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Abstract

Purpose The ghrelin axis regulates many physiological functions (including appetite, metabolism, and energy balance) and
plays a role in disease processes. As ghrelin stimulates prostate cancer proliferation, the ghrelin receptor antagonist [D-Lys’]-
GHRP-6 is a potential treatment for castrate-resistant prostate cancer and for preventing the metabolic consequences of
androgen-targeted therapies. We therefore explored the effect of [D-Lys’]-GHRP-6 on PC3 prostate cancer xenograft
growth.

Methods NOD/SCID mice with PC3 prostate cancer xenografts were administered 20 nmoles/mouse [D-Lys’]-GHRP-6
daily by intraperitoneal injection for 14 days and tumour volume and weight were measured. RNA sequencing of tumours
was conducted to investigate expression changes following [D-Lys®*]-GHRP-6 treatment. A second experiment, extending
treatment time to 18 days and including a higher dose of [D-Lys’]-GHRP-6 (200 nmoles/mouse/day), was undertaken to
ensure repeatability.

Results We demonstrate here that daily intraperitoneal injection of 20 nmoles/mouse [D-Lys’]-GHRP-6 reduces PC3
prostate cancer xenograft tumour volume and weight in NOD/SCID mice at two weeks post treatment initiation. RNA-
sequencing revealed reduced expression of epidermal growth factor receptor (EGFR) in these tumours. Further experiments
demonstrated that the effects of [D-Lys’]-GHRP-6 are transitory and lost after 18 days of treatment.

Conclusions We show that [D-Lys’]-GHRP-6 has transitory effects on prostate xenograft tumours in mice, which rapidly
develop an apparent resistance to the antagonist. Although further studies on [D-Lys’]-GHRP-6 are warranted, we suggest
that daily treatment with the antagonist is not a suitable treatment for advanced prostate cancer.
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Introduction

The peptide hormone ghrelin is a recognised mediator of
numerous physiological processes, including appetite
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regulation [1, 2], insulin release [3], energy balance, and
adipogenesis [4]. Ghrelin, therefore, has emerged as a target
for the treatment and prevention of obesity and metabolic
syndrome [5, 6]. Furthermore, there is now close to two
decades of evidence for a role of ghrelin in cancer [7-9]. In
prostate cancer, ghrelin treatment increases the proliferation
of the PC3 and LNCaP human prostate cancer cell lines
in vitro [10]. Additionally, prostate cancer cell lines express
components of the ghrelin axis, including its receptor
GHSR1a (GHSR) and the ghrelin activating enzyme ghrelin
O-acyl transferase (GOAT; encoded by MBOAT4) [9, 10].
The insulin-regulated ghrelin (GHRL) isoforms in2c-ghrelin
[11] and in1-ghrelin [11] are highly expressed relative to the
wild-type ghrelin isoform in prostate cancer cell lines and
clinical tumours [10, 11]. Many of the effects of ghrelin,
including appetite regulation, are mediated by its cognate
receptor, the growth hormone secretagogue receptor la
(GHSR1a), which is a G protein-coupled receptor (GPCR)
[3]. GPCR-ligand interactions are common therapeutic tar-
gets for a number of disease states [12]. The GHSR1a has
been targeted to manipulate the ghrelin axis [13, 14] as
ghrelin resistance is linked with obesity [15, 16]. Being
overweight or obese is a risk factor for many cancers [17]
and is associated with progression of prostate, endometrial,
breast, and gastrointestinal cancer [18-21]. Although
ghrelin and GHSR antagonists have not been approved as
treatments for excessive appetite and obesity, the metabolic
and proliferative effects of ghrelin in cancer could prove
fruitful therapeutic targets [8]. In particular, the inhibition of
ghrelin signalling through the GHSR1a by ghrelin antago-
nists may be effective in treating cancers fuelled by
hypernutrition [22, 23].

Here, we studied the effect of the well-characterised and
commercially-available [24] ghrelin receptor antagonist [D-
Lys’]-GHRP-6 on prostate tumour growth in vivo. [D-
Lys’]-GHRP-6 is a potent, peptidic GHSRIa antagonist
[24]. It also antagonises other receptors, including the
chemokine G protein-coupled receptors CXCR4 [25] and
CCRS5 [26], however, at much lower potency.

Materials and methods
Cell culture

Human prostate cancer cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). The PC3 prostate cancer cell line was cultured in
Roswell Park Memorial Institute 1640 medium (RPMI-
1640) and supplemented with 10% (v/v) fetal bovine serum
(FBS) (Thermo Fisher Scientific, Waltham, MA, USA), 50
units/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). All cells tested negative for
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Mycoplasma. The cell line was authenticated by the QUT
Genomics Research Centre.

Cell proliferation assays

To determine the effect of [D-Lys3]-GHRP-6 (Sigma-
Aldrich, St-Louis, MO, USA) on PC3 prostate cancer cell
line growth in vitro Wst-1 (Roche Applied Science, Penz-
berg, Germany) and Incucyte Zoom proliferation assays
were performed. Cells were plated at 2 x 10* cells per well
in a 96 well plate, left overnight, then treated with a range of
concentrations of [D—Lys3]—GHRP—6 (0-10uM, Sigma
Aldrich) daily for three days. Wst-1 cell proliferation
reagent agent was added to cells grown in 96 well plates
(Thermo Fischer Scientific, Waltham, MA, USA) in phenol-
red free media after 5 days, incubated for 1.5h and absor-
bance measured using a Fluostar Omega (BMG LAB-
TECH, Ortenberg, Germany) plate reader at 450 nm with a
reference wavelength of 650 nm. For the IncuCyte ZOOM
(Essen Bioscience, Ann Arbor, MI, USA) proliferation
method, cells in 96 well plate Image lock 96 well plates
(Essen Bioscience) were placed in the IncuCyte ZOOM
incubator on the second day after the first treatment with [D-
Lys’]-GHRP-6 and images captured at 10x magnification
every two hours and phase contrast was used by the
instrument to determine percent confluency. All experi-
ments were performed in triplicate with at least three
independent repeats.

