). The cells
branched from clusters of cells and the elongated cells migrated out radially.

Cell Proliferation

Stimulation of GRPr signaling with bombesin (BBN) increased the growth of Ace-1-
huGRPr cells in vitro. After 3 days of incubation, there was no significant difference in the
cell number between Ace-1 and Ace-1-huGRPr cells. On day 5, BBN increased the cell
number of Ace-1-huGRPr cells compared with treated or untreated Ace-1 and un-treated
Ace-1-huGRPr cells. The number of viable cells was 8.6 + 1.3 x 10° in BBN-treated Ace-1-
huGRPr cells, which was significantly greater than control Ace-1-huGRPr cells (6.3 = 0.4 x
10°) or Ace-1 cells (5.9 + 0.9 x 10) (Fig. 2).

Wound Healing Assay

gRT-PCR

GRPr signaling enhanced cell migration and wound closure of the Ace-1-huGRPr cells. At
time 0, the wound area was approximately 37% of the imaged field in all cell lines. After 1
hr, both the treated and untreated Ace-1-huGRPr cells had a statistically significant increase
in migration and wound closure (28 + 1.0% and 30 + 2.0%, respectively) when compared
with the Ace-1 cells (34 + 1.0%). After 24 hr, the treated Ace-1-huGRPr cells had a marked
decrease (£<0.05) in the wound area (2.0 + 2.0%) when compared with both untreated
Ace-1-huGRPr cells (10 + 1.0%) and Ace-1 cells (13.4 + 0.5%) (Fig. 3A and B).

GRPr mRNA Expression in Tissues and Different Clones of Ace-1-huGRPr
Cells—GRPrmRNA expression was significantly greater (4.2-fold) in primary canine
prostate cancers when compared with normal prostate, which expressed very low levels of
GRPr mRNA. GRPr mRNA expression was decreased in the corresponding cell lines of
these primary cancers (Fig. 4A). Ace-1 cells had the lowest canine GRPr mRNA expression.
After transfection of Ace-1 cells with human GRPr, clone 15 had the highest GRPr mRNA
expression when compared with different clones, parental Ace-1 cells, and human PC-3 cells
(Fig. 4B).
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Bombesin (BBN) Time Course Experiment

Epithelial-mesenchymal transition (EMT) genes. Because Ace-1-huGRPr cells displayed
morphological differences (transition to spindle-shaped cells) compared to the parental
Ace-1 cells, expression profiling of EMT markers was conducted to investigate the role of
GRPr signaling. Ace-1-huGRPr cells expressed higher levels of mesenchymal markers
(VIMENTIN, SLUG, TWIST, and SNA/L) and lower levels of epithelial markers (£-
cadherinand B-catenin) after treatment with BBN (Fig. 5A and B). In most cases, there was
no change in expression of VIMENTIN, SLUG, TWIST, E-cadherin, or S-catenin in the
parent Ace-1 cells induced by BBN, except there was mildly increased SNA/L at 3 hr,
increased E-cadherinand B-catenin at 24 hr, and decreased B-cateninat 1 hr.

SRC and MYOEF genes: Bombesin (BBN) markedly increased the expression of SRC and
MYOFmRNA in Ace-1-huGRPr cells (Fig. 6). BBN treatment increased SRC mRNA in
Ace-1-huGRPr cells to maximum (5.4- fold) at 30 min, which decreased, but remained
increased from 1 to 24 hr. In Ace-1 cells, BBN mildly increased SRC mRNA at 3 hr with
mild decreases at 30 min, 1 hr, and 24 hr. BBN increased M YOF mRNA in Ace-1-huGRPr
cells progressively from 1 to 24 hr, and there was minimal effect of BBN on the Ace-1 cells.

RANKL, TGFg, and Osteopontin: BBN increased RANKL mRNA in Ace-1-huGRPr cells
(2.5-fold) at 6 and 24 hr, and there was no effect in Ace-1 cells. BBN increased 7GFB
MRNA in Ace-1-huGRPr cells (3.1-fold) at 24 hr, and decreased 7GFB mRNA in Ace-1
cells at 6 and 24 hr. BBN initially increased Osteopontin mRNA in Ace-1-huGRPr cells
(1.3-1.9-fold) at 30 and 60 min, which then decreased from 3 to 24 hr. In contrast, BBN
increased Ostegpontin mRNA in Ace-1 cells (1.3-2.1-fold) from 3 to 24 hr (Fig. 7).

