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Abstract The prostate gland is a part of the male repro-
ductive tract which produces both angiotensin II (Ang
II) and relaxin 2 (RLN2). The present study analyzes the
effect of both these peptide hormones at concentration
10−8M on viability, proliferation, adhesion, migration,
and invasion of normal prostate epithelial cells
(PNT1A). Improved survival in two- and three-
dimensional cell cultures was noted as well as visual
changes in colony size and structure in Geltrex™.
Stimulatory influence on cell viability of each peptide
applied single was lower than in combination. Enhanced
survival of PNT1A cells appears to be associated with
increased BCL2/BAX messenger RNA (mRNA) ex-
pression ratio. Modulation of cell spreading and cell-
extracellular matrix adhesion dynamics were also al-
tered as an influence of tested hormone application.
However, long-term Ang II and RLN2 effects may lead
to an increase of normal prostate cell migration and
invasion abilities. Moreover, gelatin zymography re-
vealed that both gelatinases A and B were augmented
by Ang II treatment, whereas RLN2 significantly stim-
ulated only MMP-9 secretion. These results support the
hypothesis that deregulation of locally secreted peptide

hormones such as Ang II and RLN2may take part in the
development of certain cancers, including prostate can-
cer. Moreover, the observed ability of relaxin 2 to act as
a regulator of mRNA expression levels not only LGR7
but also classic angiotensin receptors suggested that
renin-angiotensin system and relaxin family peptide
system are functionally linked.
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Introduction

While angiotensin II (Ang II) is an octapeptide hormone
best known for its role in the maintenance of blood
pressure and water-electrolyte balance, the most well-
studied function of relaxin 2 (RLN2) is associated with
pregnancy and parturition. However, many other fea-
tures of both these peptide hormones have been ob-
served and described in tissues of different origins [11,
22]. For example, the main elements of the renin-
angiotensin system (RAS) and relaxin family peptide
system (RFPS), i.e., angiotensin II, angiotensin recep-
tors AT1 and AT2, relaxin 2, relaxin receptors RXFP1/
LGR7 and RXFP2/LGR8, are expressed in the prostate
gland [24, 29]. There is no doubt that both systems play
important role in the physiology and pathology of the
prostate. It has been established that angiotensin II and
relaxin 2 can influence sperm quality by increasing
sperm count and motility [13, 25]. On the other hand,
these peptide hormones have been associated with a
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chronic inflammatory, benign prostatic hyperplasia
(BPH), and prostate carcinogenesis. It seems that cell
processes such as proliferation, apoptosis, invasion, and
metastasis of prostate cells are modulated by these local
peptide hormones [5–7, 18, 34].

Relatively few studies have been published on the
interactions between the RAS and the RFPS.
Angiotensin and relaxin have been described to have
both chronotropic and inotropic properties; however,
their actions are opposed to each other [14, 35].
Moreover, relaxin may act by the renin-angiotensin
system to induce the release of vasopressin and oxytocin
in the nervous system [17] and a recently conducted
study revealed that relaxin needs the AT2 receptor
subtype of angiotensin receptors to abrogate renal
interstitial fibrosis [2].

To our knowledge, the present study is the first to
analyze the impact of angiotensin II and relaxin 2 on
PNT1A, a normal prostate epithelial cell line. This non-
tumorigenic, normal prostate epithelial cell line appears
to be a valuable tool for the study of initial steps leading
to cancer transformation of the prostate gland [28].

This process is complex and encompasses disruption
of many cellular processes such as cell survival and
increased number of uncontrolled divisions. Moreover,
penetration of the basement membrane and remodeling
of the extracellular matrix (ECM) proteins, as well as
focalized cell-matrix adhesion, are critical steps in the
process of tumor cell invasion [16, 27, 32]; thus, within
this study, we assessed the influence of Ang II and
RLN2 in terms of basic cellular processes which alter-
ation initiates cancerogenesis. To enhance the cognitive
value of this study and mimic natural cell-matrix adhe-
sion and to assess the viability and proliferation of the
PNT1A cells, two-dimensional (2D) and three-
dimensional (3D) Geltrex™ cultures were used. 3D cell
culture models better mimic the in vivo environment
compared with monolayer cultures. One of the most
striking differences observed when comparing cells in
2D and 3D is a dissimilarity in morphology, due to the
fact that 3D culture systems allow the complex interac-
tions between normal cell-cell and cell-extracellular ma-
trix while cells grown in a monolayer are less able to
form communication networks [16, 21]. The cell sur-
vival abilities after treatment with peptide hormones
were estimated with BCL2/BAX messenger RNA
(mRNA) ratio. This ratio is known to correlate positive-
ly with cell survival and is frequently used as a prog-
nostic factor in many types of cancers [26, 36]; thus, its

usage in the abovementioned assessment of Ang II and
RLN2 influence seems to be rationale.