[D-Lys®]-GHRP-6 in in vivo subcutaneous prostate
cancer xenograft growth

In order to determine the effect of the ghrelin antagonist [D-
Lys’]-GHRP-6 on prostate cancer cell line xenograft
growth, NOD.CBI17-Prkdc*“/Arc  (NOD/SCID) mice
(Jackson Laboratory; supplied by Animal Resource Centre,
Murdoch, WA, Australia) received a subcutaneous injection
of 1x 10% PC3 cells into the left flank. The PC3 cells were
diluted 1:1 in growth factor-reduced, phenol red-free
Matrigel (Corning, NY, USA). Ethical approval was gran-
ted from the University of Queensland and Queensland
University of Technology Animal Ethics Committees (TRI/
QUT/087/14/NHMRC). Mice were housed under pathogen-
free conditions in individually-ventilated cages at a room
temperature of 20-23 °C, with a 12-h light-dark cycle [27].

Tumours were allowed to grow until a volume of
approximately 100 mm?® was reached, at which point mice
were divided into two experimental groups. Mice then
received daily intraperitoneal (i.p.) injections of 20 nmoles/
mouse of [D—Lys3]-GHRP-6 (Sigma-Aldrich) (n=4) or
PBS control (n = 5) for 14-18 days (ethical endpoint set at a
tumour size of 1000 mm3). Tumour volume was calculated
by measuring subcutaneous tumour length and width twice
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weekly using digital calipers (ProSciTech, Kirwan, QLD,
Australia) and the equation ‘tumour volume = (length x
width?)/2> [28]. At the end of the experiment, mice were
euthanised using 70% carbon dioxide followed by cervical
dislocation. Wet tumour weight and volume were measured
and the excised tumour was divided into two, with half
being formalin fixed and paraffin embedded for histology
and the remaining half snap frozen and stored at —80°C
until required for gene expression analysis. A second in vivo
study was performed to assess the effects of a longer time
timepoint and larger dose of ghrelin receptor antagonist. In
this experiment, 20 nmoles (n = 11) or 200 nmoles/mouse
(n=10) [D—Lys3]—GHRP—6 (Sigma-Aldrich), or PBS con-
trol (n = 11) was administered by i.p. injection for 18 days
once tumours reached approximately 100 mm?, as described
above.

RNA extraction from tissues

To extract RNA from tissues, TRIzol reagent (Life Tech-
nologies, Carlsbad, CA, USA) (1 mL per 50-100 mg tissue)
and an RNeasy Mini Kit (QIAGEN, Hilden, Germany) were
used to extract and purify RNA from snap frozen PC3
xenograft tumour tissue from mice treated with [D-Lys’]-
GHRP-6 or PBS (control). RNA was quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific) and stored at —80 °C. RNA was considered high
quality (and suitable for use) if the 260/280 ratio was
1.9-2.1 and the 260/230 ratio was >1.5.

RNA-sequencing and analysis

RNA purity was assessed using an Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA) and RNA was used for
RNA-seq if the RNA Integrity Number (RIN) was >7.
Strand-specific RNA-seq was performed by Macrogen
(Seoul, South Korea). A TruSeq stranded mRNA library
(Illumina, San Diego, CA, USA) was constructed and RNA-
seq performed (130 million reads) on a HiSeq 2500 instru-
ment (Illumina) to generate 101 bp paired-end reads. Pre-
processing of raw FASTQ reads, including elimination of
contamination adapters, was performed with scythe v0.994
(https://github.com/vsbuffalo/scythe). Human (xenograft
tumour; the graft) and mouse (the host) RNA-seq reads were
separated using Xenome [29] on the trimmed FASTQ files.

Paired-end human FASTQ files were aligned to the
human genome (UCSC build hg19) using the spliced-read
mapper TopHat (v2.1.1) [30] and reference gene annota-
tions to guide the alignment. Raw gene counts were com-
puted from TopHat-generated BAM files using
featureCounts v1.4.6-p5 [31], counting coding sequence
(CDS) features of the UCSC hg19 gene annotation file (gtf).
FeatureCounts output files were analysed using the R

programming language (v3.2.3). Briefly, raw counts were
normalised by trimmed mean of M-values (TMM) correc-
tion [32, 33]. Library size-normalised read counts (per
million; CPM) were subjected to variance-based filtering
using the R package ‘genefilter’ v1.56.0 [34], with default
settings, to remove genes that exhibited little variation
across all samples. Differentially expressed genes were
identified using the voom function (variance modelling at
the observation-level) in the R package ‘limma’ v3.22.1
(Linear Models for Microarray Data) [35, 36]; with trend =
TRUE for the eBayes function and correction for multiple
testing (Benjamini-Hochberg false discovery rate and P
value cut-off set to 0.05). Genes with at least a 2.0 absolute
fold-change difference in expression between xenografts
from mice treated with [D-Lys3]-GHRP—6 or PBS control
were defined as differentially expressed. Detailed gene
annotations were obtained by querying Ensembl with the R/
Bioconductor package ‘biomaRt’ [37].

To identify gene association networks in [D-Lys’]-
GHRP-6-treated xenograft tumours, differentially expressed
genes were mapped onto STRING v10 [38, 39], using the R
package ‘Stringdb’ v1.18.0 [40] (with score_threshold =
400), and visualised with iGraph [41]. STRING integrates
functional annotation data—relationships between proteins
that likely contribute to a common biological purpose. To
assess network structure, we utilised the iGraph community
algorithm Waltrap, reported to perform well on small net-
works [42]. Employing a 2.0-fold change and P value < 0.05
cutoff, genes induced or repressed by [D-Lys*]-GHRP-6
administration were indicated in the network (an in-house R
script was used to allow custom colouring). Proteins in a
network without connections were not shown. The expected
vs. observed protein interactions and associated P-value
were calculated based on a random background model [39]
(implemented via get_summary in the ‘Stringdb’ R
package).

