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A B S T R A C T

Prostate cancer (PCa) is one of the most common cancer in men. Although hormone-sensitive PCa responds to
androgen-deprivation, there are no effective therapies for castration-resistant PCa. It has been recently suggested
that proton pump inhibitors (PPIs) may increase the risk of certain cancers; however, association with PCa
remains elusive. Here, we evaluated the tumorigenic activities of PPIs in vitro, in PCa cell lines and epithelial
cells from benign prostatic hyperplasia (BPH) and in vivo, in PCa mice xenografts. PPIs increased survival and
proliferation, and inhibited apoptosis in LNCaP cells. These effects were attenuated or absent in androgen-
insensitive DU-145 and PC3 cells, respectively. Specifically, omeprazole (OME) promoted cell cycle progression,
increased c-Myc expression, ErbB2 activity and PSA secretion. Furthermore, OME induced the phosphorylation
of MAPK-ERK1/2, PI3K/Akt and GSK-3β, and blunted the expression and activity of cellular prostatic acid
phosphatase. OME also increased survival, proliferation and PSA levels in BPH cells. In vivo, OME promoted
tumor growth in mice bearing LNCaP xenografts. Our results indicate that PPIs display tumorigenic activities in
PCa cells, suggesting that their long-term administration in patients should be carefully monitored.

1. Introduction

Prostate cancer (PCa) is the second leading cause of cancer death in

men in industrialized countries [1]. Androgens and androgen receptor
(AR) signaling are essential to PCa development and progression, and
androgen deprivation therapy (ADT) is considered as the first line
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therapy for advanced PCa. However, although most patients with PCa
show an initial response to ADT, the majority eventually progress to a
castration-resistant state, the management of which remains a sub-
stantial challenge [2,3].

In addition to the AR signaling axis, different pathways have been
shown to be dysregulated in patients with PCa. These include the
phosphoinositide 3-kinase (PI3K)/Akt-mammalian target of rapamycin
(mTOR), hyperactivated in response to the loss of phosphatase and
tensin homolog (PTEN), and mitogen-activated protein kinase (MAPK),
frequently activated in PCa because of perturbation of Ras or Raf sig-
naling [2,3]. Furthermore, overexpression and activation of receptor
tyrosine kinases, including ErbB-2 (Her-2/neu), were found to enhance
the stability and activity of AR in castration-resistant PCa (CRPC) [4].
Thus, understanding the molecular mechanisms involved in androgen
independence would lead to the identification of new therapeutic ap-
proaches for combating PCa.

Proton pump inhibitors (PPIs) are among the most commonly used
drugs in the world for gastroesophageal reflux disease (GERD) and
peptic ulcer disease. Omeprazole (OME), the first drug in this class, was
introduced in 1989, followed by others such as lansoprazole (LAN) and
esomeprazole (ESO). PPIs inhibit gastric acid secretion by irreversibly
binding to the hydrogen/potassium ATPase enzyme in gastric parietal
cells and are the treatment of choice of acid-related diseases [5]. Al-
though generally considered safe, in the past decade there have been
increasing concerns on the adverse effects and complications of the
long-term use of PPIs, which included increased risk in hip fracture,
adverse cardiovascular events and chronic kidney disease [6,7]. Re-
garding the effects in cancer, PPIs have been found to display antitumor
action, both alone and in combination with chemotherapeutic agents
[8,9]. However, recent studies have also shown an association between
long-term use of PPIs and increased risk in gastric cancer [10–12],
colorectal cancer [13] and pancreatic cancer [14]. In animals, it was
reported that OME promotes carcinogenesis in rat liver [15] and in fore-
stomach in mice [16]. Moreover, long-term administration of OME
worsened atrophic corpus gastritis and induced the development of
adenocarcinoma in Mongolian gerbils [17].

With regard to the effects of PPIs in the prostate, a recent study
reported that PPI intake elevated the levels of chromogranin A (CGA) in
patients with chemotherapy-naïve CRPC [18]; moreover, both short-
and long-term use of PPIs increased the levels of CGA in man [19,20].
Interestingly, in addition to being a key biomarker for the diagnosis and
follow-up of neuroendocrine tumors [21], it has been recently sug-
gested that elevated levels of CGA are associated with reduced overall
survival in metastatic CRPC [22].