Many studies have reported that both relaxin 2 and
angiotensin II induce a breakdown of the tissue base-
ment membrane by affecting the expression of matrix
metalloproteinases (MMPs) and their inhibitors
(TIMPs). Penetration of the basement membrane and
remodeling of the ECM proteins, as well as the occur-
rence of focalized cell-matrix adhesion, are critical early
steps in the process of tumor cell invasion and further
metastasis [6, 7, 18, 34]. Hence, this study was also
designed to investigate the biological effects of Ang II
and RLN2, alone and in combination, on adhesion,
migration, and invasion of normal epithelial prostate
cells. To fulfill the overview of the influence of both
hormones on cell behavior connected with invasiveness,
potential changes in metalloproteinases secretion were
also estimated.

Materials and methods

2D and 3D cell culture and reagents

Immortalized, normal prostate epithelial PNT1A cells
were obtained from the European Collection of Cell
Cultures (ECACC; 95012614). Cell line authenticity
was confirmed by short-tandem repeat (STR) DNA
profiling (LGC Standards Cell Line Authentication
Service, Germany; 2014). At least two passages were
performed after thawing from liquid nitrogen. For core
experiments, cells with passage number between 9 and
18 were taken. The cells were grown in a classical 2D
cell culture system or as 3D cultures on matrix basement
membrane. Cells cultured on 2D were seeded on plates
or flasks (BD Biosciences). For 3D culture, experiments
were performed in 48-well culture plates, coated with
Geltrex™ LDEV-Free Basement Membrane Matrix.
Cells resuspended in 2 % Geltrex™ solution
(1×105 cells/ml) were added to the wells and allowed
to grow for several days. The medium containing 2 %
Geltrex™ was replaced at least every 4 days. Both 2D
and 3D cultures were maintained in advanced RPMI
1640 supplemented with 5 % fetal bovine serum,
2 mM L-glutamine, 1 mM sodium pyruvate, and antibi-
otics. After 3–5 days, the cells were harvested with
0.25 % trypsin/EDTA.

In our previous report, we observed the effect of
submission of angiotensin peptides on prostate cancer
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cell viability in a range of concentrations from 0.005 to
5000 nM [8]. Moreover, the dose-dependent response of
cancer cells both to angiotensin [38] and relaxin [12] has
been also done by other groups but at higher concentra-
tions; thus, we decided to use in this study angiotensin II
(Bachem; H-1705) and relaxin 2 (Bachem; H-6784) at a
final concentration of 10−8 M for all experiments. The
chosen concentrations might be slightly higher than the
physiologically reported ones, but, in any case, are still
meaningful. The RPMI medium and all culture
supplements/reagents were purchased from Gibco®
(Thermo Fisher Scientific, Inc.) unless otherwise
specified.

Cell viability/proliferation assay

WST-1 assay and Alamar Blue® assay

The RLN2 and Ang II were added to a cell culture
medium, either in combination or individually, in
particular periods of time after cell seeding, i.e.,
24 h for 2D PNT1A cell culture or 7 days for 3D
culture. The WST-1 or Alamar Blue® was added
48 h later, and the wells were incubated for 1–3 h.
During incubation, the color of WST-1 or Alamar
Blue changed from red to yellow or from blue to
red, respectively. The final color intensity, which
reflects the metabolic activity of the cells, was mea-
sured using a BioTek microplate reader. Absorbance
was monitored at 450 nm for WST-1 or 570 nm for
Alamar Blue. The metabolic activity/cell viability
(%) was calculated to control cells cultured in com-
plete growth medium without RLN2 and Ang II.

BrdU assay

BrdU cell proliferation ELISA (Roche Diagnostics;
11647229001) was performed as described elsewhere
[9]. Briefly, cells were plated on a 96-well flat bottom
plate and allowed to attach overnight at 37 °C in 5 %
CO2. The cells were then treated with the indicated
concentration of peptide hormones for 24 or 48 h.
Bromodeoxyuridine (BrdU) was added to the culture
medium in the last 4 h of incubation, and absorbance
was measured at 450 nm on a BioTek microplate reader.
Cell proliferation (% of control) was calculated in rela-
tion to untreated controls.