Histology and immunohistochemistry

Excised tissues for histology were fixed in 4% paraf-
ormaldehyde (Electron Microscopy Sciences, Hatfield, PA),
embedded in paraffin or snap frozen in OCT compound
(VWR Prolab, Tingalpa, QLD, Australia), and stored at
—80 °C. Frozen sections were cut (6-10 um) using a Leica
CM1850 cryotome (Leica Biosystems, Wetzlar, Germany),
picked up onto warm charged slides, air-dried for one hour
to overnight and stored at —80 °C. Before staining, sections
were fixed in ice-cold 100% acetone for 10 min, then
allowed to air dry. One section from each specimen was
stained with Mayer’s haematoxylin and eosin and the
remaining sections were used for immunohistochemistry.
Primary antibodies against Ki67 (1:1000 dilution, frozen
sections, Abcam, Cambridge, UK), ghrelin (1:1000 dilution
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Fig. 1 [D-Lys’]-GHRP-6 reduces PC3 tumour xenograft size 9-14 days after the commencement of treatment. Mice with subcutaneous PC3
tumour xenografts were administered 20 nmoles/mouse/day [D-Lys*]-GHRP-6 or PBS control via intraperitoneal injection. a Tumour volume
(mm?®) over time was significantly lower in the group treated with [D-Lys*]-GHRP-6 (n = 4) compared to the control group (PBS 1 = 5). Mean + S.
EM. *P <0.016, Wilcoxon-signed rank test. b Tumour weight measured at experimental endpoint. Mean + S.E.M. P = 0.057, Mann—Whitney U-
test. ¢ Final body weight (grams) was not significantly altered at endpoint in the [D-Lys*]-GHRP-6 treated group compared to the PBS control
group. Mean = S.EM. P> 0.99, Mann—Whitney U-test. d Staining of the proliferation marker Ki67 in PC3 xenograft tumours administered [D-
Lys*]-GHRP-6 or PBS control. Scale bar =50 uM. e Non-significant decrease in the number of Ki67-positive, proliferating cells in xenograft
tumours from mice administered [D—Lys3]—GHRP—6. Mean + S.E.M. P = 0.40, Mann—Whitney U-test. f There is no change in the expression of the
ApopTag apoptosis marker at endpoint between the treatment and control groups (Scale bar =50 uM) or g in the percent of cells undergoing
apoptosis in PC3 subcutaneous xenografts. Mean + S.E.M. P = 0.99, Mann—Whitney U-test

for frozen sections, 1:50 for paraffin-embedded sections,
Biovision, Milpitas, CA, USA) or GHSR1a were diluted
(1:1000 dilution for frozen sections, 1:100 for paraffin-
embedded sections, Santa Cruz Biotechnology, Dallas, TX,
USA) in 1% bovine serum albumin (BSA, Sigma Aldrich)
in PBS 0.05% Tween 20 (1% BSA in PBST). Ki67
immunohistochemistry was used as a marker of cell pro-
liferation. Sections were incubated in 3% hydrogen per-
oxide for 10min, to block endogenous peroxidases,
followed by 60 min blocking (1% BSA in PBST), 60 min
incubation with diluted primary antibody in diluents, 30 min
with secondary HRP conjugated polymeric antibody
(SuperPicture; Life Technologies, Carlsbad, CA, USA), and
incubation with the chromagen diaminobenzidine (Dako,
Troy, MI, USA) to give brown specific staining. Apoptotic
cells were stained using the ApopTag in sifu detection kit
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(EMD Millipore, Billerica, MA, USA). All slides were
counterstained using Mayer’s haematoxylin (Sigma-
Aldrich), dehydrated through an alcohol gradient and
xylene, and mounted using a synthetic mounting medium
(D.P.X. with Colourfast, Fronine, Thermo Fisher Scien-
tific). Cells stained positive for Ki67 or ApopTag were
quantified using the ImageJ cell counter plugin (Research
Services Branch, National Institute of Health, Rockville,
MD, USA) [43] with minimum n =3 samples per group
and n =15 fields per section.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)

Complementary DNA synthesis was generated from 1 g
DNase-treated RNA using an iScript cDNA synthesis kit
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Fig. 2 The effect of [D-Lys’]-GHRP-6 is not repeatable. NOD/SCID
mice with subcutaneous PC3 tumours were administered [D—Lys3]—
GHRP-6 20 nmoles/mouse/day (n=11), [D-Lys3]-GHRP-6
200 nmoles/mouse/day (n = 10), or PBS control (n = 6) via intraper-
itoneal injection. a Tumour volume (mm®) measured over time after
commencement of [D—LySS]—GHRP—6 or PBS-control treatment. Mean
+S.EM. [D—Lys3]—GHRP—6 20 nmoles/mouse/day had no significant
effect on tumour volume after 14 days treatment (P =0.16), nor at
endpoint (18 days) (P =0.96). [D-Lys3]-GHRP-6 (200 nmoles/mouse/
day) also had no significant effect on tumour volume at 14 (P =0.62)

