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Abstract

Background: The Ghrelin-system is a complex, pleiotropic family composed of several peptides, including
native-ghrelin and its In1-ghrelin splicing variant, and receptors (GHSR 1a/b), which are dysregulated in various
endocrine-related tumors, where they associate to pathophysiological features, but the presence, functional role,
and mechanisms of actions of In1-ghrelin splicing variant in prostate-cancer (PCa), is completely unexplored.
Herein, we aimed to determine the presence of key ghrelin-system components (native-ghrelin, In1-ghrelin,
GHSR1a/1b) and their potential pathophysiological role in prostate cancer (PCa).

Methods: In1-ghrelin and native-ghrelin expression was evaluated by qPCR in prostate tissues from patients with
high PCa-risk (n = 52; fresh-tumoral biopsies), and healthy-prostates (n = 12; from cystoprostatectomies) and
correlated with clinical parameters using Spearman-test. In addition, In1-ghrelin and native-ghrelin was measured
in plasma from an additional cohort of PCa-patients with different risk levels (n = 30) and control-healthy patients
(n = 20). In vivo functional (proliferation/migration) and mechanistic (gene expression/signaling-pathways) assays
were performed in PCa-cell lines in response to In1-ghrelin and native-ghrelin treatment, overexpression and/or
silencing. Finally, tumor progression was monitored in nude-mice injected with PCa-cells overexpressing
In1-ghrelin, native-ghrelin and empty vector (control).

Results: In1-ghrelin, but not native-ghrelin, was overexpressed in high-risk PCa-samples compared to normal-
prostate (NP), and this expression correlated with that of PSA. Conversely, GHSR1a/1b expression was virtually
absent. Remarkably, plasmatic In1-ghrelin, but not native-ghrelin, levels were also higher in PCa-patients
compared to healthy-controls. Furthermore, In1-ghrelin treatment/overexpression, and to a much lesser extent
native-ghrelin, increased aggressiveness features (cell-proliferation, migration and PSA secretion) of NP and PCa
cells. Consistently, nude-mice injected with PC-3-cells stably-transfected with In1-ghrelin, but not native-ghrelin, presented
larger tumors. These effects were likely mediated by ERK1/2-signaling activation and involved altered expression of key
oncogenes/tumor suppressor genes. Finally, In1-ghrelin silencing reduced cell-proliferation and PSA secretion from
PCa cells.
(Continued on next page)
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Conclusions: Altogether, our results indicate that In1-ghrelin levels (in tissue) and circulating levels (in plasma) are
increased in PCa where it can regulate key pathophysiological processes, thus suggesting that In1-ghrelin may represent
a novel biomarker and a new therapeutic target in PCa.
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Background
Prostate cancer (PCa) is the most frequently diagnosed
cancer and the second leading cause of cancer-associated
mortality in the male population worldwide [1]. Unfortu-
nately, PCa is a complex and heterogeneous cancer type
that progresses, mostly unnoticed, from slow-growing,
tissue-confined lesions to highly aggressive and metastatic
forms, through a process wherein the endocrine regulation
plays a pivotal role [2–4]. Thus, it is mandatory to gain a
deeper knowledge of PCa pathophysiology and to better
define tumor behavior (from proliferation to metastasis
mechanisms), in order to identify new molecular diagnos-
tic/prognostic markers and to provide clues for novel
therapeutic targets. Indeed, although the vast majority of
studies have been focused on the role played by androgens
on PCa development/progression and their therapeutic
implications [5, 6], other endocrine systems have been also
associated with PCa tumorigenesis, including estrogens,
LH/FSH, IGF-I, somatostatin, etc. [7, 8].
In this sense, it is known that the majority of the com-

ponents of the ghrelin-family, a key endocrine/metabolic
regulatory system, are locally expressed in the prostate
[2, 9]. Specifically, native-ghrelin, the endogenous ligand
for the growth hormone secretagogue receptor (GHSR1a)
[10], is expressed and can exert endocrine/paracrine-actions
at the prostate level [9]. To bind to GHSR1a, native-ghrelin
must be acylated by the ghrelin-o-acyl transferase enzyme
(GOAT) [11]. Intriguingly, native-ghrelin is also expressed
in several cancers types including PCa [9, 12–14], suggest-
ing a putative role in these pathologies [2, 9]. In contrast,
the expression (or absence) of ghrelin receptors (GHSR1a
and the truncated-variant GHSR1b) in PCa cells is still un-
clear [12, 13]. Despite all these data potentially linking
native-ghrelin with prostate, the putative pathophysiological
role of native-ghrelin in PCa has not been elucidated since
some reports suggest that native-ghrelin might exert either
stimulatory [14, 15] or inhibitory [16–18] effects in PCa
cells proliferation/migration.
Soon after the discovery of native-ghrelin, several inde-

pendent laboratories identified a number of alternative
ghrelin gene-derived peptides/mRNA splice variants
[2, 9, 15], which are aberrantly expressed in tumoral
pathologies including PCa [9, 14, 15, 19]. Specifically,
our group identified one of those variants, In1-
ghrelin, which is characterized by the retention of
intron-1 [20]. As a result, In1-ghrelin shares the first

13-aa with native-ghrelin, and, therefore, retains the
minimum sequence required for GOAT acylation [21],
whereas, the rest of its aa sequence is different, due
to the retention of the intron-1. Interestingly, In1-
ghrelin has been shown to be up-regulated in some
endocrine-related cancers such as breast, pituitary,
and neuroendocrine tumors (NETs), where it in-
creases malignant processes such as cell proliferation/
migration or hormonal secretion [20, 22, 23]. Conse-
quently, we hypothesized that In1-ghrelin could be
also present in human PCa-tissues where it could play
a role in cancer-pathobiology. Hence, the central aim
of this study was to investigate, for the first time, the
presence, functional role and mechanisms of actions
of In1-ghrelin compared with native-ghrelin in PCa
by applying multiple experimental approaches includ-
ing human PCa samples, preclinical mouse models,
and androgen-dependent and castration-resistant PCa
cell-lines.

Methods
Patients and samples
Fresh PCa samples (n = 52) obtained by core needle bi-
opsies from patients diagnosed with palpable high-risk
PCa (from which histology was confirmed by anatomo-
pathologists) and normal prostate (NP) samples (n = 12;
obtained from patients that underwent cystoprostatect-
omy due to bladder-cancer and confirmed as NP by the
same anatomo-pathologists) were analyzed in the study
(Table 1). Moreover, plasma from an additional cohort
of PCa-patients with different risk levels (n = 30) and
control-healthy patients (n = 20) was collected (Table 2).
The study was approved by the corresponding Hospital
Ethic Committee (approval number: 2461) and written
informed consent was obtained from all individuals.

RNA isolation, reverse-transcription and quantitative
real-time PCR (qPCR)
RNA extraction, quantification, reverse-transcription as
well as the development, validation and application of
qPCR to measure the expression levels of human tran-
scripts in fresh tissue-samples and cell-lines have been
previously reported [22, 24]. Briefly, expression levels
(absolute mRNA copy-number/50 ng of sample) of
native-ghrelin, In1-ghrelin, GHSR1a/b, Ki-67 and the
housekeeping genes ACTB/GAPDH were measured
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using primers previously validated (primers used in the
study are shown in Additional file 1: Table S1) [22, 25–27].
Expression levels in fresh PCa and NP samples were deter-
mined by qPCR and adjusted by a normalization-factor
(NF) calculated from ACTB and GAPDH expression levels
using GeNorm3.3-software [28]. Expression levels in pros-
tate cell-lines were determined by qPCR and normalized
according to the value of ACTB.

Primary cultures of NP tissues
As recently reported from our group in detail [24], NP-
tissue was dispersed into single-cells by enzymatic and
mechanic disruption using an adapted protocol reported
by Goldstein et at. [29] to obtain a cell suspension
enriched in normal prostatic epithelial-cells.

Cell-lines and reagents
Cell lines (RWPE-1, 22Rv1, LNCaP, VCaP, PC-3 and
DU145) were obtained from ATCC, cultured and main-
tained under manufactures’ recommendations, validated
by analysis of STRs (GenePrint® 10 System, Promega, Bar-
celona, Spain) and checked for mycoplasma contamination
by PCR as previously reported [30]. Human acylated-
ghrelin was commercially available (SC1357, PolyPeptide
Laboratories, Limhamn, Sweden); while human acyl-
ated In1-ghrelin derived peptides (In1–19/In1–40)
were synthesized in collaboration with Ipsen-Bioscience
(Cambridge, MA, USA) and developed by CPC-Scientific
(Chinese Peptide Company, Hangzhou, China). IGF-1 and
paclitaxel peptides were used as positive or negative con-
trol in proliferation assays, respectively (Sigma-Aldrich,
Madrid, Spain).