Automated method of counting cells

The cells were seeded in a 12-well cell culture plate and
incubated with or without peptide hormones at a con-
centration of 10−8 M. After 24–48 h, the cells were
collected by trypsinization. The viable cells were then
counted using 0.1 % trypan blue dye staining with an
automated cell counter (Countess®, Thermo Fisher
Scientific, Inc.).

Cell migration/invasion assay

Wound healing assay

The detailed procedures for the wound healing test have
been described previously [9]. A pipette tip was used to
make a straight scratch on a near-confluent cell mono-
layer. Peptide hormones (10−8 M) were added, and
wound closure was documented by a series of photo-
graphs. The area of the wounded surface and its closure
was calculated by ImageJ software at different times
from 0 to 60 h. The results were expressed as a percent-
age of initial wound size at time zero.

Transwell migration/invasion assay

The transwell migration/invasion assays were per-
formed as described previously [9, 10]. Firstly, the cells
were seeded on a six-well plate and incubated with the
addition of peptide hormones at a concentration of
10−8 M for 24 h. The control cells were grown in
standard growth medium. After incubation, time cells
were collected by trypsinization, resuspended in serum-
free medium (1×106 cells/ml) with addition (experi-
mental wells) or without (control wells) peptide hor-
mones (10−8 M), and then added to upper chambers.
Themembranes of upper inserts were perforated, having
8- or 3-μm pores, and to better access the invasion
potential, a part of used chambers was coated with
Matrigel (a mixture of ECM proteins). The lower cham-
ber contained medium with 10 % fetal bovine serum
(FBS). The chambers were incubated at 37 °C with 5 %
CO2 for 24–48 h. After this period, non-migrating/non-
invasion cells from the upper surface of the transwell/
separating membrane were mechanically removed.
Cells which migrated to the lower surface of the mem-
brane were stained with staining solution (10 mg crystal
violet, 5 ml ethanol 95 %, and 45 ml distilled water) and
then dissolved in 10 % acetic acid. The cell migration/

A common effect of Ang II and RLN2 on PNT1A 383



invasion potential was quantified by measuring the ab-
sorbance at 570 nm using a BioTek microplate reader.
Results are shown as percentage inhibition or stimula-
tion as compared to the 100 % untreated control.

Gelatin zymography assay

The matrix metalloproteinase activity (MMP-2 and
MMP-9) of the normal prostate epithelial cells, be-
fore and after peptide hormone treatment (24 and
48 h), was determined by gelatin zymography as
described previously [15, 30]. Briefly, conditioned
media were subjected to gel electrophoresis contain-
ing 4 % gelatin. Protein extracts (5–10 μg) were
subjected to electrophoresis, followed by washing
in 2.5 % Triton X-100. The gels were then incubated
overnight at 37 °C in the reaction buffer, before
being stained (Coomassie blue) and destained
(30 % methanol and 10 % acetic acid). Areas of
enzymatic activity appeared as clear bands over a
dark background. The density of the gel bands was
analyzed using ImageJ software.

Adhesion assay

The influence of RLN2 and Ang II, either alone or in
combination, on the ability of prostate cancer cells to
adhere to ECM components was also evaluated. The
adhesion assay was performed in 24-well culture plates
coated with ECM proteins: collagen I (BD Biosciences;
354408), collagen IV (BD Biosciences; 354429), lami-
nin (BDBiosciences; 354412), and fibronectin (BD
Biosciences; 354411). Firstly, the cells were seeded on
a six-well plate with addition of peptide hormones at a
concentration of 10−8 M. The control cells were grown
in standard growth medium. After 24 or 48 h, the cells
were collected by trypsinization and were added to
ECM-coated wells in RPMI/FBS-free medium at a con-
centration of 105 cells/well. After 90 min incubation at
37 °C, the cells were washed three times with PBS to
remove non-adherent cells. Samples were fixed and
stained with a 0.1 % solution of crystal violet in 25 %
ethanol, stored at room temperature, and rinsed in water.
Finally, cells were solubilized by adding 10 % acetic
acid and quantified using a microplate reader at 570 nm
(BioTek). The data was represented as percentage rela-
tive to the untreated control.