GRPr Antagonist (BBN Analog, G-Abz4-STAT)—Blockade of the GRPr with G-
Abz4-STAT induced a MET (mesenchymal to epithelial transition) phenotype by
downregulation of SNA/L and VIMENTIN mRNA and upregulation of E-cadherin mRNA
in Ace- 1-huGRPr cells (Fig. 8). The BBN antagonist decreased the expression of
VIMENTIN mRNA after 3 hr and there was downregulation in SNA/L mRNA expression
after 6 hr with a more dramatic effect after 24 hr. E-cadherin (epithelial marker) was
upregulated after 1 hr of antagonist treatment and remained high until 24 hr.

Tumor Growth In Vivo—Bombesin (BBN) increased the growth rate of subcutaneous
Ace-1-huGRPr tumors. There was a significant increase in the tumor volume in BBN-treated
mice at 3 weeks compared to control mice (Fig. 9A). In addition, the tumor weights were 1.1
+ 0.7 g in BBN-treated mice compared to 0.6 + 0.3 g in the control group (Fig. 9B). These
results demonstrated that GRPr signaling accelerated the growth of prostate cancer cells in
Vivo.

Bioluminescence—In the intratibial experiment, there was a statistical increase in
bioluminescence in BBN-treated mice at day 14 when compared with control mice (Fig.
10A). Bombesin (BBN) also increased the growth rate of viable subcutaneous Ace-1-
huGRPr cells in vivo (Figs. 10B and 11A). There was no difference in bioluminescence in
BBN-treated and control mice groups at day 7; however, there was an upward trend at day
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14. There was a significant increase in tumor bioluminescence in BBN-treated mice at day
21

Histopathology of Subcutaneous and Intratibial Tumors—The subcutaneous
Ace-1-huGRPr tumors in the control mice were characterized by sheets of polyhedral
neoplastic cells with areas of coagulation necrosis (24 = 16%). In contrast, BBN altered the
morphology of the Ace-1-huGRPr tumor cells, which were characterized by spindle-shaped
cells typical of EMT. The spindle-shaped tumor cells infiltrated into adjacent muscle and
adipose tissue. In addition, the subcutaneous tumors in BBN-treated mice had less necrosis
(19 % 6.3%) compared to the control mice (Fig. 11B and C), but this was not statistically
significant.

The intratibial tumors in control mice were characterized by tumor growth in the medullary
cavity with abundant new woven bone proliferation that is typical of osteoblastic metastases.
The woven bone was lined by hypertrophied osteoblasts (Fig. 11D). In contrast, the
intratibial tumors in BBN-treated mice were larger (two-fold) in the medullary cavity, had a
lack of new woven bone, and had increased osteoclastic bone resorption (Fig. 11D).
Therefore, BBN treatment altered the phenotype of the bone tumors from an osteoblastic to
an osteolytic pattern.

Faxitron Radiography—The intratibial Ace-1-huGRPr tumors induced osteoblastic
metastases with increased radiodensity due to new bone formation in the proximal medullary
cavity (Fig. 11E). In contrast, BBN-treated mice had reduced radiodensity of the medullary
tumors and increased bone lysis as demonstrated by foci of radiolucency (Fig. 11E).