Table 1 Demographic, clinical, anatomopathological characteristics and PCR data from patients with high-risk prostate cancer
(needle biopsies) and normal prostate controls (cytoprostatectomies)

Parameter Overall NP PCa

Age, Median (IQR) 76 (68.2–81.7) 70 (61.5–81) 78 (69–81.7)

PSA level, ng/ml, median (IQR) 54.5 (37.2–212)

BMI, median (IQR) 27.6 (25.4–30.3) 25.8 (24.4–32.5) 27.9 (25.5–30.1)

Gleason score

= 7 - - 18/52 (35%)

> 7 - - 34/52 (65%)

Extraprostatic extension - - 18/52 (35%)

Perineural infiltration - - 27/52 (52%)

% of samples where mRNA expression was detected:

Ghrelin 56/64 (87,5%) 9/12 (83,3%) 47/52 (90%)

In1-ghrelin 54/64 (84,5%) 8/12 (66,6%) 46/52 (88,5%)

GHSR-1a 1/27 (3,7%) 0/7 (0%) 1/20 (5%)

GHSR-1b 7/28 (25,5%) 2/8 (25%) 5/20 (20%)

NP Normal prostate, PCa prostate cancer, No number, EE extraprostatic extensión, PI perineural infiltration

Table 2 Demographic and clinical characteristic of patients included in the study of plasmatic levels of In1-ghrelin and ghrelin in
control (n = 30) and PCa patients (n = 20)

Parameter Control (n = 20) PCa (n = 30) p value

Age, yr., mean (SD) 63.8 (9.9) 74.8 (8.1) < 0,0001

Weight, kg, mean (SD) 82.62 (12.8) 78.7 (12.3) 0.29

BMI, mean (SD) 29.8 (4.7) 28,8 (3.6) 0.54

Total PSA, ng/ml, median (IQR) 0.85 (0.44–1.1) 25 (11.1–83.9) < 0,0001

Gleason score, n (%)

6 8/30 (26,6%) -

7 9/30 (30%) -

8 7/30 (23,3%) -

9 6/30 (20%) -

Acylated In1-ghrelin, pg/mL, median (IQR) 0 (0–0) 4.6 (0–18) 0,03

PCa prostate cancer, Yr year, SD standard desviation, Kg kilogram, cm centimeter BMI body mass index, n number, IQR interquartile range. p-values <0.05 are
indicated in italics
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ELISA/RIA determinations
Total-PSA (DRG-diagnostics, Marburg, Germany),
acylated-ghrelin (Cat-number: EZGRA-88 K; Millipore,
Madrid, Spain) and Total-Testosterone (Cat-number:
ADI-900-065, Enzo-Grupo Taper, Madrid, Spain) levels
were measured by ELISA following the manufactures’
instructions. For the measurement of acylated In1-
ghrelin in plasma, a competitive radioimmunoassay was
used (Cat-number: RK-032–42; Phoenix, Burlingame,
CA, USA).

Stable transfection of native-ghrelin and In1-ghrelin
PC-3 and VCaP cell-lines were stably transfected with
pCDNA3.1 vector (Life Technologies, Madrid, Spain)
containing native-ghrelin or In1-ghrelin and selected as
previously reported in detail [25]. Stable transfection
was confirmed by qPCR.

Silencing of In1-ghrelin by specific siRNAs
For silencing assays, PC-3 and LNCaP cell-lines were
used. Specifically, 200.000 cells were seeded in 6-well plates
and grown until 70% of confluence was reached. Then, cells
were individually transfected with specific siRNAs designed
and previously validated against In1-ghrelin (siRNA (1)
In1-ghrelin: 5′-GAGTCCTAAACAGACTGTT-3′; siRNA
(2) In1-ghrelin: 5′-CACUGUUUCUGGAAGGACATT-3′)
or with a scramble control (Catalog# 4390843, Invitrogen),
using Lipofectamine-RNAiMAX (Invitrogen) as previously
reported [22]. After 48 h, cells were collected for validation
of the transfection (qPCR) and seeded for cell-proliferation
assays and PSA-secretion.

Functional assays: Measurements of proliferation-rate,
migration and changes in free cytosolic calcium
concentration ([Ca2+]i)
Cell viability/proliferation in response to native-ghrelin
or In1-ghrelin overexpression and treatment was mea-
sured until 72 h by Alamar-Blue reagent (Biosource-
International, Camarillo, CA, USA) or MTT-tetrazolium
salt (Sigma-Aldrich, Madrid, Spain) colorimetric assays
as previously reported [22, 31]. Cell-migration was eval-
uated by Wound-Healing assay as previously described
[25]. Changes in [Ca2+]i in response to native-ghrelin or
In1-ghrelin peptides (In1–19/In1–40) in NP single cells
were determined using fura-2 AM dye (50.000 cells/
coverslip; Molecular-Probes, Eugene, OR) as previously
reported [22].

RT2 prostate-cancer PCR-Array
Total-RNA (0.75 μg) was extracted from 4 consecutive
passages of mock, native-ghrelin and In1-ghrelin stably
transfected PC-3-cells using Absolutely RNA RT-PCR
Miniprep Kit (Agilent, La Jolla, CA, USA). Total-RNA
quality was assessed using the Agilent’s 2100 Bioanalyzer

(Agilent-technologies). For PCR array experiments, an
RT2 Prostate-Cancer PCR-array was used to simultan-
eously examine the mRNA levels of 84 genes
associated with PCa development, including five
housekeeping genes (HPRT1, B2M, RPLP0, GAPDH
and ACTB; used for normalization of the data) in 96-well
plates, following the manufacturer’s protocol (catalog-
number 330231 PAHS-135ZA, Qiagen, Limburg,
Netherlands). Relative amounts were calculated by the
ΔΔCt-method and further normalized to the values of
their corresponding mock-samples. The resulting values
were reported as fold-change. Validation of genes that
showed some significant change in the array was carried
out by qPCR with a different set of custom-designed
primers (Additional file 1: Table S2).

Western blotting
Two hundred fifty thousand LNCaP and PC-3 cells were
cultured in 6-well plates and incubated for 24 h in
complete growth-medium (supplemented with 10%
FBS). Then, medium was removed and cells were starved
overnight in HBSS-medium (Gibco, Madrid, Spain).
Next day, medium was replaced with free FBS-growth
medium and treated with native-ghrelin, In1-ghrelin
(In1–19/In1–40) and IGF-1 (as positive control) pep-
tides at 10 nM for 5, 15 and 30 min. Medium without
treatment was used as vehicle-control. 500,000 PC-3-
cells overexpressing In1-ghrelin, native-ghrelin and their
respective control (mock) cells were cultured in 6-well
plates and incubated for 24 h for the validation of the
changes observed in RT2 Prostate-Cancer PCR-Array.
Then, cells were washed and lysed with SDS-DTT buffer
as previously reported [22, 25]. Proteins were separated
by SDS-PAGE and transferred to nitrocellulose-
membranes (Millipore, Madrid, Spain). Membranes were
blocked with 5% non-fat dry milk in Tris-buffered saline
with 0,05% Tween-20 and incubated O/N at 4C with the
primary antibodies for phospho-ERK1/2 (ref: 4370),
phospho-AKT (ref: 9271), anti-SFRP1 (ref: 3534), anti-
APC (ref: 2504), anti-B-tubulin (ref: 2128) and anti-
Total Androgen Receptor (D6F11) (ref: 5153S) from Cell
Signaling (Danvers, MA, USA), anti-ZNF185 (ref:
ab83100), anti-IL-6 (ref: 667) and anti-CDKN2A/
p16INK4a (ref: ab81278) from Abcam (Cambridge, UK);
anti-LOXL1 (ref: sc-166,632), anti-NRIP1 (ref: sc-8997),
IGFBP5 (ref: sc-13,093) from Santa Cruz (CA, USA) and
anti-phospho-Androgen Receptor (Ser81) (ref: 07-1375)
from Millipore. Secondary anti-rabbit (ref: 7074) and
anti-mouse were purchased from Cell Signaling (Danvers,
MA, USA). Proteins were developed using an enhanced
chemiluminescence detection-system (GE Healthcare,
Little Chalfont, UK) with dyed molecular weight markers.
A densitometric analysis of the bands was carried out with
ImageJ software.
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Xenograft model of tumor growth
Experiments with mice were carried out following the
European Regulations for Animal Care under the ap-
proval of the University/Regional’s Government Re-
search Ethics-Committees. Ten-week-old male athymic
BALB/cAnNRj-Foxn1nu mice (Janvier-Labs, Le Genest
St Isle, France) were subcutaneously grafted in both
flanks with 2 × 106 mock, native-ghrelin or In1-ghrelin
stably-transfected PC-3-cells resuspended in 100 μl of
basement membrane-extract (ref:3432–005-001; Trevigen,
Maryland, USA) and the tumor-growth was monitorized
once per week during 3-months as previously reported
[25]. Each tumor was dissected, fixed and sectioned for
histopathological-examination after hematoxylin–eosin
staining for the examination of necrosis, mitosis and
inflammatory infiltration by three expert anatomo-
pathologists. Another piece from the tumor was kept at
−80 °C for RNA-extraction and quantification of expres-
sion levels (by qPCR) of genes associated with PCa-
development as described above.