Real-time RT-PCR

With quantitative reverse transcription PCR (RT-qPCR),
we assessed changes in expression level of BAX, BCL2,
AT1, AT2, LGR7, and LGR8 after RLN2 and Ang II
treatment. PNT1A cells (passage number between 5
and 10) were exposed to RLN2 and/or Ang II
(1 × 10−8 M) for 24 or 48 h. The RNA was then
extracted using a universal kit for total RNA isola-
tion (A&A Biotechnology). Reverse transcriptase
was used to synthesize cDNA for further qPCR anal-
ysis [10]. Amplification reactions were performed with
a LightCycler 480 Real-Time PCR System. Quantitative
data from gene expression experiments were normalized
to expression of two housekeeping genes: H3F3A and
RPLPO as endogenous control. The Universal Human
Reference RNA (Stratagene), composed of total RNA
from ten human cell lines, was used as a calibrator.
Expression ratios were calculated according to Pfaffl
method with REST-MCS software. REST 2009
Software (version 2.0.13) was used to determine signif-
icant differences between control and sample groups.
The software provides proper error propagation and
robust statistical analysis by using a random reallocation
algorithm with 2000 iterations. The following reaction
conditions and sequences of used primers are presented
in Table 1 [31].

Statistical analysis

The results are presented as mean±SD or SEM of at
least three independent experiments. The measurements
were subjected to analysis of variance (two-way
ANOVA) and Tukey’s multiple comparison test.
Relationships were regarded as statistically significant
if p<0.05.

Results

The impact of Ang II and RLN2, alone
and in combination, on cell viability and proliferation
of normal prostate epithelial cells

WST-1 and Alamar Blue® assays showed that investi-
gated peptide hormones increased the viability of nor-
mal prostate epithelial cells in both 2D and 3D cultures;
however, the results were statistically significant for
particular experimental conditions (Fig. 1b). In all
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culture models, Ang II and RLN2 were found to have a
higher impact on cell viability when administered to-
gether, rather than separately. However, only in 2D
model, this PNT1A pro-viability influence of hormones
administered separately was statistically significant, ex-
cept for WST-1 Ang II result.

This dependency of better additive effect of exam-
ined hormone combination was evident in the case of
cell viability in 3D culture. In terms of proliferation
changes accessed with BrdU assay, a slight increase of
BrdU incorporation into DNA in 2D cell culture after
the 48-h incubation with tested peptides was observed.
The results were not significant for Ang II (Fig. 1c).

The results obtained with the BrdU assay were veri-
fied with the trypan blue assay using an automated cell
counter (data not shown). Also in this case, extension of
the incubation time from 24 to 48 h enables to observe
the increase of cell division potential. Moreover, the
multi-cellular structure formation of PNT1A cells in
3D cultures was positively influenced by both peptide
hormones. After a 5-day treatment, larger colony sizes
were observed in all the tested cultures than controls
(Fig. 1a).

The impact of Ang II and RLN2, alone
and in combination, on BCL2 and BAX mRNA
expression in normal prostate epithelial cells

The BCL-2 and BAX mRNA expression levels in
PNT1A cells after 24- or 48-h exposure to Ang II and
RLN2, according to real-time RT-PCR analysis, are

summarized in Fig. 2a. BAX gene expression level
decreased while BCL2 increased after 48-h treatment.
The smallest changes in mRNA expression were asso-
ciated with both genes after Ang II induction, and the
greatest after joint Ang II and RLN2 administration.
Furthermore, alteration of BCL2 and BAX mRNA ex-
pression resulted in an increased ratio of anti-apoptotic
index, however, only insignificant for Ang II. As shown
in Fig. 2b, Ang II and RLN2 seem to have an additive
effect on BCL2/BAX mRNA ratio in normal prostate
epithelial cells. This result also explains the viability
changes indicating better cell survival after hormone
treatment.

The impact of Ang II and RLN2, alone
and in combination, on adhesion of normal prostate
epithelial cells

After 90 min of incubation, the PNT1A cells suspended
in serum-free medium adhered efficiently to fibronectin,
but less to both types of collagen and showed a very
weak adhesion to laminin. As shown in Fig. 3, reduction
in PNT1A adhesion to ECM components was noted
after 24-h incubation time; however, the results were
not significant for all hormone combination conditions.
Prolonged exposure to examined peptide hormones sig-
nificantly increased PNT1A cell adhesion to ECM pro-
teins; however, this effect was not observed for their
combine application. Similarly, there was no significant
increase in adhesion to fibronectin and laminin after
48 h of treatment with RLN2.

Table 1 Real-time RT-PCR primers and reaction conditions

Gene Gene primers (5 -3 ) Annealing temp. Detection temp.