DISCUSSION

It has been reported that GRPr is upregulated in human prostate intraepithelial neoplasia
(PIN) and intraprostatic invasive carcinomas [7,27,28], as well as lymph node and bone
metastases [29]. However, the role of the GRPr and its signaling in different stages of
prostate cancer and metastasis is unknown. In this study, we used a well described model of
canine prostate cancer (Ace-1) that mimics prostate cancer in men (including mixed
osteoblastic/osteolytic bone metastases) to investigate the role of the human GRPr on
prostate cancer growth and progression [21]. Ace-1 cells are tumorigenic in
immunocompromised mice and rats and develop mixed osteoblastic/osteolytic bone
metastases after intracardiac injection into the left ventricle [30]. The Ace-1 cells are a
valuable model of bone metastasis, including studies on pain associated with bone
metastases [31,32]. Although, Ace-1 cells have a low level of canine GRPr mRNA and
receptor expression on their cell surface compared to the primary cancer from the dog, they
were readily stably transfected with the functional human GRPr. Measurement of GRPr
expression in canine primary prostate cancers has shown that GRPrs are upregulated in those
tumors when compared to normal prostate gland, which suggests that GRPr signaling is also
important in progression of canine prostate cancers as in men with prostate cancer [4-8].
Therefore, we used a clone of Ace-1 cells that was developed to express a high level of
functional human GRPr on their cell surface to determine the actions of a heterologous
GRPr agonist (bombesin) on prostate cancer in vitro and in vivo.
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Based on previous studies, EMT plays an important role in the invasion and metastasis of
prostate cancer in men [33-38]. However, the mechanistic link between GRPr activation and
EMT gene expression has not been investigated. It is known that invasive prostate
carcinomas often lose their epithelial phenotypes (cell polarity and cell-cell adhesion) and
gain mesenchymal phenotypes (invasive and migratory properties) that enable them to
metastasize to different organs [39-42]. We determined the effect of GRPr signaling on
EMT during prostate cancer growth and progression. Interestingly, our study showed that
GRPr signaling is important in the promotion of EMT in prostate cancer cells evidenced by
upregulation of mesenchymal markers and downregulation of epithelial markers. To our
knowledge, this study is the first one to delineate the importance of GRPr signaling in the
enhancement of prostate cancer progression through the promotion of EMT.

In order to confirm the importance of GRPr signaling in EMT, a GRPr antagonist was used
to block this signaling pathway and the EMT was reversed to a MET process with
upregulation of epithelial markers (£-cadherin) and downregulation of mesenchymal
markers (VIMENTIN and SNAIL). This change could reduce cancer cell movement and
invasion. Similarly, silencing of GRPr signaling led to a marked reduction in the malignant
phenotype of the human VVCaP and LNCaP prostate cancer cell lines by decreasing cell
proliferation, invasion, and the capacity to grow in the absence of cell—cell attachment [43].

GRP and bombesin have been shown to have mitogenic activity and increase proliferation
and growth of a variety of cancers including lung [44], prostate [45,46], breast, gastric
[47,48], pancreatic [49], colorectal cancers [50], neuroblastoma [51], and glioma [52,53].
Consistent with these data, our studies demonstrated the stimulation of proliferation of Ace-
1-huGRPr cells by bombesin in vitro and increased tumor volume and weight in bombesin-
treated mice.

It is well established that SRC is an important cellular factor that promotes proliferation,
survival, and migration of tumor cells through transcriptional activation of multiple genes
[54-56]. Interestingly, bombesin significantly increased the SRC mRNA expression in
Ace-1-huGRPr cells. This may partially explain why the subcutaneous tumors in bombesin-
treated mice were larger and heavier than control mice. In addition, tumor bioluminescence
(viable cells) was greater in bombesin-treated mice. These findings suggest that upregulation
of SRC may be an important downstream effector of GRPr signaling in prostate cancer as
demonstrated in other cancers of lung and head and neck [57-59].

We also observed more rapid closure of in vitro wounds after activation of GRPr signaling in
Ace-1- huGRPr cells, which indicates that GRPr signaling may have a role in the migration
of prostate cancer cells. In some cancers of the colon, breast and brain, bombesin stimulated
tumor cell migration [60-62], which is consistent with our findings. We found that GRPr
signaling upregulated the expression of SRC, MYOF, and TWIST in prostate cancer cells.
Previous studies have shown that these genes are important for inducing migration of various
cancer cells [63-65].

Although the role of the GRPr signaling pathway is not completely understood in bone
metastasis, it has been shown that bombesin antagonists decreased bone metastasic growth
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and invasiveness of PC3 prostate cancer cells in nude mice [66]. Radiographic and
histopathologic evaluation of tibias with bombesin-treated Ace-1-huGRPr cells showed that
GRPr signaling significantly decreased new bone formation induced by the Ace-1 cells as
demonstrated by a marked decrease in new woven bone area and an increase in osteoclast
numbers. Prior studies have confirmed the importance of RANKL and TGFp (produced
from primary tumors) in the establishment and progression of cancer cells in addition to
their role in the induction of bone lysis. RANKL expressed by tumor cells can promote
osteoclastogenesis directly without a need for osteoblasts or stromal cells [67]. In this study,
a significant increase in the expression of RANKL and TGFB mRNA expression after
bombesin treatment in Ace-1-huGRPr cells was seen. This suggests that GRPr signaling
may have a role in the induction of osteoclastic bone resorption at sites of bone metastasis. It
is known that osteopontin is important in regulating the normal mineralization of bone
extracellular matrix [68]. Interestingly, we observed a lower expression of Osteopontin
mMRNA in bombesin-treated Ace-1-huGRPr cells compared to controls, which may
contribute to the reduction in new bone formation seen in the intratibial tumors.