Statistical analysis
Kolmogorov-Smirnov test was used to analyze the nor-
mality of the values. Parametric-data were compared by
two-tailed t-test, while nonparametric-data were com-
pared by Mann-Whitney test. Correlations were studied
using Spearman-correlation test. The difference between
tumor-growth in nude-mice was evaluated by two-way
ANOVA. P-values < 0.05 were considered statistically
significant. When p-values ranged between < 0.1 and
> 0.05, a trend for significance was indicated where
appropriate. All statistical analyses were performed
using the GraphPad-Prism (La Jolla, CA, USA).

Results
In1-ghrelin, but not native-ghrelin, is overexpressed in
PCa tissues and cell lines
Analysis of the ghrelin-system in PCa biopsies from a
cohort (Table 1) of high-risk patients (n = 52) compared
to normal prostate (NP) control samples (n = 12), re-
vealed that native-ghrelin and In1-ghrelin mRNA was
detected in 83,3 and 66,6% of control-patients and in 90
and 88,5% of PCa samples, respectively (Table 1). How-
ever, GHSR1a expression was only detected in one
tumor, while GHSR1b expression was detected in 6 con-
trols and 10 tumor samples but its levels were negligible
(Table 1; Additional file 1: Figure S1A). Remarkably,
In1-ghrelin, but not native-ghrelin, mRNA was signifi-
cantly overexpressed in PCa-samples (Fig. 1a). Indeed,
ROC-curve analysis demonstrated that only In1-ghrelin
expression could significantly discriminate between pa-
tients with or without PCa (Fig. 1b). Moreover, In1-ghrelin,
but not native-ghrelin, expression was positively correlated

with the expression of Ki-67 (a classic proliferation marker)
(Fig. 1c), GOAT enzyme (Fig. 1d) and with PSA (Fig. 1e).
We next studied the presence and regulation of circu-

lating levels of native-ghrelin and In1-ghrelin in an inde-
pendent patient’s cohort (Table 2). Acylated In1-ghrelin
was detected in plasma and its plasmatic levels, but not
native-ghrelin, were significantly higher in PCa-patients
(n = 30) compared to controls (n = 20) (Fig. 1f ).
Remarkably, ROC-curve analysis demonstrated that only
acylated In1-ghrelin plasmatic levels could discriminate
between patients with or without PCa (p = 0.05; Fig. 1g).
Evaluation of mRNA expression of ghrelin-system in

androgen-dependent and castration-resistant PCa cell-
lines compared with the normal-like prostate cell-line
RWPE1 revealed that while native-ghrelin was expressed
in normal RWPE1-cells and in LNCaP/VCaP PCa-cells
(Fig. 1h), its expression was almost undetectable in the
other PCa cell-lines analyzed (Fig. 1h). However, In1-
ghrelin expression was commonly higher in all PCa cell-
lines compared with the normal RWPE1-cells (Fig. 1i),
which is consistent with the data obtained from fresh
PC-samples (Fig. 1a). Moreover, In1-ghrelin expression
was higher in castration-resistant cells (DU145/PC-3)
compared to androgen-dependent cells (LNCaP/22Rv1/
VCaP), suggesting that In1-ghrelin expression may vary
through the different stages of PCa. Conversely,
GHSR1a/b were barely expressed in these PCa cell-
lines (Additional file 1: Figure S1B), which is in contrast
with previous studies showing the presence of GHSR1a
in some of these PCa cell-lines [12]. Therefore, we used
different primers sets [including a primer set used in
the previously mentioned work [12]], but again we did
not find any evidence of detectable GHSR1a expression
in PCa cell-lines (Additional file 1: Figure S1C).

In1-ghrelin and native-ghrelin effects on NP cell-cultures
Calcium signaling is one of the intracellular mechanisms
involved on prostate cell physiology, where it triggers
hormone secretion and has thus been used to evaluate
prostate cell function [32, 33]. Therefore, changes in
free-cytosolic calcium concentration ([Ca2+]i) in single
cells derived from primary NP cell-cultures were ana-
lyzed in response to In1-ghrelin derived peptides
(In1–19 and In1–40) and native-ghrelin (Fig. 2a). We
found that native-ghrelin and In1-ghrelin could induce
a stimulatory response in [Ca2+]i in NP-cells however,
the percentage of responsive cells was different upon
treatment (i.e. whereas 36,5% of NP-cells responded to
In1–19 treatment, only 8,6% and 7,1% responded to
native-ghrelin or to In1–40, respectively). Moreover,
In1-ghrelin peptides evoked a higher stimulatory re-
sponse compared with native-ghrelin (i.e. an increase
of 58% and 59% in response to In1–19 and In1–40 vs.
an increase of 28% with native-ghrelin).
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Remarkably, In1-ghrelin treatment, but not native-
ghrelin, increased PSA (a prostate-specific marker asso-
ciated to PCa progression) protein secretion (Fig. 2b)
and mRNA expression (Fig. 2c) in NP-cell cultures at
4 h and 24 h, being In1–19 the most effective peptide
(Fig. 2b, c). Remarkably, these effects are clearly higher
at 4 h (with a 3–4-fold increase in PSA secretion/

expression in comparison with the control), than at 24 h
(with a 1.5-fold increase in PSA secretion/expression),
which may suggest a predominantly acute, short-term ef-
fect of In1-ghrelin peptides on PSA synthesis/secretion
in NP cells. Moreover, native-ghrelin or In1-ghrelin de-
rived peptides treatment did not affect cell-viability in
primary NP-cell cultures (Fig. 2d) or in normal RWPE1-

Fig. 1 Expression of ghrelin and In1-ghrelin in prostate cancer. a. Ghrelin or In1-ghrelin mRNA expression in biopsies from patients with high-risk
PCa (n = 52) and normal prostate from patients that underwent cystoprostatectomy (n = 12). Expression levels were determined by qPCR and
adjusted by a normalization factor (NF) calculated from ACTB and GAPDH expression levels; b. ROC curve analysis to determine the accuracy of
ghrelin or In1-ghrelin mRNA expression as diagnostic test to discriminate between high-risk PCa patients and controls using the same cohort.
c. Correlations between ghrelin or In1-ghrelin expression with Ki-67 mRNA expression in PCa patients d. Correlations between ghrelin or In1-
ghrelin expression with GOAT enzyme mRNA expression in PCa patients. e. Correlations between ghrelin or In1-ghrelin with PSA in PCa patients;
f. Expression of acylated-ghrelin (ELISA) or acylated In1-ghrelin (RIA) in the plasma of patients with PCa (n = 30) and controls (n = 20); g. ROC
curve analysis to determine the accuracy of acylated ghrelin or acylated In1-ghrelin plasmatic protein expression as diagnostic test to discriminate
between PCa patients and controls. h. Ghrelin mRNA expression levels in normal-like prostate cell line (RWPE-1) or PCa cell lines; i. In1-ghrelin
mRNA expression levels in normal-like prostate cell line (RWPE-1) or PCa cell lines. Absolute mRNA levels from different passages (n ≥ 3)
were determined by qPCR and adjusted by ACTB. Asterisks (*p < 0.05; **p < 0.01, ***p < 0.001) indicate values that significantly differ. Data
represent mean ± SEM
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cells (Fig. 2e). However, In1-ghrelin, but not native-
ghrelin, overexpression increased the cell-viability of pri-
mary NP-cell cultures compared to mock (control)-
transfected cell cultures (Fig. 2f). In this sense, it should
be noted that this discrepancy between overexpression
and treatment experiments in NP cells could be related to
the different dynamics of the experimental approaches,
wherein In1-ghrelin treatment represents an acute, short-
term effect that decline over time, while In1-ghrelin over-
expression plausibly maintains peptide levels over
time, and therefore, it likely provides a better model
to observe an effect on cell viability in response to
In1-ghrelin overexposure.