H3F3A (H3 histone, family 3A) F: 5 -AGGACTTTAAAAGATCTGCGCTTCCAGAG-3
R: 5 -ACCAGATAGGCCTCACTTGCCTCCTGC-3

65 °C 72 °C

RPLPO (ribosomal phosphoprotein) F: 5 -ACGGATTACACCTTCCCACTTGCTAAAAGGTC-3
R: 5 -AGCCACAAAGGCAGATGGATCAGCCAAG-3

65 °C 72 °C

BAX F: 5 -AGAGGTCTTTTTCCGAGTGGCAGC-3
R: 5 -TTCTGATCAGTTCCGGCACCTTG-3

56 °C 81 °C

BCL2 F: 3 -TTGGCCCCCGTTGCTTTTCCTC-3
R: 5 -TCCCACTCGTAGCCCCTCTGCGAC-3

56 °C 81 °C

AT1 F: 5 -GAACATTCCTCTGCAGCACT-3
R: 5 -GTGGCTTTGCTTTGTCTTGT-3

56 °C 81 °C

AT2 F: 5 -GTTCCCCTTGTTTGGTGTAT-3
R: 5 -CATCTTCAGGACTTGGTCAC-3

56 °C 81 °C

LGR7 F: 5 -TCAGCTCCTGCACTGTAACG-3
R: 5 -GACCTTGGCAAAGACATTGCAC-3

52 °C 81 °C

LGR8 F: 5 -ACGTTTCTGTCGTGCGATTC-3
R: 5 -GCTAGACAGATCCAGTTCTCCT-3

60 °C 81 °C
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The impact of Ang II and RLN2, alone
and in combination, on cell migration and invasion
of normal prostate epithelial cells

The cell migration/invasion assays showed that the
tested peptide hormones can modulate both the mo-
tility (Fig. 4a, b) and invasiveness (Fig. 4c) of nor-
mal prostate epithelial cells, but significant changes
were observed only after long-time incubation

(72 h). RLN2 facilitates colonization of PNT1A
cells into new areas (Fig. 4a) and increases cell
migration, but only across 8-μm pore size filters,
while migration through a PET membrane with a
smaller pore size was promoted mainly by Ang II
and, to lesser extent, by a combination of both Ang
II and RLN2 (Fig. 4b). The ability of PNT1A cells
to cross basement membranes (Fig. 4c), i.e., thin but
cross-linked with extracellular matrices (ECMs),

Fig. 1 The changes in the cell viability and proliferation of
PNT1A cells after exposure to peptide hormones at concentration
10−8 M (Ang II, RLN2, Ang II + RLN2) in a classical 2D cell
culture system or in 3D cultures in a basement membrane matrix. a
PNT1A cells grown on Geltrex™ for 1 day and next were treated
with peptides for another 5 days. Representative images are shown
to illustrate the effect of peptide hormones on the morphology and

size of 3D structures compared with control group. b The level of
metabolic activity in PNT1A cells, after 48-h treatment with
peptides, evaluated in WST-1 assay (n = 8) and Alamar Blue®
assay (n = 6), respectively. c The rates of intensity cell division,
after 24–48-h exposure of PNT1A cells to peptide hormones,
evaluated in BrdU assay. (X ±SD; n ≥ 6; Tukey’s test *p< 0.05)

Fig. 2 The changes of BCL2,
BAX mRNA expression (a) and
ratio of BCL2/BAX genes (b) in
PNT1A cells after 24 or 48 h
exposure to peptide hormones at
concentration 10−8 M (Ang II,
RLN2, Ang II + RLN2) measured
using real-time RT-PCR. (X ±SD;
n= 9; Tukey’s test *p< 0.05)
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was clearly higher in cells after 72 h of exposure to
the hormones than the control group.

The impact of Ang II and RLN2, alone
and in combination, on MMP-2 and MMP-9 secretion
in normal prostate epithelial cells

Gelatin zymography revealed that PNT1A cells se-
creted into the culture medium proteins with
gelatinase activity (Fig. 5). Clear bands were ob-
served at 92 and 72 kDa against a dark background,
which correspond to pro-MMP-9 and pro-MMP-2,
respectively. In addition, two faintly visible com-
plexes of MMPs were detected, with molecular
masses of 240 and 130 kDa (data not shown). No
important differences were observed in the level of
MMPs after 24-h exposure of PNT1A cells to Ang II
and RLN2 (individually or together). The 48-h treat-
ment with Ang II augmented both gelatinases A and
B whereas RLN2 significantly stimulated only

MMP-9 secretion. In this case, the joint action of
the two peptides did not show additive or synergistic
effect.