(Bio-Rad, Hercules, CA, USA). Quantitative RT-PCR was
performed using an AB7500 FAST sequence detection
(Applied Biosystems, Foster City, CA, USA) or the ViiA 7
System (Applied Biosystems) thermal cycler. The gRT-
PCR contained Applied Biosystems SYBR Green PCR
Master Mix (Thermo Fisher Scientific), 1 uM each primer,
and 2 ul of a 1/5 dilution of cDNA template in RNase-free
water to a total volume of 10 ul. RT-PCR was performed
with an annealing temperature of 60 °C for 40 cycles. A
negative control (containing water instead of template) and
a minus reverse transcriptase (RT) control (in which RT was
omitted from the cDNA synthesis) were used for each real-
time plate for each primer set. All real-time experiments
were performed in triplicate, and a mean value was used for
the determination of mRNA levels of epidermal growth
factor receptor (EGFR; QT00085701, QuantiTect primer
assay, QIAGEN) and the housekeeping gene TATA-box
binding protein (TBP; F 5'-TCGCTTCCGCTGGCCCA-
TAGT-3’, R 5- TCTCCAGCACACTCTTCTCAGCAA-
3’; Integrated DNA Technologies). Baseline and threshold
values (C,) for these genes were determined using ABI 7500
Prism software and exported to Microsoft Excel for
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or 18 days post-treatment initiation (P =0.99). Two-way ANOVA
with Tukey’s multiple comparisons test. b Tumour weight (g) mea-
sured at 18-day experimental endpoint shows no significant difference
between mice administered 20 nmoles/mouse/day [D-Lys’]-GHRP-6
(P=0.48) or 200 nmoles/mouse/day [D-Lys3]-GHRP-6 (P=0.71)
compared to PBS control. Mean + S.E.M. Mann—-Whitney U-test. ¢
Percent change in body weight (grams) of mice at endpoint shows no
difference between 20 nmoles/mouse/day [D—Lys3]—GHRP—6 (P=
0.81) or 200 nmoles/mouse/day [D-Lys3]-GHRP-6 (P=0.99) and
PBS treated mice. Mean = S.E.M. Mann—Whitney U-test

analysis. The relative expression of each gene was calcu-
lated using the comparative 222 method [44].

Statistical analyses

Statistical analyses were performed using GraphPad Prism
v6.01 software (GraphPad Software, San Diego, CA). Data
was assessed using a two-way ANOVA with Tukey’s
multiple comparisons, or the nonparametric Wilcoxon-
signed rank test and Mann—Whitney U-test. P<0.05 was
considered statistically significant.

Results

[D-Lys®]-GHRP-6 does not affect PC3 cell line
proliferation in vitro

In vitro proliferation assay revealed that the PC3 cell line
did not respond to [D-Lys3]—GHRP-6 treatment for three
days (0-10 uM; P =0.32 and P = 0.28, Supplementary Fig.
la-b).
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Limited inhibition of subcutaneous PC3 xenograft
growth by [D-Lys]-GHRP-6

The effects of [D—Lys3]—GHRP—6 on PC3 prostate cancer
cell line growth in vivo was investigated using a NOD/SCID
mouse xenograft model. Daily intraperitoneal injections of
20 nmoles/mouse [D-Lys3]-GHRP-6 (n=4) significantly
decreased tumour volume compared to PBS control (n = 5)
after 9 (P =0.016), 11 (P =0.012), and 14 days (endpoint)
of treatment (reduction of 50.34%, 236.63 +=85.22 mm°,
PBS: 470.1 +42.0 mm®, P = 0.02) (Fig. 1a). Endpoint wet
tumour weight was lower in the [D—Lys3]—GHRP—6 treated
group compared to the PBS control group (Fig. 1b), how-
ever, this difference was not statistically significant (P =
0.057). There was no difference in mouse body weight at
endpoint (Fig. 1c). No significant difference in the number
of proliferative (P = 0.40) or apoptotic cells (P =0.99) at
endpoint was observed between groups (Fig. 1d-g).
Immunohistochemical staining of the tumour xenografts
demonstrated staining for ghrelin or the ghrelin receptor,
GHSR1a, however, levels were similar for both the [D-
Lys’]-GHRP-6 treated and control tumours (Supplementary
Figure 1). We next repeated the experiment with an
extended treatment timeframe, beyond two weeks, as well
as a higher dose of [D-Lys’]-GHRP-6 treatments
(200 nmoles/mouse/day). No statistically significant differ-
ence (P=0.16) in tumour volume was observed in
20 nmoles/mouse/day [D-Lys’]-GHRP-6 dose group at
14 days, although a decrease in tumour volume was
observed (Fig. 2a). In the corresponding 18-day treatment
group, no significant difference in tumour volume was
observed (P =0.96) (Fig. 2a). A higher dose of [D-Lys3]-
GHRP-6, 200 nmoles/mouse/day, had no significant effect
on tumour volume at 14 (P=0.62) or 18 days post-
treatment initiation (P =0.99). Similar to experiment 1, at
endpoint (18 days) there was no difference in wet tumour
weight or host mouse body weight compared to PBS control
in the 20nmoles/mouse/day (P=0.48 and P =0.81,
respectively) and 200 nmoles/mouse/day (P =0.71 and P
=0.99, respectively) group (Fig. 2b, c). Taken together,
these data provide evidence of a transitory effect of the
ghrelin receptor antagonist [D-Lys’]-GHRP-6 on PC3
prostate cancer cell line xenograft tumours.

Repression of xenograft tumour EGFR expression is
lost beyond two weeks of [D-Lys*]-GHRP-6
treatment

RNA-sequencing of the PC3 xenograft tumours treated with
20 nmoles [D-Lys3]-GHRP-6 (n=73) or PBS control (n = 3)
for 14 days (the first experiment; Fig. 1) revealed that 93
genes were differentially expressed by [D-Lys’]-GHRP-6
(moderated #-test; cut-off set at fold-change + 2.0, P <0.05)
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Table 1 Differentially expressed genes by subcutaneous PC3 prostate
cancer cell line xenografts in NOD/SCID mice after two-weeks of
daily intraperitoneal injections of the ghrelin receptor antagonist [D-
Lys3]—GHRP—6 (20 nmoles/day/mouse) compared to PBS control