In1-ghrelin peptides treatment increased malignant
features of PCa cells
Administration of native-ghrelin only increased cell pro-
liferation of 22Rv1 (at 24 h) and PC-3 (24-48 h) cell
lines, whereas it did not exert any significant effect in
the rest of PCa cell lines studied (i.e. LNCaP, VCaP and
DU145; Fig. 3a). However, In1-ghrelin peptides were able
to increase cell proliferation in several PCa cell lines,
both androgen-dependent (22Rv1 VCaP and LNCaP)
and castration- resistant cells (PC-3/DU145) (Fig. 3a).
Indeed, the effect of In1-ghrelin peptides treatment was
more consistent and pronounced in castration-resistant
PCa cell lines (PC-3 and DU145), especially at 24 h in

Fig. 2 Effects of ghrelin and In1-ghrelin on normal prostate cell functions. a. Ghrelin and In1-ghrelin derived peptides (In1–19 and In1–40) actions
on free cytosolic calcium levels ([Ca2+]i) in normal prostate single-cell from primary cultures (10 nM; n ≥ 3). Total number of cells measured,
percentage of responsive cells (% of cells resp.), percentage of maximum response (±error) and time of maximal response (±error) are indicated.
Representative profiles of changes in [Ca2+]i in response to ghrelin, In1–19 and In1–40 are also depicted; b. PSA protein secretion after 4 or 24 h
of treatment with ghrelin or In1-ghrelin derived peptides (10 nM) in primary normal prostate cell cultures; c. PSA mRNA expression after 4 or 24 h
of treatment with ghrelin or In1-ghrelin derived peptides (10 nM) in primary normal prostate cell cultures; d. Cell viability of normal prostate cell
cultures after treatment with vehicle-control, ghrelin or In1-ghrelin derived peptides for 4-24 h (n ≥ 3); e. Cell proliferation of normal prostate
RWPE-1 cell line after treatment with vehicle-control, ghrelin or In1-ghrelin derived peptides for 4-24 h (n ≥ 3). f. Cell viability of normal prostate
cell cultures transfected with empty (mock), ghrelin or In1-ghrelin vectors and determined after 24-48 h (n ≥ 3). Asterisk represent significant
differences (*p < 0.05; ***p < 0.001) between control and ghrelin or In1-ghrelin effects (treatment or transfection). Data represent mean ± SEM
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DU145 and at 48 h in PC-3 (Fig. 3a). However, in
androgen-dependent PCa cell lines, both peptides in-
creased proliferation at 24 h in 22Rv1 cells, while only
In1–40 increased proliferation at 48 h in LNCaP and

VCaP cells (Fig. 3a). In1-ghrelin peptides, but not
native-ghrelin, were able to increase migration of PC-3
cells (Fig. 3b). Finally, In1-ghrelin peptides, and ghrelin
peptide, induced the phosphorylation on ERK1/2 in

Fig. 3 Effects of ghrelin and In1-ghrelin on PCa pathophysiological processes. a. Cell proliferation of PCa cell lines after treatment with ghrelin or
In1-ghrelin derived peptides for 4-24 h (10 nM; n ≥ 3). Treatment with IGF-1 and PCX were used as positive and negative controls, respectively.
b. Effect of ghrelin and In1-ghrelin peptides treatment on the migration PC-3 cell line was determined by wound healing assay (12 h; n ≥ 3).
Representative images showing the higher migration capacity of PC-3 cells after treatment with In1-ghrelin peptides are depicted. c. phospho-ERK
and phospho-AKT time-course activation after treatment with ghrelin or In1-ghrelin peptides (5–30 min) in LNCaP and PC-3 cell lines. Protein levels of
phospho-ERK and phospho-AKT were adjusted by total ERK and AKT, respectively. Data represent mean ± SEM. Asterisks (***p < 0.001, **p < 0.01,
*p < 0.05) indicate differences between In1–19 and vehicle-treated controls, and dashes between In1–40 and vehicle control treatment (# < 0.05;
##p < 0.01). Representative blots in LNCaP cell line are showed
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PC-3 and LNCaP cell lines (Fig. 3c), with almost no
detectable effect on AKT-phosphorylation (Fig. 3c).
Remarkably, In1-ghrelin or native-ghrelin peptides
were not able to alter basal testosterone secretion
from LNCaP cells (Additional file 1: Figure S2A).
Similarly, treatment with In1-ghrelin and native-
ghrelin peptides did not alter AR expression or phos-
phorylation (Additional file 1: Figure S2B, C), as well
as PSA expression and/or secretion on LNCaP cells
(Additional file 1: Figure S2D), suggesting that the ef-
fects attributed to In1-ghrelin peptides may not be
mediated by the modulation of androgen/AR system.

In1-ghrelin overexpression increased proliferation/
migration of PCa cell lines
In1-ghrelin, but not native-ghrelin, overexpression in-
creased cell proliferation in androgen-dependent (VCaP)
and castration-resistant (PC-3) cell lines at 48 h (Fig. 4a).
Efficiency of stable transfection of In1-ghrelin or ghrelin
was confirmed by qPCR (Additional file 1: Figure S3).
Moreover, In1-ghrelin, but not native-ghrelin overexpres-
sion increased the migration of PC-3 cells (Fig. 4b).
Strikingly, overexpression of native-ghrelin and In1-
ghrelin increased the basal-phosphorylation of ERK, with
no changes in Akt-phosphorylation (Fig. 4c).

In1-ghrelin overexpression enhanced the growth rate of
PC-3 induced xenografted tumors
Consistent with in vitro data, subcutaneous tumors in-
duced by In1-ghrelin overexpression in a preclinical model
(engrafted stably-transfected PC-3 cells in the flanks of im-
munodeficient mice) were larger than those induced with
mock or native-ghrelin-transfected cells (p = 0.0001 in
both cases; Fig. 4d). Moreover, histological analysis revealed
that tumors with stably-transfected native-ghrelin and In1-
ghrelin cells showed a higher necrosis grade (Fig. 4e),
without changes in percentage of mitotic cells (Fig. 4f),
compared to mock-induced tumors.

In1-ghrelin overexpression evoked a profound
dysregulation of key genes involved in PCa development/
progression
In order to uncover the molecular changes induced by
In1-ghrelin overexpression in PCa, we performed a
qPCR array comprising 84 key genes involved in PCa
development/progression (Fig. 5a and, Additional file 1:
Table S2). We found 18 genes whose expression was al-
tered more than 1.5-fold in In1-ghrelin stably-transfected
PC-3-cells (13 up-regulated: CAV1, CAV2, CDKN2A,
DDX11, DLC1, FASN, GCA, IGFBP5, LOXL1, RASSF,
SOX4, TFPI2 and USP5; and, 5 down-regulated: APC,
GNRH1, RARB, SFRP1 and SHBG; Fig. 5a), as well as 17
genes whose expression was altered in native-ghrelin
stably-transfected PC-3-cells (7 up-regulated: CASP3,

CAV1, CAV2, CCND2, GCA, IL-6 and VEGFA; and, 10
down-regulated: CCNA1, CCND1, CDKN2A, DLC1,
LOXL1, NRIP1, SFRP1, SOX4, TIMP2 and ZNF185;
Fig. 5a). Next, we used qPCR analysis using cDNA from
different passages of native-ghrelin and In1-ghrelin
stably-transfected PC-3-cells and different sets of
primers (Additional file 1: Table S2) to validate the re-
sults of the array. Thus, we observed that CAV1, CAV2,
CDKN2A, IGFBP5 and LOXL1 were upregulated while
APC, NRIP1 and SFRP1 were downregulated in In1-
ghrelin stably-transfected PC-3-cells (Fig. 5b). Similarly,
we confirmed that IL-6 was up-regulated while CDKN2A,
IGFBP5, LOXL1, NRIP1, SFRP1, SOX4 and ZNF185 were
downregulated in native-ghrelin stably-transfected
PC-3 (Fig. 5b). Additionally, we confirmed some of
these changes at the protein level [i.e. up-regulation of
IGFBP5 and LOXL1 and downregulation of NRIP1
and SFRP1 in In1-ghrelin, and upregulation of IL-6
and downregulation of CDKN2A, IGFBP5, LOXL1,
NRIP1, SFRP1 and ZNF185 in native-ghrelin stably-
transfected PC-3 cells (Fig. 5c)].
Interestingly, some of these changes in mRNA and

protein expression (Fig. 5b, c) were similar in the In1-
ghrelin and native-ghrelin stably-transfected PC-3-cells
(e.g. SFRP1/NRIP1 downregulation); but, most note-
worthy, that some of these changes were regulated op-
positely in both PCa cell-models (i.e. downregulation in
native-ghrelin and up-regulation in In1-ghrelin stably-
transfected PC-3-cells of LOXL1/IGFBP5; Fig. 5b, c).
Altogether, these findings are reminiscent of the similar
vs. disparate effects observed previously with native-
ghrelin and In1-ghrelin in PCa-cells, respectively (Figs. 3
and 4). Remarkably, In1-ghrelin stably-transfected PC-3-
cells showed an overall increase in the expression of
proangiogenic-factors (i.e. ANG1, ANG2 and HIF1)
compared to mock- and native-ghrelin stably-transfected
PC-3 cells (Fig. 5d; being these differences only statisti-
cally significant for ANG1). Similar results were observed
on the In1-ghrelin stably-transfected PC-3 derived
xenografted-tumors (Fig. 5e). Some of the changes ob-
served in the qPCR-array, real-time qPCR, and/or
western-blot analyses, such as those observed for CAV1,
LOXL1, IL-6 and SFRP1 were also further validated in the
xenografted-tumors (Fig. 5f). Interestingly, we found a
higher inflammatory cell-infiltration in the native-ghrelin,
but not In1-ghrelin, stably-transfected PC-3-tumors
(Additional file 1: Figure S4) which, together with the
increase in IL-6 expression, suggest a role of native-
ghrelin in tumor inflammation.