The impact of Ang II and RLN2, alone
and in combination, on angiotensin and relaxin receptor
mRNA expression in normal prostate epithelial cells

Real-time RT-PCR showed that both classic angiotensin
receptors AT1 (1.439 ± 0.49552) and AT2 (0.653
±0.11273) are expressed in PNT1A cells. This normal
prostate epithelial cell line also expresses relaxin recep-
tors such as LGR7 (10.41±1.71) and LGR8 (21.32
±2.59). Furthermore, we observed that relaxin 2 can
change mRNA expression level not only LGR7 but also
angiotensin type 1 and type 2 receptors. Meanwhile,
Angiotensin II can only alter the mRNA level of classic
angiotensin receptors. Expression of LGR8 receptor
was not influenced by either RLN2 or Ang II (Table 2).

Fig. 3 The changes in the ability
of PNT1A cell adhesion on
extracellular matrix (ECM)
proteins: laminin, fibronectin,
collagen I, and collagen IV after
exposure to peptide hormones at
concentration 10−8 M (Ang II,
RLN2, Ang II + RLN2). It shows
statistical analysis adhesion assay
at different incubation times, 24
and 48 h, and representative
images illustrated the binding
affinity of PNT1A cells to ECM
proteins after 48 h of incubation
with peptides. (X ±SD; n= 8;
Tukey’s test *p < 0.05)
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Discussion

The mechanisms of prostate tumorigenesis initiation
and progression associated with changes in the local
renin-angiotensin system and relaxin family peptide
system still remain unclear [5, 6, 18, 34]. We know that
Ang II and RLN2 can modulate cell proliferation and
apoptosis, invasion, and spread of human prostate can-
cer cell lines such as lymph node carcinoma of the
prostate (LNCaP), DU-145, and PC-3. As the LNCaP
cell line was established from lymph node carcinoma,
and PC-3 and DU-145 from bone and brain metastases,
respectively [39], these cell lines do not represent good
models for the research on primary tumors and causes of
prostate cancer formation.

This study is the first to consider the impact of
angiotensin II and relaxin 2 on the viability, prolifera-
tion, adhesion, migration, and invasion of normal pros-
tate epithelial cells. Also for the first time, we present
mRNA expression for key receptors for RAS (AT1 and
AT2) and RFPS (LGR7 and LGR8) in PNT1A cells.

The PNT1A cell line represents a valuable tool for the
study of initial steps leading to transformation of the
prostate gland. To create the line, normal adult prostatic
epithelial cells were immortalized by retroviral trans-
duction with the Simian virus 40 (SV40). As the
PNT1A cells show c-MYC gene amplification and func-
tional inactivation of p53, they exhibit molecular and
biochemical properties similar to a normal prostate ep-
ithelium but are more sensitive to progression towards
malignant transformation [1, 4, 33].

As alreadymentioned, interactions between RAS and
RFPS have been reported in kidney fibrosis [2], the
cardiovascular [14, 35], and the central nervous system
[17], but so far, never in the carcinogenesis of reproduc-
tive tissues. Physical interaction between AT2 receptors
and LGR7 was also demonstrated previously [2]. Our
study for the first time noted the possibility of mutual
regulation of gene expression in both systems via relax-
in 2. In PNT1A cells, treatment with relaxin 2 resulted in
change of mRNA expression level of LGR7 and both
classic angiotensin receptors (Table 2). These results

Fig. 4 The changes in the migration and invasion potential of
PNT1A cells observed after exposure to peptide hormones at
concentration 10−8 M (Ang II, RLN2, Ang II + RLN2). a shows
the results of the wound healing assay (0–60 h) (X ±SEM; n= 24)

whereas the b, c present the results in transwell migration assay
(48 h; n= 6) and invasion chamber assays (24 and 72 h; n = 5),
respectively (X ± SD; n ≥ 5; Tukey’s test *p < 0.05)
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provide a strong basis to evaluate the combined effect of
angiotensin II and relaxin 2 on viability, proliferation,
adhesion, migration, and invasion of normal prostate
epithelial cells (Ryc. 1–5).

Angiotensin II and relaxin 2 improved maintenance of
cellular viability of normal prostate cell lines. Our results
also indicate that the peptide combination exhibits an
additive effect on PNT1A cell survival. In the case of
both used methods (WST-1 assay and Alamar Blue
assay) and for both types of cultures (2D and 3D), this
trend was observed (Fig. 1). However, the trend of addi-
tive effect of hormone application on cell viability on 3D
cell culture was less pronounced and statistically nonsig-
nificant. This result may be a result of an obvious dissim-
ilarity between the culture systems, as many differences
were observed between the 3D and 2D cell cultures with
regard to their sensitivity to chemicals and other agents. It
is worth noting that cancer cells grown on Matrigel were
significantly more sensitive to most prominent cancer
drugs than cells grown in 2D cultures [23].