Gene name  Gene description AbsFC  P-value

TNS4 Tensin 4 -3.7  0.012

MUC3A Mucin 3A, cell surface associated -3.7 0.009

RGL3 Ral guanine nucleotide dissociation —3.7 0.030
stimulator like 3

CXCLI C-X-C motif chemokine ligand 1 -3.6  0.002

TUBB4A Tubulin beta 4A class IVa -3.6 0.008

CXCLS C-X-C motif chemokine ligand 8 -3.6  0.007

Clorfl06 Chromosome 1 open reading frame —3.5 0.019
106

AMIGO?2 Adhesion molecule with Ig like -3.3 0.008
domain 2

EEFIA2 Eukaryotic translation elongation —-3.2  0.005
factor 1 alpha 2

KRT7 Keratin 7 -32 0.002

CLDNI1 Claudin 1 —-32  0.023

CXCL3 C-X-C motif chemokine ligand 3 -3.1 0.026

ITGB4 Integrin subunit beta 4 -3.1 0.019

SPNS2 Sphingolipid transporter 2 -3 0.037

IL6 Interleukin 6 -2.8  0.022

PDGFB Platelet derived growth factor —-2.8  0.024
subunit B

EHD?2 EH domain containing 2 2.7 0.023

SALLA Spalt like transcription factor 4 2.7 0.025

FOXAI Forkhead box Al —-2.6  0.010

SORLI Sortilin related receptor 1 —-2.6  0.039

DYSF Dysferlin —-2.6  0.021

ARHGEF16 Rho guanine nucleotide exchange —2.6  0.035
factor 16

CXCL2 C-X-C motif chemokine ligand 2 -2.5 0.020

CXCL6 C-X-C motif chemokine ligand 6 -2.5 0.002

NEDD9 Neural precursor cell expressed, -2.5 0.003
developmentally down-regulated 9

PAK6 p21 (RACI) activated kinase 6 -2.5 0.018

NPNT Nephronectin —-24  0.039

CTGF Connective tissue growth factor 24  0.001

TERT Telomerase reverse transcriptase —24  0.045

CP Ceruloplasmin -24  0.047

LSR Lipolysis stimulated lipoprotein —-24  0.003
receptor

PKIB cAMP-dependent protein kinase —-24 0.027
inhibitor beta

MASTI Microtubule associated serine/ —24  0.047
threonine kinase 1

PHACTR3 Phosphatase and actin regulator 3 ~ —2.4 0.004

DKK1 Dickkopf WNT signaling pathway ——2.3 0.001
inhibitor 1

MEGF6 Multiple EGF like domains 6 —-23  0.043
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Table 1 (continued)

Table 1 (continued)

Gene name  Gene description AbsFC  P-value Gene name  Gene description AbsFC  P-value
SIK1 Salt inducible kinase 1 -2.3 0.005 ANO9 Anoctamin 9 -2.0 0.047
ESRP2 Epithelial splicing regulatory 23  0.024 NR4A1 Nuclear receptor subfamily 4 group —2.0  0.026
protein 2 A member 1
TNFAIP3 TNF alpha induced protein 3 -23 0.003 DCAF4 DDBI1 and CUL4 associated factor —2.0 0.007
CKB Creatine kinase B 23 0.006 4
KRTSO Keratin 80 23 0.030 SAMD4A Sterll? z.llph:Amonf domain -2.0 0.003
. . containing
INHBB Inhibin beta B subunit -23  0.023
. . MISP Mitotic spindle positioning —-2.0 0.001
ADAMTS1 ADAM metallopeptidase with —-2.2  0.001 )
thrombospondin type 1 motif 1 ACOX2 ACyl-COA oxidase 2 2.0 0.009
PWWP2B  PWWP domain containing 2B 22 0022 KCNK12 Pli’taSSl;lm ;‘I’CVO pore domaltf)‘ " 210041
HSPAIA  Heat shock protein family A 22 0.001 channet sublamiy & mermber
(Hsp70) member 1A CA9 Carbonic anhydrase 9 22 0.004
MROH6 Maestro heat like repeat family -22  0.038 C201f82 Chromosome 2 open reading frame 2.3 0.002
member 6 82
IGFBP5  Insulin like growth factor binding ~ —2.2  0.047 JAKMIP!  Janus kinase and microtubule 23 0019
protein 5 interacting protein 1
PRR36 Proline rich 36 22 0.024 TNFRSF11B E\LF receptor superfamily member 2.4 0.033
GSEI Gsel coiled-coil protein —2.1 0.030
COL2A1 Coll t II alpha 1 chai 2.5 0.041
SHROOM3  Shroom family member 3 -2.1 0.041 PLAZGA p}(: ag:nl‘ vpe A; phd ;:m 26 0,050
S100P S100 calcium binding protein P~ —2.1  0.011 OSPHOTIpAse A= group ' '
OXTR Oxvioci " 51 0.032 KLK4 Kallikrein related peptidase 4 2.7 0.038
Xytocin receptor —2. .
ZP1 Z Ilucida gl tein 1 2.8 0.010
OSBP2 Oxysterol binding protein 2 —2.1 0.007 ona peflucida glycoprotein
. . . MYLIO Myosin light chain 10 2.9 0.031
AFAPI Actin filament associated protein 1 —2.1 0.012
. KRT75 Keratin 75 3.1 0.002
NID2 Nidogen 2 2.1 0.019
ADGRF1I Adhesion G protein-coupled 21 0.049 Absolute fold-changes (AbsFC) are indicated. Moderated r-test; cut-off
receptor F1 set at fold-change +2.0, P <0.05
CABLES]I CdkS and Abl enzyme substrate 1 —2.1 0.019
FEST Follistatin -2.1 0.008 . .
BAIAPILI  BAII - ted orotein 2 like 1 50 0.007 —with the majority, 81 genes, downregulated (Table 1).
DUSPS Dual asso.:a.e phro el}? ! ; 2'0 0'012 Gene enrichment analysis identified processes associated
e SpeCI_ ayp .Os_p atase T ’ with chemotaxis and chemokine signalling and significant
SH2D3A SH? domain containing 3A —20 0010 associations with lipid stimulation, cell motility, cell pro-
EGFR Epidermal g.th}? factor receptor  —2.0. 0.005 liferation, and apoptosis (Table 2). To gain further insights,
LMTK2 Lemur tyrosine kinase 2 —20 0015 we interrogated the STRING database [38] to reveal
T6GM2 Transglutaminase 2 —20 0018 protein—protein interactions between the differentially
AMOTL2  Angiomotin like 2 —2.0  0.003 expressed genes (DEGs). Of these, 51 genes formed a dis-
NIPAI Non imprinted in Prader-Willi/ —20 0014 tinct network (Fig. 3). Functional associations in the net-
Angelman syndrome 1 work were significantly enriched (expected interactions =
TMEM#41B  Transmembrane protein 41B —20 0013 96, observed interactions =223; P<0.001; see [40] for
B3GNT7 UDF'IGIICNACZb,etaI?al bfta'1’37'N' —20 0.004 overview of statistical method). Epidermal growth factor
acel ucosaminyltransierase
TUFTI T ftyf | Y 50 0.043 receptor (EGFR, encoded by EGFR; —2.0-fold, moderated
RADSIL2 RZI;Z ke 2 72'0 0'049 t-test, P=0.0046) formed the centre of this network,
.1 © T ’ prompting us to examine its expression in PC3 xenograft
IL32 Interleukin 32 —20 0010 tumours that appeared to no longer respond to [D-Lys’]-
Mocos MOl}{bde_num Co_fmor SUI_furase —20 0.043 GHRP-6 treatment (the second experiment; Fig. 2). In
ARID3B AT-rich interaction domain 3B -2.0 0.037 tumours treated with 20 nmoles/mouse/day [D—Lys3]—
SLC7A1 Solute carrier family 7 member 1 —-2.0 0.036 GHRP-6 for 18 days, qRT-PCR revealed no significant
KRT86 Keratin 86 —2.0  0.007 difference in EGFR expression (0.6 fold-change,
GPRC5A G protein-coupled receptor class C  —2.0  0.021 Mann-Whitney U-test, P = 0.65) (Fig. 4).