In1-ghrelin silencing decreased cell proliferation and PSA
secretion
Downregulation of In1-ghrelin expression using two spe-
cific In1-ghrelin siRNAs, which was validated by qPCR
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(Fig. 6a, b) and did not implied compensatory changes
in native ghrelin expression (Additional file 1: Figure
S5), decreased cell proliferation in PC-3 and LNCaP
cell-lines at 24 h and/or 48 h [Fig. 6c; siRNA-2 tended
to decrease cell-proliferation at 48 h in LNCaP-cells
(p = 0.06) but this difference did not reach statistical sig-
nificance]. Moreover, In1-ghrelin silencing significantly

decreased PSA secretion in LNCaP cell line using both
siRNAs (Fig. 6d).

Discussion
Previous studies have shown that native-ghrelin is
expressed in both NP and PCa tissues/cell-lines with an
increased staining of ghrelin-peptide in malignant

Fig. 4 Effect of ghrelin and In1-ghrelin overexpression on PCa pathophysiological processes. a. Cell proliferation of empty (mock), ghrelin and In1-
ghrelin vectors stably transfected PC-3 and VCaP cell lines for 24-48 h (n ≥ 3); b. Cell migration of mock, ghrelin and In1-ghrelin stably transfected PC-3
cell line after 12 h by wound-healing assay (n ≥ 3). Representative images showing the migration capacity of PC-3 cells transfected with mock, ghrelin
and In1-ghelin are also indicated; c. phospho-ERK and phospho-AKT basal activation in PC-3 stably transfected cells (n ≥ 3). Blots are representative of
one cell passage with three technical replicates; d. Growth rate of subcutaneously inoculated mock, ghrelin and In1-ghrelin-transfected PC-3-derived
tumors in nude mice (n = 5) followed up to 12 weeks after inoculation. Statistical significance was evaluated by two-way ANOVA (***p < 0.001 indicate
differences between In1-ghrelin and mock, while #p < 0.001 indicates differences between In1-ghrelin and ghrelin stably transfected cells); e. % of
necrosis in xenografted PC-3-derived tumors. Representative images of hematoxylin–eosin (H/E) staining are depicted. f. N° of mitosis/10 fields in
xenografted PC-3-derived tumors. Data represent mean ± SEM (n≥ 3). Asterisks (***p < 0.001; **p < 0.01; *p < 0.05) indicate values that significantly differ
from the mock control
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Fig. 5 (See legend on next page.)
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(See figure on previous page.)
Fig. 5 Gene expression effects of ghrelin and In1-ghrelin overexpression in PC-3 and derived xenografted tumors. a. Results from the RT2
Prostate-Cancer PCR Array which evaluates the expression of 84 genes involved in prostate cancer development and progression performed in
ghrelin and In1-ghrelin-stably transfected PC-3-cells compared with control-mock PC-3-cells. The graphs indicate those genes which expression
change ≥ 1.5-fold; b. Validation by qPCR of genes dysregulated in the RT2 Prostate-Cancer PCR Array using different cell preparations (n ≥ 3) and
new sets of primers; c. Validation by Western blot of the changes observed in the previous analysis; d. Expression of angiogenic factors in In1-ghrelin-
stably transfected PC-3-cells and native ghrelin-stably transfected PC-3 cells compared with control-mock PC-3-cells.; e. Expression of angiogenic factors
in xenografted tumors of stably transfected-PC-3 cells. f. CAV1, LOXL1, SFRP1 and IL-6 mRNA expression levels in mock, ghrelin and In1-
ghrelin transfected PC-3-derived xenografted tumors. Results were normalized with ACTB. All preparations were repeated at least three
times (n ≥ 3). (*p < 0.05; **p < 0.01; ***p < 0.001). Values represent mean (±SEM) or median (IQR). Asterisks (***p < 0.001; **p < 0.01; *p < 0.05)
indicate values that significantly differ from the mock control

Fig. 6 Effects of In1-ghrelin silencing on PCa cell proliferation and PSA secretion. a. Validation by qPCR of In1-ghrelin silencing in PC-3; b. Validation by
qPCR of In1-ghrelin silencing in LNCaP cells. In both cases, expression levels were adjusted by a normalization factor (NF) calculated from ACTB and
GAPDH expression levels; c. Proliferation rates of In1-ghrelin-silenced PC-3 and LNCaP cells compared with control scramble-transfected cells; d. PSA
secretion of In1-ghrelin-silenced LNCaP cells compared with control scramble-transfected cells. All experiments were repeated at least three times
(n ≥ 3). Data were evaluated by two-tailed t-test to analyze significant differences (*p < 0.05; **p < 0.01, ***p < 0.001) and represent mean ± SEM and
are expressed as percentage vs control (scramble-treated cells), which was set at 100%
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prostate epithelium compared with normal glandular-
tissue [14]. Interestingly, additional reports have shown
that other ghrelin-gene derived splicing variants are also
present in PCa where they could be involved in PCa
malignancy [2, 14, 15]. Herein, we have expanded those
results by demonstrating that In1-ghrelin mRNA levels
are overexpressed in a battery of PCa biopsies from pa-
tients diagnosed with high-risk PCa, compared to NP
samples, which is consistent with previous results indicat-
ing that In1-ghrelin overexpression is a common hallmark
shared by other endocrine-related tumors such as breast-
cancer, pituitary-tumors and NETs [20, 22, 23]. However,
although the expression of native-ghrelin was higher than
that of In1-ghrelin in NPs, in our study cohort, native-
ghrelin mRNA levels were not significantly elevated in
PCa-samples. Indeed, In1-ghrelin, but not ghrelin levels,
levels were directly correlated with those of Ki-67 (a clas-
sical proliferation marker previously found to be corre-
lated with In1-ghrelin expression in breast cancer samples
[20]), and ROC-curve analysis revealed that only In1-
ghrelin expression (but not native-ghrelin) could discrim-
inate between patients with or without PCa, suggesting
that In1-ghrelin merits further study as a potential novel
biomarker in PCa. Interestingly, In1-ghrelin, but not
native-ghrelin, levels positively correlated with GOAT-
expression in PCa, an association that has also been previ-
ously found in other endocrine-related tumors [20, 22,
23], and suggests that In1-ghrelin may be the main
ghrelin-gene variant functionally linked to GOAT in those
tumors, which also reinforces the idea that an autocrine/
paracrine-circuit involving these two components of the
ghrelin-system may operate in PCa. Indeed, this associ-
ation might be particularly relevant in PCa pathology be-
cause we have recently demonstrated that GOAT-enzyme
is overexpressed in PCa patients and its levels exhibit high
specificity/sensitivity to predict PCa presence compared
with other PCa biomarkers [24].
Remarkably, analysis carried out in an additional PCa pa-

tient’s cohort and controls demonstrated that acylated In1-
ghrelin peptide could be detected in plasma and that these
levels, but not those of native-ghrelin, are significantly
higher in PCa patients than in healthy-controls, which again
would suggest the possible utility of In1-ghrelin levels as a
novel biomarker for PCa patients by using non-invasive (li-
quid) biopsies. Moreover, consistent with the results found
in PCa biopsies, In1-ghrelin mRNA expression was higher
in PCa cell lines compared with the NP cell-line. Interest-
ingly, we observed that In1-ghrelin, but not native-ghrelin,
expression seemed to be higher in castration-resistant than
in those androgen-dependent cell lines, which would sug-
gest that In1-ghrelin might play a role in the late PCa stages
and/or in the progression of the disease.
The fact that In1-ghrelin, but also native-ghrelin, were

expressed at substantial levels in NP- and PCa-cells

suggested that they could be exerting a functional role in
the normal and pathological physiology of the prostate.
Therefore, NP cell-cultures were used to test whether In1-
ghrelin peptides and native-ghrelin can modulate signaling
and functional-parameters (such as PSA-production and
cell-viability) in these cells. Indeed, In1-ghrelin peptides
and native-ghrelin treatment evoked a signaling response in
terms of changes in the [Ca2+]i, a key second messenger
that has been previously linked to ghrelin-system signaling
[22, 34] and is functionally associated to PCa-
pathophysiology. Specifically, it has been shown that ion-
channel remodeling alters the nature of PCa-cells Ca2+ in-
flux, switching from an apoptotic to a pro-proliferative
stage [35]. Nevertheless, it should be noted that the propor-
tion of responsive cells and the magnitude of the stimula-
tory increase were consistently higher after In1-ghrelin
than after native-ghrelin treatment in all experiments per-
formed on primary NP-cells. This observation suggests that
In1-ghrelin variant could be playing a more pronounced
function than native-ghrelin in prostate cells. Nonetheless,
our results demonstrate a direct action of ghrelin-system
splicing variants on NP-cells, which would imply the exist-
ence of receptors for In1-ghrelin, but also for native-
ghrelin, in these cells. However, such putative receptors,
likely, ought to be different from the classical GHSR1a, as
we found that GHSR1a expression is virtually absent in the
human prostate samples and PCa cell lines analyzed herein.
The existence of uncharacterized receptor(s) that mediate
some of the biological effects of native-ghrelin, and likely of
In1-ghrelin, has also been previously postulated in human
prostate neoplasms and related cell-lines [13]. Interestingly,
In1-ghrelin, but not native-ghrelin overexpression clearly
increased cell-viability, and In1-ghrelin treatment also in-
creased PSA-secretion/expression in NP cell-cultures,
which is consistent with data previously reported indicating
that In1-ghrelin treatment enhances hormone-secretion in
other cell-types [i.e. serotonin in NETs cells [23], GH in
somatotropinoma cells and, ACTH in corticotropinoma
cells [22]] and may suggest a relevant role of In1-ghrelin in
the malignization of NP-cells.
Remarkably, ghrelin-gene derived variants, especially the