Based on the foregoing, the present study aimed to assess the role, if
any, of PPIs in PCa. The effects of PPIs, specifically of OME, were as-
sessed on cell survival, proliferation and apoptosis, along with the
mechanisms, in PCa cell lines and human primary prostate epithelial
cells from benign prostatic hyperplasia (BPH). Furthermore, the effect
of OME on tumor growth was determined in vivo in mice bearing LNCaP
tumor xenografts.

2. Materials and methods

2.1. Reagents

Omeprazole (OME), lansoprazole (LAN), esomeprazole (ESO), doc-
etaxel (DTX), 3-[4,5-dimethylthiazol-2-yl], 2,5-diphenyl tetrazolium
bromide (MTT), Roswell Park Memorial Institute (RPMI)-1640
medium, Dulbecco's Modified Eagle's medium (DMEM), DMEM/F12,
fetal bovine serum (FBS), bovine serum albumin (BSA), penicillin,
streptomycin, amphotericin B, primers for RT-PCR, PD98059, LY-
294002, and cell culture reagents were from Sigma-Aldrich (Milan,
Italy). Rabbit polyclonal antibodies for phosphorylated (P)-Akt (Ser
473), P-glycogen synthase kinase-3 beta (GSK-3β) (Ser9), P-ERK1/2
and cellular prostatic acid phosphatase (cPAcP) were from Cell

Signaling Technology (Euroclone SpA, Milan, Italy). c-Myc, Bcl-2 and
actin antibodies were from Santa Cruz Biotechnology (Heidelberg,
Germany). RT-PCR and Real-Time PCR reagents were from Life
Technologies, Inc. (Invitrogen, Milan, Italy).

2.2. Cell culture

LNCaP, DU145 and PC3 human PCa cells; MSTO-211H human
malignant biphasic pleural mesothelioma cells; MCF-7 and SK-BR-3
human breast cancer cells; N-87 human gastric carcinoma cells; T
HESCs human endometrium non-malignant myomas; HT-29 human
colon adenocarcinoma cells; HeLa human cervix adenocarcinoma cells;
HepG-2 human liver carcinoma cells; Jurkat human T-cell leukemia;
MeT-5A human mesothelial cells; AtT-20/D16v-F2 murine pituitary
tumor cells; C2C12 murine myoblasts; H9C2 rat cardiac cells and 3T3-
L1 murine pre-adipocytes were obtained from the American Type
Culture Collection (Manassas, VA, USA). INS-1E cells rat insulinoma
were purchased from AddexBio (San Diego, CA, USA). REN human
malignant epithelial pleural mesothelioma cells were kindly provided
by Prof. Giorgio Scagliotti (Department of Oncology, University of
Turin, San Luigi Hospital, Orbassano, Turin, Italy). LNCaP, MSTO-
211H, SK-BR-3, HT-29, HeLA, HepG-2, Jurkat, Met-5A, AtT-20/D16v-
F2, INS-1E and REN cells were maintained in medium RPMI 1640
supplemented with 10% FBS. DU145, PC3, MCF-7, N-87, C2C12, H9C2
and 3T3-L1 cells were maintained in DMEM supplemented with 10%
FBS. T HESCs were cultured in DMEM/F12 with 10% FBS. All culture
media were supplemented with L-glutamine (2mM), penicillin (100 U/
ml), streptomycin (100 μg/ml) and 250 ng/ml amphotericin B. The cells
were cultured at 37 °C in a 5% CO2 humidified atmosphere.

2.3. Isolation of human primary prostate cells from benign prostatic
hyperplasia (BPH)

Prostate tissue was obtained from transurethral resection of prostate
(TURP) surgery of individuals with benign prostatic hyperplasia (BPH),
who had given informed consent before surgery. The study protocol
was approved by the Local Committee of A.O.U. Città della Salute e
della Scienza di Torino - A.O. Ordine Mauriziano – A.S.L. Città di Torino
(N. 0026342). Fresh prostate specimens were rinsed to remove blood
cells, mechanically minced into small pieces and enzymatically digested
in DMEM containing type I collagenase (2mg/ml) for 2 h at 37 °C. The
dissociated cell suspension was then passed through a 70 μm pre-se-
paration filter and centrifuged at 2000 rpm for 5min. The cells, re-
suspended in complete medium and plated on 6-well plates, were
maintained in DMEM with 10% FBS, 100 U/mL penicillin, 100 μg/mL
streptomycin, 250 ng/mL amphotericin B and epidermal growth factor
(EGF) (10 ng/mL) and cultured in a humidified atmosphere at 37 °C in
5% CO2. Expression of prostate-specific antigen (PSA) as prostate
marker was used to confirm the prostatic origin of the cells.