group 5 member A
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Table 2 Gene enrichment analysis of a 51-gene network derived by STRING analysis of genes differentially expressed by subcutaneous PC3
prostate cancer cell line xenografts in NOD/SCID mice after two-weeks of daily intraperitoneal injections of the ghrelin receptor antagonist [D-
Lys3]—GHRP—6 (20 nmoles/day/mouse)

GO term_id Proteins Hits P-value P-value_fdr Term_description

GO:0033993 729 16 447E-12 8.28E-09 Response to lipid

GO:0051674 761 14 1.29E-09 8.07E-07 Localization of cell

GO0:0048870 762 14 1.31E-09 8.07E-07 Cell motility

GO0:0060326 157 8 2.93E-09 1.35E-06 Cell chemotaxis

GO:0016477 698 13 4.88E-09 1.78E-06 Cell migration

GO:0050921 108 7 5.78E-09 1.78E-06 Positive regulation of chemotaxis

GO:0048520 127 7 1.79E-08 4.74E-06 Positive regulation of behaviour

GO:0002690 75 6 2.15E-08 4.98E-06 Positive regulation of leukocyte chemotaxis

GO:0050920 139 7 3.35E-08 6.89E-06 Regulation of chemotaxis

GO:0070098 41 5 4.04E-08 7.47E-06 Chemokine-mediated signaling pathway

GO:0002688 86 6 4.93E-08 8.29E-06 Regulation of leukocyte chemotaxis

G0:0002687 97 6 1.02E-07 1.57E-05 Positive regulation of leukocyte migration

GO:0050795 191 7 2.95E-07 4.2E-05 Regulation of behaviour

G0:0006928 1211 14 4.35E-07 5.51E-05 Movement of cell or subcellular component

GO0:1901700 1214 14 4.48E-07 5.51E-05 Response to oxygen-containing compound

G0:0097305 303 8 4.76E-07 5.51E-05 Response to alcohol

GO0:0030334 564 10 5.97E-07 6.22E-05 Regulation of cell migration

GO0:0002685 131 6 6.05E-07 6.22E-05 Regulation of leukocyte migration

GO0:0030335 324 8 7.9E-07 7.44E-05 Positive regulation of cell migration

GO:0006935 588 10 8.72E-07 7.44E-05 Chemotaxis

GO:0042330 588 10 8.72E-07 7.44E-05 Taxis

GO:0040011 1091 13 8.85E-07 7.44E-05 Locomotion

GO0:2000147 333 8 9.7E-07 7.81E-05 Positive regulation of cell motility

GO0:2000145 599 10 1.03E-06 7.95E-05 Regulation of cell motility

GO:0051272 338 8 1.08E-06 8.03E-05 Positive regulation of cellular component
movement

G0:0040017 345 8 1.26E-06 9E-05 Positive regulation of locomotion

G0:0032103 352 8 1.47E-06 0.000101 Positive regulation of response to external stimulus

GO0:0040012 647 10 2.06E-06 0.000136 Regulation of locomotion

GO0:0032496 262 7 2.45E-06 0.000157 Response to lipopolysaccharide

GO0:0048545 383 8 2.75E-06 0.000165 Response to steroid hormone

GO0:0051270 669 10 2.78E-06 0.000165 Regulation of cellular component movement

GO0:0051094 1018 12 2.86E-06 0.000165 Positive regulation of developmental process