In1-ghrelin variant, exerted a relevant effect on the patho-
physiology of PCa cells. Indeed, In1-ghrelin treatment
evoked an increase in the proliferation on most of the PCa
cell lines tested, being its effect particularly marked in
castration-resistant cell lines. Similarly, In1-ghrelin peptides
significantly enhanced the migration capacity of PC-3 cells.
The ability of In1-ghrelin peptides to increase cell prolifera-
tion has been previously reported in human pituitary tu-
mors (and in mouse AtT-20 cell-line) [22]. However,
native-ghrelin administration only increased cell prolifera-
tion in LNCaP and PC-3 cell lines, which is in agreement
with previous studies [14]. These actions of In1-ghrelin
peptides, and also ghrelin peptide as previously published
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[14], may be mediated, at least in part, through the activa-
tion of ERK signaling pathways, as previously shown in
other tumoral pathologies [14, 22] and do not seem to be
mediated by the modulation of the androgen/AR system.
Consistent with these data, stable overexpression of In1-
ghrelin, but not native-ghrelin enhanced cell proliferation
and migration capacity of PCa cells (PC-3 and VCaP cells).
In line with this, In1-ghrelin overexpression has been
shown to increase the cell-proliferation of pituitary-tumors
[22], MDA-MB-231 breast-cancer cell-line [20] and BON-1
pancreatic cell-line [23], and the migration capacity of
NETs cell lines [23]. Moreover, to further explore this no-
tion, we generated, for the first time, nude mice injected
with In1-ghrelin or with native-ghrelin stably-transfected
PC-3 cells and found that In1-ghrelin, but not native-
ghrelin, overexpression enhanced tumors-growth in this in
vivo preclinical-model (i.e. larger tumors), wherein it in-
creased tumor-necrosis, likely due to higher tumor volume
supporting the idea that In1-ghrelin would increase the ma-
lignant features of PCa cells.
To gain further insight on the mechanisms underlying

the actions of the ghrelin-variants on PCa cells, we ex-
plored changes in the expression of a set of selected genes
related to PCa. Specifically, In1-ghrelin increased
malignant-features of PCa cells by altering the expression
of key-oncogenes, tumor-suppressor genes and genes as-
sociated to PCa pathophysiology such as APC, CAV1,
SFRP1, NRIP1, CDKN2A, IGFBP5 and LOXL1 [36–41],
which could help to explain the functional changes trig-
gered by In1-ghrelin over-exposition (treatment and/or
overexpression). Indeed, some changes were further con-
firmed at the protein-level (i.e. SFRP1, NRIP1, IGFBP5
and LOXL1) and in the In1-ghrelin stably-transfected PC-
3 tumors, which showed an increase in CAV1 and LOXL1,
and a decreased in SFRP1, expression compared to mock
cell-induced tumors. Intriguingly, native-ghrelin treatment
and/or overexpression elicited the phosphorylation of
ERK-pathway in PCa cells and induced significant changes
in the expression of certain oncogenes, tumor-suppressor
genes and in genes associated to PCa pathophysiology.
Some of these changes were different (i.E. il-6, SOX4 and
ZNF185), common (i.e. decreased in SFRP1 and NRIP1)
or opposite (i.e. LOXL1 and IGFBP5) to those observed
by In1-ghrelin overexpression. Our study demonstrates
that native-ghrelin can also display significant effects on
the functional endpoints measured (in vitro proliferation
and/or migration and in vivo proliferation and inflamma-
tion), although they are more reduced compared to In1-
ghrelin effects, suggesting that native-ghrelin could be
playing a role on other endpoints not measured herein,
and that In1-ghrelin spliced variant has a more relevant
role than native-ghrelin in the aggressiveness of PCa cells.
In line with this, the increase in LOXL1 and IGFBP5 ex-
pression observed in PCa cells overexpressing In1-

ghrelin could be pathophysiological relevant and could
be associated to the unique capacity of In1-ghrelin to
enhance the malignancy-features in PCa cells, since
both factors have been shown to increase the aggres-
siveness of PCa-cells [40–43]. Specifically, LOXL1 is
able to enhance tumorigenesis and metastasis through
active remodeling of tumor-microenvironment [40, 42].
Moreover, IGFBP5 has been shown to play an import-
ant role in the castration-phase of the disease, since up-
regulation in its expression accelerates progression to
androgen-independence in PCa models [43], and en-
hances proliferation of PCa cells [41]. Accordingly, it is
tempting to speculate that the upregulation of LOXL1
and IGFBP5 observed in PCa-cells overexpressing In1-
ghrelin might be associated to the increased
aggressiveness-features observed in PCa cells (i.e. in vitro
and/or in vivo cell proliferation, migration, tumor growth
and PSA secretion).
Finally, we further explored the utility of In1-ghrelin

as a putative target to reduce PCa progression by ana-
lyzing the effect of In1-ghrelin silencing on PCa cell
lines functional parameters. Remarkably, In1-ghrelin si-
lencing decreased cell-proliferation of PC-3 and LNCaP
cells, and PSA secretion from LNCaP cells, which, over-
all suggest that In1-ghrelin could be considered as a
novel target for the development of new and more
specific therapies in PCa.

Conclusions
Thus, when viewed together, our results indicate that
In1-ghrelin splicing variant is overexpressed in PCa,
where it can regulate cell proliferation, migration, tumor
growth and PSA secretion, through the modulation of
the activation of certain signaling-pathways (ERK phos-
phorylation) and the expression of several oncogenes
and tumor-suppressor genes, thereby suggesting a pos-
sible pathophysiological role for this splice-variant in hu-
man PCa. The fact that the ghrelin-system, particularly
its In1-ghrelin variant, was strongly altered in PCa sup-
ports the idea that this system could contribute to PCa
tumorigenesis, and may provide novel tools to explore
diagnostic/therapeutic-targets in this pathology.

Additional file

Additional file 1: Figure S1. Ghrelin receptor expression in PCa.
A. GHSR1a or GHSR1b mRNA expression in biopsies from patients with
high-risk PCa (n = 20) and normal prostate samples from patients that
underwent cystoprostatectomies (n = 7). Expression levels were determined
by qPCR and adjusted by a normalization factor (NF) calculated from ACTB
and GAPDH expression levels. Data were evaluated by Mann-Whitney test
and represent median (IQR); B. GHSR1a or GHSR1b mRNA expression in PCa
cell lines (androgen-dependent: VCaP, 22Rv1 and castration resistant: PC-3,
DU145). Absolute mRNA levels from different passages (n ≥ 3) were
determined by qPCR and adjusted by ACTB [Data are expressed as percent
of DU145 (GHSR1a) and VCaP (GHSR1b) set at 100%, since they are the cell
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lines with lesser expression of those receptors, and, in order to ease the
comparison between the cell lines); C. Further analysis of GHSR1a expression
on different PCa cell lines (22Rv1, DU145, LNCaP, PC-3), normal-like prostate
cell line (EPN) and PCa samples using several pairs of primers. As positive
control, cDNA from a pituitary tumor with GHSR1a expression was used.
Figure S2. Secretion of testosterone and modulation of androgen receptor
(AR) system after treatment with ghrelin gene-derived peptides in LNCaP
cells. A. Testosterone levels in the culture medium after 24 h of treatment
with native-ghrelin or In1-ghrelin peptides (10 nM); B. AR mRNA expression
after 24 h of treatment with ghrelin or In1-ghrelin derived peptides (10 nM);
C. phospho-AR (Ser81) time-course activation after treatment with native-
ghrelin or In1-ghrelin peptides (10–30 min). Protein levels of phospho-AR
(Ser81) were adjusted by total AR. Representative blots in LNCaP cell line are
showed; D. PSA secretion and mRNA expression after 24 h of treatment
with native-ghrelin or In1-ghrelin peptides (10 nM). Absolute mRNA levels
were determined by qPCR and adjusted by ACTB. Values represent
mean ± SEM of n > 3 experiments. Figure S3. Representative figures show-
ing the validation of In1-ghrelin and ghrelin overexpression in PC3 cells by
qPCR. Absolute mRNA levels were determined by qPCR and adjusted by
ACTB. Values represent mean ± SEM of n > 3 experiments. Asterisk indicate
significant difference (***p < 0.001). Figure S4. Grade of inflammation in
xenografted PC3-derived tumors. Representative images of
hematoxylin–eosin (H/E) staining are depicted. Tumors derived from
native ghrelin stably-transfected PC-3 cells presents more inflammation
(observed as darker foci in the pictures) compared to In1-ghrelin or
mock derived tumors. Asterisk indicate significant difference (*p < 0.05).
Figure S5. Expression of native-ghrelin in LNCaP and PC-3 cells in response
to In1-ghrelin silencing by specific siRNA. Absolute mRNA levels were
determined by qPCR and adjusted by ACTB. Values represent mean ± SEM of
n > 3 experiments. Table S1. List of primers used in the studies. Table S2.
Prostate cancer finder RT2 Profiler PCR array data. (ZIP 2150 kb)