Overexpression of bombesin by cancer cells correlated with an aggressive histological
pattern of colorectal cancer and liver metastasis [69]. Prostate cancer cells that expressed
bombesin and MMP-9 were more invasive and had increased metastatic potential [70]. Our
study showed that Ace-1- huGRPr cells were smaller and more spindleshaped after
treatment with bombesin. This was consistent with the in vivo tumors that contained less
differentiated, spindle-shaped tumors cells, which were more invasive into the surrounding
adipose tissue and skeletal muscle.

CONCLUSIONS

This investigation demonstrated that GRPr signaling was important for growth, invasion,
migration, and progression of prostate cancer. Further investigations will be useful to clarify
the molecular mechanisms by which GRPr signaling regulates EMT and increases tumor
cell migration, invasion, proliferation, and metastatic phenotype. Blockade or inhibition of
GRPr signaling may be a promising strategy for the treatment of the early stages of prostate
cancer.
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Fig. 1.
Phase contrast microscopy of Ace-1 and Ace-1-huGRPr cells showing the difference in

morphology. The parent Ace-1 cells had a typical epithelial phenotype with formation of a
cobblestone pattern of adherent polygonal cells. In contrast, the Ace-1-huGRPr cells had a
spindle-shaped morphology and were often dissociated from one another.
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Fig. 2.
In vitro growth curves of Ace-1 and Ace-1-huGRPr cell lines after addition of bombesin

(BBN), which served as a GRPr agonist. Data presented as mean + SD of three replicates for
each cell line. Significant differences are indicated as: */<0.05 statistically different from
control Ace-1 and Ace-1-huGRPr cells.
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Fig. 3.
(A) Representative images of the in vitro wound healing assay that demonstrate the

enhancement of migration of Ace-1-huGRPr cells after bombesin (BBN) treatment for 0, 1,
3, 6, and 24 hr compared to Ace-1 cells. (B) The percent wound areas are shown in the bar
diagram as mean + SD from three independent experiments. Significant differences are
indicated as: *A<0.05 and ***/<0.001 different from control Ace-1 cells.
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Fig. 4.

(Ag) Expression of canine GRPr mRNA in dog primary prostate cancers (PCa, n = 5), cell
lines (n = 4), and normal prostate tissues (n = 3) measured by gRT-PCR. (B) Human GRPr
mRNA expression in different clones of Ace-1-huGRPr cells, vector transfected Ace-1 cells,
parent Ace-1 and PC-3 cells. The bars represent the relative mRNA expression + SD.
Significant difference is indicated as */<0.05.
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The expression of (A) mesenchymal markers (VIMENTIN, SLUG, SNAIL, and TWIST)
and (B) epithelial markers (E£-cadherinand B-catenin) after treatment with bombesin (BBN).

The graphs represent the relative mMRNA expression in Ace-1 and Ace-1-huGRPr cells

before and after addition of 1nM BBN for different periods of time (0, 30 min, 1, 3, 6, and

24 hr). Significant differences are indicated as: */£<0.05, **/<0.01,

*k*k

" P<0.0001 different from control Ace-1 or Ace-1-huGRPr cells.
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Fig. 6.
The expression of SRCand MYOF in both Ace-1 and Ace-1-huGRPr cells before and after

addition of 1 nM bombesin (BBN) for different time periods (0, 30 min, 1, 3, 6, and 24 hr).
Significant differences are indicated as: “/<0.05, *"/<0.01, *"/<0.001, and **A<0.0001
different from control Ace-1 or Ace-1-huGRPr cells.
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Osteopontin
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Fig. 7.

Ace-1+BBN Ace-1-huGRPr + BBN

The expression of RANKL, TGFB, and Osteopontin in both Ace-1 and Ace-1-huGRPr cells
before and after addition of 1 nM bombesin (BBN) for different time periods (0, 30 min, 1,

3, 6, and 24 hr). Significant differences are indicated as: */<0.05, ™
**** p<0.0001 different from control Ace-1 or Ace-1-huGRPr cells.
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Fig. 8.
The expression of VIMENTIN, SNAIL, and E-cadherin after treatment with a GRPr

antagonist (G-Abz4-STAT). The graphs represent the relative mMRNA expression of
VIMENTIN (A), SNAIL (B), and E-cadherin (C) in Ace-1-huGRPr cells after addition of 1
nM antagonist for different time periods (0, 30 min, 1, 3, 6, and 24 hr). Significant
differences are indicated as: *A£<0.05, ™ /<0.01, and """ /<0.001 different from control
Ace-1-huGRPr cells.