3D cell culture models better mimic the in vivo envi-
ronment than monolayer cultures, because they enable
cell-cell and cell-ECM interactions. Härmä V et al. [21]

report that Matrigel strongly supports the growth and
differentiation of both normal and prostate cancer spher-
oids. Generally speaking, the aggregates formed in
Matrigel can be divided into four morphological groups:
branching/round phenotype, mass phenotype, grape-like
phenotype, and a stellate phenotype. Normal primary
prostate epithelial (PrECs) and in vitro immortalized cell
lines such as RWPE-1 and PWR-1E simultaneously
form round spheroids and acinar branching structures
[21, 37]. Our findings confirm that the cellular morphol-
ogy and architecture of PNT1A cells grown in Geltrex™
and in standard cell culture are different. Furthermore,
our results show that Ang II and RLN2 influence the
morphology and multi-cellular structure formation of
PNT1A cells in 3D culture: the colonies are larger and
they have a greater tendency to form more branched
aggregates than in the control group after a 5-day treat-
ment (Fig. 1a).

The BCL2 family, the essential integrators of survival
and death, plays an important role in the accumulation
of prostate cancer cells. The BCL2/BAX (or BAX/
BCL2) ratio is known to be a prognostic factor for the
development and aggressiveness of several diseases,
including reproductive cancers [23, 36]. Our findings
suggest that the changes in the ratio of BCL2/BAX
mRNA expression, corresponding to anti-apoptotic
and pro-apoptotic genes, may contribute to increased
viability of normal prostate epithelial cells after expo-
sure to the peptide hormones. The strongest induction of
BCL2 and downregulation of BAX were observed for
the combination of Ang II and RLN2.

Both relaxin 2 and angiotensin II are secreted from the
prostate gland into the seminal fluid. Several previous
studies have reported that both have a positive influence
on many sperm functions, including sperm motility and
cervical mucus penetration [24, 29]. However, many
other types of cell from a wide variety of human tissues
are also capable of movement. Cell motility is associated
with several physiological processes, such as embryonic
morphogenesis and adult wound healing, as well as some
pathological conditions including tumor invasion and
metastasis; however, this active movement is realized
by very different mechanisms. In 2D models, migration
is mainly dependent on adhesion [16, 19].

The present study examined the ability of normal
prostate cells to adhere to the major structural elements
of the ECM. PNT1A cells were found to adhere effi-
ciently to fibronectin, both collagen types to a lesser
extent and very poorly to laminin. Furthermore, Ang II

Fig. 5 The changes in the level of MMP-2 and MMP-9 secretion
in PNT1A cells evaluated after 48-h exposure to peptide hormones
at concentration 10−8 M (Ang II, RLN2, Ang II + RLN2) deter-
mined in the gelatin zymography assay. a The representative
image of a gelatin zymogram. b The statistical analyses of
MMP-2 and MMP-9 activity. Band staining intensities were mea-
sured by densitometry, using ImageJ software (X ± SD; n = 5;
Tukey’s test *p < 0.05)
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and RLN2 were seen to modulate the adhesive potential
of normal epithelial prostate cells. The initial reduction
in adhesion to ECM components was reversed after
prolonged treatment with peptides. Cytoskeleton rear-
rangements and dynamic changes in adhesion properties
are required for cell detachment and migration [16]. Our
findings demonstrate that both Ang II and RLN2 can
increase cellular motility and invasiveness in immor-
talized PNT1A cells. In this regard, the results for
Ang II and RLN2 used in combination were be-
tween those of each hormone used individually.
However, it must be strongly emphasized that stim-
ulatory effect on PNT1A cells was observed only
after two, or even three, days of continuous treat-
ment at 10−8 M. Hence, only long-term exposure to
Ang II and RLN2 may significantly increase normal
prostate cell migration and invasion.

It is interesting to note that our results for wound
healing appear to coincide with the results of transwell
migration assay through inserts containing 8-μm pore
size filters, while the results received from invasion assay
are similar to those of migration assay with inserts con-
taining 3-μm pore size filters. A smaller pore size, such
as a solidified Matrigel layer, results in a greater chal-
lenge for cell movement. Mechanical forces are among
the many environmental factors that play an important
role in the regulation of cellular behavior and function,
including adhesion, migration, or proliferation. Recent
studies report that the mechanotransduction is not re-
stricted to elements located at the cell surface but can
occur in the nucleus. The forces may affect the cytoskel-
eton and local focal adhesions, intracellular messengers,
or induce long-term phenotypic changes in cells, associ-
ated with the modulation of gene expression [3, 19].