Acknowledgements
The authors would like to thank to Antonio Moreno-Herrera and Jose A. Ramos-
Fernandez (from University of Cordoba, Spain) and, to Jennifer Morgan and
Richard Nelson for their invaluable technical and/or intellectual help in this work.

Funding
This study was supported by Instituto de Salud Carlos III, cofunded by the
European Union [ERDF/ESF, Investing in your future; PI13–00651 and PI16/
00264 to R.M.L., Rio Hortega Grant (CM16/00180) to E.G.-G., Miguel Servet
Grant (CP15/00156) to M.D.G.], MINECO (BFU2016–80360-R; to J.P.C.), Junta
de Andalucía (BIO-0139, CTS-1406; to R.M.L., J.P.C., and M.D.G.), and CIBERobn.
CIBER is an initiative of Instituto de Salud Carlos III, Ministerio de Sanidad,
Servicios Sociales e Igualdad. The authors declare no conflicts of interest.

Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Authors’ contributions
RML, JPC and DH conceived and designed the project. DH, MDG, JMV, EG,
AI, FL, ERC, ASC, JV, JC, RS, RO, MMM, NT, SMS, MDC, MJR, and RML acquired
the data. DH, MDG, JMV, EG, AI, FL, ASC, JV, JC, RS, RO, MMM, NT, SMS, MDC,
MJR and RML performed the analysis and interpretation of data. DH and
RML wrote the manuscript. MDG, JMV, EG, AI, JC, RS, RO, MMM, SMS, MDC,
MJR, and JPC revised the manuscript for important intellectual content. DH,
MDG, AI, and RML performed the statistical analysis. RML, MDG and JPC
obtained funding’s. JMV, FL, ERC, ASC, RS, RO, MMM, SMS, MDC and MJR
provided technical and material support. JPC and RML supervised the work.
All authors read and approved the final manuscript.

Ethics approval and consent to participate
The study was approved by the corresponding Hospital Ethic Committee
(approval number: 2461) and written informed consent was obtained from
all individuals. Experiments with mice were carried out following the
European Regulations for Animal Care under the approval of the University/
Regional’s Government Research Ethics-Committees.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Maimonides Institute of Biomedical Research of Cordoba (IMIBIC), Córdoba,
Spain. 2Department of Cell Biology, Physiology and Immunology, University
of Córdoba, Córdoba, Spain. 3Reina Sofia University Hospital (HURS), Córdoba,
Spain. 4CIBERobn, Córdoba, Spain. 5ceiA3, Córdoba, Spain. 6Urology Service,
HURS/IMIBIC, Córdoba, Spain. 7Anatomical Pathology Service, HURS/IMIBIC,
Córdoba, Spain. 8School of Pharmacy, University of Wisconsin-Madison,
Madison, WI, USA. 9IPSEN Bioscience, Cambridge, MA, USA.

Received: 1 November 2016 Accepted: 15 August 2017

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 2015;65:5–29.
2. Chopin LK, Seim I, Walpole CM, Herington AC. The ghrelin axis–does it have

an appetite for cancer progression? Endocr Rev. 2012;33:849–91.
3. Chan JM, Stampfer MJ, Ma J, Gann P, Gaziano JM, Pollak M, Giovannucci E.

Insulin-like growth factor-I (IGF-I) and IGF binding protein-3 as predictors of
advanced-stage prostate cancer. J Natl Cancer Inst. 2002;94:1099–106.

4. Lubik AA, Gunter JH, Hendy SC, Locke JA, Adomat HH, Thompson V,
Herington A, Gleave ME, Pollak M, Nelson CC. Insulin increases de novo
steroidogenesis in prostate cancer cells. Cancer Res. 2011;71:5754–64.

5. Waltering KK, Helenius MA, Sahu B, Manni V, Linja MJ, Janne OA, Visakorpi T.
Increased expression of androgen receptor sensitizes prostate cancer cells
to low levels of androgens. Cancer Res. 2009;69:8141–9.

6. Watson PA, Arora VK, Sawyers CL. Emerging mechanisms of resistance to
androgen receptor inhibitors in prostate cancer. Nat Rev Cancer. 2015;15:701–11.

7. Dean JP, Sprenger CC, Wan J, Haugk K, Ellis WJ, Lin DW, Corman JM, Dalkin
BL, Mostaghel E, Nelson PS, et al. Response of the insulin-like growth factor
(IGF) system to IGF-IR inhibition and androgen deprivation in a neoadjuvant
prostate cancer trial: effects of obesity and androgen deprivation. J Clin
Endocrinol Metab. 2013;98:E820–8.

8. Sciarra A, Panebianco V, Ciccariello M, Salciccia S, Gentilucci A, Lisi D,
Passariello R, Gentile V, Di Silverio F. Complete response to the combination
therapy with androgen blockade and somatostatin analogue in a patient
with advanced prostate cancer: magnetic resonance imaging with 1H-
spectroscopy. Eur Urol. 2008;53:652–5.

9. Gahete MD, Rincón-Fernández D, Villa-Osaba A, Hormaechea-Agulla D,
Ibáñez-Costa A, Martínez-Fuentes AJ, Gracia-Navarro F, Castaño JP, Luque
RM. Ghrelin gene products, receptors, and GOAT enzyme: biological and
pathophysiological insight. J Endocrinol. 2014;220:R1–24.

10. Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin is a
growth-hormone-releasing acylated peptide from stomach. Nature. 1999;
402:656–60.

11. Al Massadi O, Tschop MH, Tong J. Ghrelin acylation and metabolic control.
Peptides. 2011;32:2301–8.

12. Jeffery PL, Herington AC, Chopin LK. Expression and action of the growth
hormone releasing peptide ghrelin and its receptor in prostate cancer cell
lines. J Endocrinol. 2002;172:R7–11.

13. Cassoni P, Ghe C, Marrocco T, Tarabra E, Allia E, Catapano F, Deghenghi R,
Ghigo E, Papotti M, Muccioli G. Expression of ghrelin and biological activity
of specific receptors for ghrelin and des-acyl ghrelin in human prostate
neoplasms and related cell lines. Eur J Endocrinol. 2004;150:173–84.

14. Yeh AH, Jeffery PL, Duncan RP, Herington AC, Chopin LK. Ghrelin and a
novel preproghrelin isoform are highly expressed in prostate cancer and
ghrelin activates mitogen-activated protein kinase in prostate cancer. Clin
Cancer Res. 2005;11:8295–303.

15. Seim I, Jeffery PL, Thomas PB, Walpole CM, Maugham M, Fung JN, Yap PY,
O'Keeffe AJ, Lai J, Whiteside EJ, et al. Multi-species sequence comparison
reveals conservation of ghrelin gene-derived splice variants encoding a
truncated ghrelin peptide. Endocrine. 2016;52:609-17.

Hormaechea-Agulla et al. Molecular Cancer  (2017) 16:146 Page 15 of 16



16. Diaz-Lezama N, Hernandez-Elvira M, Sandoval A, Monroy A, Felix R, Monjaraz
E. Ghrelin inhibits proliferation and increases T-type Ca2+ channel
expression in PC-3 human prostate carcinoma cells. Biochem Biophys Res
Commun. 2010;403:24–9.

17. Lawnicka H, Melen-Mucha G, Motylewska E, Mucha S, Stepien H. Modulation
of ghrelin axis influences the growth of colonic and prostatic cancer cells in
vitro. Pharmacol Rep. 2012;64:951–9.

18. Sever S, White DL, Garcia JM. Is there an effect of ghrelin/ghrelin analogs on
cancer? A systematic review. Endocr Relat Cancer. 2016;23:R393–409.