GO0:0002237 273 7 3.22E-06 0.000181 Response to molecule of bacterial origin

GO0:0048729 542 9 4.02E-06 0.000219 Tissue morphogenesis

GO0:0022612 105 5 4.65E-06 0.000246 Gland morphogenesis

GO:0023057 1071 12 4.82E-06 0.000248 Negative regulation of signaling

GO:0010648 1080 12 5.25E-06 0.000263 Negative regulation of cell communication

GO0:0034059 2 2 5.39E-06 0.000263 Response to anoxia

GO0:0043408 564 9 5.55E-06 0.000263 Regulation of MAPK cascade

GO:0060429 903 11 5.88E-06 0.000272 Epithelium development

GO0:0043627 195 6 6.11E-06 0.000276 Response to oestrogen

GO:0009617 430 8 6.45E-06 0.000284 Response to bacterium

GO:0048646 914 11 6.6E-06 0.000284 Anatomical structure formation involved in
morphogenesis

G0:0014070 740 10 6.79E-06 0.000286 Response to organic cyclic compound
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Table 2 (continued)

GO term_id Proteins Hits P-value P-value_fdr Term_description

GO:0042127 1344 13 8.86E-06 0.000364 Regulation of cell proliferation

GO0:0032355 122 5 9.69E-06 0.00039 Response to estradiol

GO:0042325 1162 12 1.1E-05 0.000435 Regulation of phosphorylation

GO:2000026 1400 13 1.37E-05 0.00053 Regulation of multicellular organismal
development

GO0:0070374 132 5 1.42E-05 0.000537 Positive regulation of ERK1 and ERK?2 cascade

GO:0009887 809 10 1.48E-05 0.000547 Organ morphogenesis

GO:0009888 1416 13 1.55E-05 0.000557 Tissue development

GO0:0042592 1203 12 1.56E-05 0.000557 Homeostatic process

GO0:0043067 1270 12 2.68E-05 0.000937 Regulation of programmed cell death

GO0:0048732 385 7 3E-05 0.000999 Gland development

GO0:0007229 76 4 3.02E-05 0.000999 Integrin-mediated signaling pathway

GO0:0097529 76 4 3.02E-05 0.000999 Myeloid leukocyte migration

GO:0001932 1083 11 3.22E-05 0.001046 Regulation of protein phosphorylation

GO0:0035295 544 8 3.51E-05 0.001103 Tube development

GO:0051241 895 10 3.52E-05 0.001103 Negative regulation of multicellular organismal
process

G0:0048660 80 4 3.7E-05 0.001142 Regulation of smooth muscle cell proliferation

G0:0007435 28 3 3.81E-05 0.001156 Salivary gland morphogenesis

GO0:0006954 401 3.89E-05 0.00116 Inflammatory response

GO:0010941 1347 12 4.79E-05 0.001406 Regulation of cell death

GO:0002009 417 7 4.98E-05 0.00144 Morphogenesis of an epithelium

GO0:0007431 31 3 5.2E-05 0.00146 Salivary gland development

GO:0001101 285 5.21E-05 0.00146 Response to acid chemical

GO0:0019220 1377 12 5.93E-05 0.001638 Regulation of phosphate metabolic process

GO:0051174 1390 12 6.5E-05 0.001768 Regulation of phosphorus metabolic process

GO0:0009968 970 10 6.93E-05 0.001859 Negative regulation of signal transduction

GO:0030595 96 4 7.56E-05 0.002 Leukocyte chemotaxis

GO0:0051093 789 9 7.83E-05 0.002041 Negative regulation of developmental process

GO:0048585 1202 11 8.31E-05 0.002111 Negative regulation of response to stimulus

GO:0070372 191 5 8.32E-05 0.002111 Regulation of ERK1 and ERK2 cascade

GO:0009725 802 9 8.87E-05 0.002198 Response to hormone

GO:0014910 37 3 8.91E-05 0.002198 Regulation of smooth muscle cell migration

GO0:0032101 808 9 9.39E-05 0.002258 Regulation of response to external stimulus

GO:0043207 627 8 9.52E-05 0.002258 Response to external biotic stimulus

GO:0051707 627 8 9.52E-05 0.002258 Response to other organism

Obtained using the R package ‘Stringdb’. Enrichment for Gene Ontology Biological Processes (GO BP) terms were computed using a
hypergeometric test. The false discovery rate P-value is denoted as ‘pvalue_fdr’

Discussion

Previous in vitro studies have demonstrated that the ghrelin
receptor antagonist [D-Lys’]-GHRP-6 inhibits the pro-
liferative response to ghrelin in cultured colon [45], gastric
[46], and ovarian cancer cell lines [47], human aortic
endothelial cells [48], hippocampal stem cells [49], astro-
cytes [50], and rat [S1] and human osteoblasts [51, 52]. In
this study, [D-Lys’]-GHRP-6 treatment daily over 3 days
did not affect PC3 prostate cancer cell line growth in vitro at

a range of concentrations. This could indicate that [D-Lys*]-
GHRP-6 affects tumour growth indirectly in vivo. Alter-
natively, the effects over this relatively short time course
in vitro might not be measurable using these assays. In this
study we aimed to investigate whether [D-Lys’]-GHRP-6
had an effect on subcutaneous PC3 xenograft tumours in
NOD/SCID mice. Daily injection of [D-Lys’]-GHRP-6
reduced xenograft tumour volume after 9-14 days in an
initial experiment, but had no significant effects on tumour
weight or cell proliferation. In a second experiment we
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Fig. 3 STRING network consisting 51 proteins encoded by genes differentially expressed by PC3 xenograft tumours in mice administered
[D-Lys*]-GHRP-6 (20 nmoles/day/mouse) for 14 days. Genes induced (red) or repressed (blue) are indicated. 2.0-fold change and P value < 0.05
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Fig. 4 Epidermal growth factor receptor (EGFR) expression is not
significantly different in PC3 xenografts after 18 days of [D-Lys’]-
GHRP-6 treatment. Data is shown as mean + S.E.M. ([D—Lys3]—GHRP—
6 n="7; PBS control n =4). Mann—Whitney U-test (P = 0.65)

extended the treatment regime to 18 days, revealing that the
effect of [D-Lys’]-GHRP-6 is lost after approximately two
weeks of treatment. Similarly, an increased dose

@ Springer

(200 nmoles/mouse/day) of [D-Lys*]-GHRP-6 had no sig-
nificant effect on measures of tumour growth (tumour
volume and tumour weight) at 18 days.