Table 2 The mRNA expression levels of angiotensin receptors (AT1, AT2) and relaxin receptors (LGR7, LGR8) in PNT1A cells after
exposure to peptide hormones at concentration 10−8 M (Ang II, RLN2, Ang II + RLN2)

PNT1A

Gene Type Reaction efficiency Expression Std. error 95 % CI P (H1) Result

Ang II

H3F3A REF 0.9486 1.011
RPLPO REF 1.0 0.989

AT1 TRG 0.9806 1.920 1.137–3.653 0.808–4.756 0.039 ↑

AT2 TRG 0.9433 3.067 1.375–6.345 1.309–7.626 0.004 ↑

LGR7 TRG 0.9608 2.835 0.800–10.888 0.485–15.618 0.071 ↔

LGR8 TRG 0.915 1.590 0.743–3.410 0.596–4.182 0.131 ↔

RLN2

H3F4A REF 0.9486 1.088
RPLPO REF 1.0 0.919

AT1 TRG 0.9806 2.019 1.268–3.341 0.902–4.351 0.019 ↑

AT2 TRG 0.9433 5.486 3.591–8.584 3.418–9.418 0.003 ↑

LGR7 TRG 0.9608 6.811 2.383–18.153 2.052–21.080 0.003 ↑

LGR8 TRG 0.915 1.257 0.719–2.179 0.717–2.184 0.391 ↔

Ang II + RLN2

H3F3A REF 0.9486 1.238
RPLPO REF 1.0 0.808

AT1 TRG 0.9806 1.378 0.827–2.209 0.701–2.607 0.208 ↔

AT2 TRG 0.9433 1.799 1.162–2.779 1.107–3.128 0.015 ↑

LGR7 TRG 0.9608 4.229 1.515–11.003 1.244–13.405 0.010 ↑

LGR8 TRG 0.915 0.655 0,411–1.033 0.340–1.250 0.149 ↔

Relative gene expression was normalized to H3F3A and RPLPO gene expression as determined by REST 2009

P (H1)—probability of alternate hypothesis that the difference between the sample and control groups is due only to chance

95 % CI 95 % confidence interval, TRG target, REF reference
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During migration/invasion, cells must pass through
structural barriers such as basement membranes. Many
previous studies have reported that both angiotensin II
and relaxin 2 play an important role in the remodeling of
the extracellular matrix in several reproductive tract
tissues [5–7, 18, 34]. Normal and pathological tissue
remodeling is regulated by the activity of matrix
metalloproteinases. Increased expression of MMPs
has been observed in various cancers, and many
reports suggest their prognostic value in patients
with prostate cancer [20]. In the present study, gel-
atin zymography revealed that the PNT1A cells se-
creted MMP-2 and MMP-9 into the culture medium.
Furthermore, Ang II treatment augmented both
gelatinases A and B whereas RLN2 significantly
stimulated only MMP-9 secretion. It is no surprise
that these results coincide closely with the results in
transwell invasion assay.

The present study for the first time takes into ac-
count the impact of Ang II and RLN2, alone and in
combination, on normal prostate epithelial cell line
and examined their influence on basic cell biological
processes, which alteration may initiate tumor devel-
opment. Basing on our results, it seems that the ex-
amined hormones increase cell viability, with an ad-
ditive effect observed for both peptides in combina-
tion, with changes in the BCL2/BAX expression ratio
being related to better survival of PNT1A cells.
Moreover, the hormone application resulted in occur-
rence of dynamic changes in the efficiency of PNT1A
cell adhesion to ECM components. Furthermore, the
potential for migration and invasion was significantly
enhanced, but only after long-term exposure to Ang II
or RLN2, with no additive effect observed for when
they were applied in combination. Our findings indi-
cate that exposure to Ang II and RLN2 could result in
increased levels of matrix metalloproteinases such as
MMP-2 and MMP-9 gelatinases, resulting in en-
hanced metastatic properties of the PNT1A cells.
The obtained results are compatible with emerging
evidence that deregulation of locally secreted peptide
hormones such as RLN2 or Ang II can increase the
risk of certain cancers, including prostate cancer.
Moreover, the results revealed that the ability of re-
laxin 2 to act as a regulator of mRNA expression
levels not only LGR7 but also of classic angiotensin
receptors, suggesting that renin-angiotensin system
and relaxin family peptide system are probably func-
tionally linked.
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