19. Seim I, Lubik AA, Lehman ML, Tomlinson N, Whiteside EJ, Herington AC,
Nelson CC, Chopin LK. Cloning of a novel insulin-regulated ghrelin
transcript in prostate cancer. J Mol Endocrinol. 2013;50:179–91.

20. Gahete MD, Córdoba-Chacón J, Hergueta-Redondo M, Martínez-Fuentes AJ,
Kineman RD, Moreno-Bueno G, Luque RM, Castaño JP. A novel human ghrelin
variant (In1-ghrelin) and ghrelin-O-acyltransferase are overexpressed in breast
cancer: potential pathophysiological relevance. PLoS One. 2011;6:e23302.

21. Seim I, Herington AC, Chopin LK. New insights into the molecular
complexity of the ghrelin gene locus. Cytokine Growth Factor Rev. 2009;20:
297–304.

22. Ibáñez-Costa A, Gahete MD, Rivero-Cortés E, Rincon-Fernandez D, Nelson R,
Beltran M, de la Riva A, Japon MA, Venegas-Moreno E, Galvez MA, et al. In1-
ghrelin splicing variant is overexpressed in pituitary adenomas and
increases their aggressive features. Sci Rep. 2015;5:8714.

23. Luque RM, Sampedro-Nunez M, Gahete MD, Ramos-Levi A, Ibanez-Costa A,
Rivero-Cortes E, Serrano-Somavilla A, Adrados M, Culler MD, Castano JP,
Marazuela M. In1-ghrelin, a splice variant of ghrelin gene, is associated with
the evolution and aggressiveness of human neuroendocrine tumors:
evidence from clinical, cellular and molecular parameters. Oncotarget. 2015;
6:19619–33.

24. Hormaechea-Agulla D, Gómez-Gómez E, Ibáñez-Costa A, Carrasco-Valiente
J,Rivero-Cortés E, L-López F, Pedraza-Arevalo S, Valero-Rosa J, Sánchez-Sánchez R,
Ortega-Salas R, et al. Ghrelin O-acyltransferase (GOAT) enzyme is overexpressed
in prostate cancer wherein is associated with the metabolic status: potential
value as non-invasive biomarker. Cancer letters. 2016:383:125-134.

25. Durán-Prado M, Gahete MD, Hergueta-Redondo M, Martínez-Fuentes AJ,
Córdoba-Chacón J, Palacios J, Gracia-Navarro F, Moreno-Bueno G, Malagón
MM, Luque RM, Castaño JP. The new truncated somatostatin receptor
variant sst5TMD4 is associated to poor prognosis in breast cancer and
increases malignancy in MCF-7 cells. Oncogene. 2012;31:2049–61.

26. Luque RM, Ibanez-Costa A, Neto LV, Taboada GF, Hormaechea-Agulla D,
Kasuki L, Venegas-Moreno E, Moreno-Carazo A, Galvez MA, Soto-Moreno A,
et al. Truncated somatostatin receptor variant sst5TMD4 confers aggressive
features (proliferation, invasion and reduced octreotide response) to
somatotropinomas. Cancer Lett. 2015;359:299–306.

27. Sampedro-Núñez M, Luque RM, Ramos-Levi AM, Gahete MD, Serrano-
Somavilla A, Villa-Osaba A, Adrados M, Ibáñez-Costa A, Martín-Perez E, Culler
MD, et al. Presence of sst5TMD4, a truncated splice variant of the somatostatin
receptor subtype 5, is associated to features of increased aggressiveness in
pancreatic neuroendocrine tumors. Oncotarget. 2015;7:6593-6608.

28. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A,
Speleman F. Accurate normalization of real-time quantitative RT-PCR data
by geometric averaging of multiple internal control genes. Genome Biol.
2002;3:research0034.1-research0034.11.

29. Goldstein AS, Drake JM, Burnes DL, Finley DS, Zhang H, Reiter RE, Huang J,
Witte ON. Purification and direct transformation of epithelial progenitor cells
from primary human prostate. Nat Protoc. 2011;6:656–67.

30. Uphoff CC, Drexler HG. Detection of mycoplasma contaminations. Methods
Mol Biol. 2013;946:1–13.

31. Martín-Rodríguez JF, Muñoz-Bravo JL, Ibáñez-Costa A, Fernandez-Maza L,
Balcerzyk M, Leal-Campanario R, Luque RM, Castano JP, Venegas-Moreno E,
Soto-Moreno A, et al. Molecular characterization of growth hormone-
producing Tumors in the GC rat model of Acromegaly. Sci Rep. 2015;5:16298.

32. Lieberherr M, Grosse B. Androgens increase intracellular calcium
concentration and inositol 1,4,5-trisphosphate and diacylglycerol formation
via a pertussis toxin-sensitive G-protein. J Biol Chem. 1994;269:7217–23.

33. Sun YH, Gao X, Tang YJ, Xu CL, Wang LH. Androgens induce increases in
intracellular calcium via a G protein-coupled receptor in LNCaP prostate
cancer cells. J Androl. 2006;27:671–8.

34. Schellekens H, van Oeffelen WE, Dinan TG, Cryan JF. Promiscuous
dimerization of the growth hormone secretagogue receptor (GHS-R1a)
attenuates ghrelin-mediated signaling. J Biol Chem. 2013;288:181–91.

35. Dubois C, Van den Abeele F, Lehen'kyi V, Gkika D, Guarmit B, Lepage G,
Slomianny C, Borowiec AS, Bidaux G, Benahmed M, et al. Remodeling of
channel-forming ORAI proteins determines an oncogenic switch in prostate
cancer. Cancer Cell. 2014;26:19–32.

36. Zheng L, Sun D, Fan W, Zhang Z, Li Q, Jiang T. Diagnostic value of SFRP1 as
a favorable predictive and prognostic biomarker in patients with prostate
cancer. PLoS One. 2015;10:e0118276.

37. Chakravarti A, DeSilvio M, Zhang M, Grignon D, Rosenthal S, Asbell SO,
Hanks G, Sandler HM, Khor LY, Pollack A, Shipley W. Prognostic value of p16
in locally advanced prostate cancer: a study based on radiation therapy
oncology group protocol 9202. J Clin Oncol. 2007;25:3082–9.

38. Aoki K, Taketo MM. Adenomatous polyposis coli (APC): a multi-functional
tumor suppressor gene. J Cell Sci. 2007;120:3327–35.

39. Chen PH, Tsao YP, Wang CC, Chen SL. Nuclear receptor interaction protein,
a coactivator of androgen receptors (AR), is regulated by AR and Sp1 to
feed forward and activate its own gene expression through AR protein
stability. Nucleic Acids Res. 2008;36:51–66.

40. Xiao Q, Ge G. Lysyl oxidase, extracellular matrix remodeling and cancer
metastasis. Cancer Microenviron. 2012;5:261–73.

41. Miyake H, Nelson C, Rennie PS, Gleave ME. Overexpression of insulin-like
growth factor binding protein-5 helps accelerate progression to androgen-
independence in the human prostate LNCaP tumor model through
activation of phosphatidylinositol 3′-kinase pathway. Endocrinology. 2000;
141:2257–65.

42. Barker HE, Cox TR, Erler JT. The rationale for targeting the LOX family in
cancer. Nat Rev Cancer. 2012;12:540–52.

43. Miyake H, Pollak M, Gleave ME. Castration-induced up-regulation of insulin-
like growth factor binding protein-5 potentiates insulin-like growth factor-I
activity and accelerates progression to androgen independence in prostate
cancer models. Cancer Res. 2000;60:3058–64.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Hormaechea-Agulla et al. Molecular Cancer  (2017) 16:146 Page 16 of 16


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and samples
	RNA isolation, reverse-transcription and quantitative �real-time PCR (qPCR)
	Primary cultures of NP tissues
	Cell-lines and reagents
	ELISA/RIA determinations
	Stable transfection of native-ghrelin and In1-ghrelin
	Silencing of In1-ghrelin by specific siRNAs
	Functional assays: Measurements of proliferation-rate, migration and changes in free cytosolic calcium concentration ([Ca2+]i)
	RT2 prostate-cancer PCR-Array
	Western blotting
	Xenograft model of tumor growth
	Statistical analysis

	Results
	In1-ghrelin, but not native-ghrelin, is overexpressed in PCa tissues and cell lines
	In1-ghrelin and native-ghrelin effects on NP cell-cultures
	In1-ghrelin peptides treatment increased malignant features of PCa cells
	In1-ghrelin overexpression increased proliferation/migration of PCa cell lines
	In1-ghrelin overexpression enhanced the growth rate of PC-3 induced xenografted tumors
	In1-ghrelin overexpression evoked a profound dysregulation of key genes involved in PCa development/progression
	In1-ghrelin silencing decreased cell proliferation and PSA secretion

	Discussion
	Conclusions
	Additional file
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