Given the lack of data on [D-Lys*]-GHRP-6 and prostate
cancer, it is of interest to consider the literature on this
antagonist in animal models. Very rapid response to ghrelin
receptor antagonists, followed by resistance to treatment has
previously been described [13, 46, 53]. [D-Lys3]—GHRP-6
(~370 nmoles/mouse delivered by injection) decreased
ethanol and water intake in male C57BL/6 mice, however,
this effect was only seen for the first day of treatment,
suggesting that [D-Lys’]-GHRP-6 tolerance developed
quickly [13]. The Snordl16 deletion mouse, a single-gene
knockout model of Prader-Willi syndrome with supraphy-
siological levels of ghrelin, exhibited desensitisation to the
anorexigenic effect of [D—Lys3]-GHRP—6 (~336 nmoles/
mouse delivered by injection) or the GHSR1a antagonist
YIL-781 after 1-2 days [53]. Such rapid systemic responses
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to ghrelin antagonists may be unusual, however. A recent
study revealed that [D-Lys’]-GHRP-6 inhibited ghrelin
gene (GHRL) overexpression-mediated growth of SGC7901
human gastric carcinoma cell line xenograft tumours in
nude (FoxnI™) mice, while the growth of untransfected
SGC7901 xenografts was not significantly altered by [D-
Lys’]-GHRP-6 [46]. In the SGC7901 xenograft study
40 nmoles/mouse [D-Lys’]-GHRP-6 was administered i.p.
three times over 7 days (in our study we administered 20 or
200 nmoles/mouse i.p. daily for 14-18 days). Thus, longer-
term treatment would be expected to antagonise the effects
of ghrelin produced by tumours.

As GHSR1a is a GPCR, it is likely to be rapidly inter-
nalised and its effects attenuated [54] after the administra-
tion of [D-Lys’]-GHRP-6, which may reflect the initial
xenograft tumour response observed in our study and by
others [46]. A number of metabolic studies have employed
[D-Lys®]-GHRP-6 short term, demonstrating its beneficial
effects in obese mice and suggesting that the antagonist
might be a useful treatment for type 2 diabetes mellitus [55,
56]. [D—Lys3]—GHRP—6 (200 nmoles/mouse) decreased food
intake and weight gain in the leptin-deficient (Lep®”; ob/ob)
mouse when they were treated twice-daily for 6 days [55].
Recently, a 12-day mouse study revealed that [D-Lys’]-
GHRP-6 treatment increased food intake and lead to
impaired glucose tolerance in male, non-obese, diabetic
MKR mice (a transgenic strain with skeletal muscle-specific
deletion of the Igfrl gene), but not in the wild-type strain
(FVB/NIJ) [55], suggesting that the observed effects are a
peculiarity of the MKR strain. Indeed, similar to wild-type
FVB/NJ mice, we did not observe impaired weight gain
mice in our 18-day study in NOD/SCID mice (20 or
200 nmoles/mouse daily in our study versus 200 nmoles/
mouse twice a day in the previous study) [56].

To gain insight into how [D-Lys’]-GHRP-6 was able to
inhibit PC3 xenograft tumour growth in our first experi-
ment, we performed RNA-sequencing. Of the 93 genes that
were differentially regulated after 14 days of treatment with
[D-Lys®]-GHRP-6, reduced gene expression of epidermal
growth factor receptor (EGFR) was of particular interest as
it formed the centre of a protein—protein interaction net-
work. After 18 days of [D-Lys’]-GHRP-6 treatment there
was no change in xenograft EGFR expression and growth.
Abnormal activation and upregulation of EGFR is asso-
ciated with aggressiveness and poor prognosis in many
cancers, rendering it a promising therapeutic target [57].
EGFR regulates cell proliferation [58], and its upregulation
in prostate cancer has been associated with androgen
independence [59] and more aggressive, metastatic disease
[60].

While we observed a significantly reduced tumour
volume at 14 days in 20 nmol [D-Lys®*]-GHRP-6 treated
xenografts in the first experiment, there was a slightly but

not significantly lower number of cells expressing the pro-
liferation marker Ki67 and a weaker overall immunohisto-
chemical staining compared to PBS controls. This may be
due to the development of resistance to 20 nmol [D—Lys3]—
GHRP-6 beginning around 14 days, therefore, affecting the
percent of proliferating cells at this timepoint, with perhaps
a significant reduction in proliferation at earlier time points.
Ghrelin can transactivate EGFR, which may mediate its
proliferative effects [53, 61]. This response tends to be very
rapid and transient, however [62] and the effects of ghrelin
on EGFR are likely to be acute. We speculate that the lower
EGFR gene expression after 14 days of 20 nmoles/mouse/
day [D-Lys’]-GHRP-6 treatment in the first experiment,
followed by no difference after 18 days 20 nmoles/mouse/
day [D-Lys’]-GHRP-6 treatment in the second experiment,
may be due to ghrelin transactivation of EGFR [62] pro-
moting a short-term reduction in tumour size.

To conclude, our prostate tumour xenograft study shows
that the ghrelin receptor antagonist [D-Lys’]-GHRP-6 can
inhibit in vivo xenograft tumour growth for two weeks,
followed by an apparent resistance to the antagonist. This
work also identifies EGFR as a candidate mediator of
tumour growth inhibition by [D-Lys®]-GHRP-6. Although
its application is likely to be limited unless the transitory
effects and apparent resistance to [D-Lys*]-GHRP-6 can be
overcome by intermittent dosing regimens or other
approaches. Notwithstanding our work provides further
evidence that the ghrelin axis plays a role in prostate cancer
progression and supports further studies.
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