Prostate. Author manuscript; available in PMC 2018 March 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Elshafae et al.

3
o - N
= o =1
=3 =] =1
k=) =] =]

Tumor Volume (mm )
0
(=3
=3

L=

Fig. 9.

In vivo growth of Ace-1-huGRPr subcutaneous tumors in bombesin (BBN)-treated and
control mice. (A) Plot represents the tumor volume of subcutaneous xenografts at different
time points (4, 7, 11, 13, 15, 18, and 21 day). (B) Box and whisker represents the tumor
weights in the two groups at the end of the study. Significant difference is indicated as

*P<0.05.
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Fig. 10.

Box and whisker plots of bioluminescence (photons/sec/cm?) measured from (A) intratibial
(IT) and (B) subcutaneous (SQ) Ace-1-huGRPr xenografts in nude mice at different time

points. Significant differences are indicated as “/< 0.05.
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Fig. 11.
(A) Bioluminescence images of representative mice in bombesin (BBN)-treated and control

mice with subcutaneous Ace-1- huGRPr tumors at different time points (1, 7, 14, and 21
day). (B) Representative histopathology of Ace-1-huGRPr tumors from bombesin (BBN)-
treated and control mice. Neoplastic cells were epithelioid and polyhedral in control mice
(left panel; arrowheads) and spindle-shaped in the bombesin-treated mice (right panel,
arrowheads). (C) Histopathology of subcutaneous tumors in bombesin-treated mice showing
infiltration of neoplastic cells into adipose (left) and muscle (right) tissues (arrowheads). (D)
Histopathology of tibias from bombesin-treated and control mice that were injected with
Ace-1-huGRPr cells. Note intramedullary tumors with osteoclastic bone resorption in a
bombesin-treated mouse (upper panel, arrowheads) and osteoblastic new bone formation in a
control mouse (lower panel, arrowheads). (E) Radiographic images of intratibial Ace-1-
huGRPr tumors from a bombesin-treated mouse (upper panel) and a control mouse (lower
panel) revealing radiolucent osteolytic foci in the tibia of BBN-treated mouse (arrowhead)
and a radiodense osteoblastic tumor in the tibia of a control mouse (arrowhead).
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Primers Used for gRT-PCR

TABLE |

Gene Forward primers Reverseprimers

BMP2 TGCGCAGCTTCCACCACGAAGAA CAAAGGTTCCTGCATCTGTTCCCGA
SLUG GGCAAGGCGTTTTCCAGACCCT GGGCAAGAAAAAGGCTTCTCCCCAG
TWIST GGCAGGGCCGGAGACCTAGATG TCCACGGGCCTGTCTCGCTT

SNAIL GTCTGTGGCACCTGCGGGAAG GAAGGTTGGAGCGGTCGGCA
RUNXZ2 TGCCTCTGGCCTTCCACTCTCAG TGCATTCGTGGGTTGGAGAAGCG
E-cadherin GCTGCTGACCTGCAAGGCGA GGCCGGGGTATCGGGGACAT
GAPDH CCCACTCTTCCACCTTCGAC AGCCAAATTCATTGTCATACCAGG
MYOF TGCCCCCGAAAGGCTGGGAAT ACTCCGTGTGCCCTGCGTCT
RANKL TCCGAGCCGCTGTACAAAA AGTATGAGTCTTGCCCCTCCT
VIMENTIN  GAGGACATCATGCGGCTGCGG CGCTCAAGGTCAAGACGTGCC
Osteopontin - GGTTCATATGATGGCCGAGGT CAGAGGTGCCTCTCACTGTC
B-catenin CAGGTGGCGGACAAGAAGAT CGCCGGAGATAGAACTCGTC

SRC TATCCAGGCTGAGGAGTGGT TCCGACACAGAGAGGCAGTA

GRPr TGCCCCATACCCACACTCTA CGTTTCCGGGATTCAATCTGC

TGFB AGGAGGTCACCCGCGTGCTAA GAGCCTCAGCAGGCGCAACT
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