2.4. Cell survival and proliferation

The cells were seeded in 96-well plates at 3×103 cells/well and
cultured for 48, then serum-starved for 12 h and incubated with the
different stimuli for further 24 h or 48 h. Cell survival and proliferation
were assessed by MTT and 5-bromo-2-deoxyuridine (BrdU) incorpora-
tion ELISA kit (Roche Diagnostic SPA, Milan, Italy), respectively, as
previously described [23]. Absorbance was assessed by spectro-
photometry at 570 nm for MTT and at 450 nm for BrdU, using LT-4000
microplate reader (Euroclone, Milan, Italy).

2.5. Caspase-3 activity

Cells were seeded in 6-well plates at a concentration of
5× 104 cells/well. Caspase-3 activity was assessed by Caspase-3
Colorimetric Assay Kit (BioVision, USA) in cell lysates, according to the
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manufacturer's instruction and analyzed by colorimetric detection at
450 nm absorbance with a LT-4000 microplate reader (Euroclone,
Milan, Italy).

2.6. Immunostaining on LNCaP cells

The cells were scraped, collected and centrifuged for 5min at
800 rpm. Cell pellets were rinsed twice in phosphate buffer saline so-
lution (PBS 1X), fixed in 4% neutral-buffered formalin at room tem-
perature for 20min, routinely processed to paraffin embedding with an
automatic processor (Leica ASP 300, Leica Microsystems, Wetzlar,
Germany) and embedded in paraffin wax. 3 μm-thick sections were cut
for immunohistochemistry (IHC). IHC was performed using an auto-
mated slide-processing platform (Ventana BenchMark XT AutoStainer,
Ventana Medical Systems, Tucson, AZ, USA) with the following primary
antibody: anti-Androgen Receptor Rabbit Monoclonal Antibody
(SP107, Ventana Medical Systems). Positive (human prostate tissue)
and negative (omission of the primary antibody) controls were included
for each immunohistochemical run. Images were acquired with the
Hamamatsu NanoZoomer S210 scanner by Nikon.

2.7. PSA secretion

LNCaP cells were seeded in 24-well plates (1×104 cells/well) and
primary BPH cells were seeded in 6-well plates (5× 104 cells/well).
After 48 h the cells were serum starved overnight and incubated with
OME at the indicated concentrations for further 24 h. Cell conditioned
medium was collected and total PSA secretion assessed by colorimetric
assay at 450 nm absorbance using Total PSA Elisa kit (NovaTec,
Dietzenbach, Germany), following the manufacturer's instructions.

2.8. cPAcP activity

LNCaP cells were seeded (5× 104) in 60-mm plates for 48 h, serum-
starved for 12 h and incubated for 24 h with OME. The cells were then
homogenized, centrifuged (13,000 rpm for 3min) and cPAcP activity
was measured with Acid Phosphatase Assay Kit (Abcam,UK) following
the manufacturer's instructions and by colorimetric detection at
450 nm.

2.9. HER2/ErbB2 phosphorylation

LNCaP cells were seeded (2×105) in 100-mm dishes. After 48 h the
cells were serum-starved for 12 h and treated with 1 μM OME for 12 and
24 h. Briefly, the cells were homogenized, sonicated and centrifuged to
remove insoluble material (14,000 rpm for 10min) and the phosphor-
ylation of HER2/ErbB2 on Tyr1221/1222 was assessed with the
PathScan Phospho-HER2/ErbB2 Sandwich ELISA Kit (Cell Signaling
Technology, Euroclone, Milan, Italy) following the manufacturer's in-
structions and detected at 450 nm.

2.10. Cell cycle analysis

Cell cycle analysis was performed using the Muse Cell Cycle Kit
(Merck-Millipore, USA) according to the manufacturer's instructions.
Briefly, 5×104 cells were seeded in 60-mm dishes and after 48 h in-
cubated with OME in medium supplemented with 2.5% FBS for 24 h.
Cells were then detached with PBS 1X/EDTA (5mM), centrifuged
(1500 rpm, 5min) and fixed with pre-cooled ethanol. The cells were
then treated with Muse Cell Cycle Reagent for 30min and analyzed
with Muse Cell Analyzer Software (Merck Millipore, USA).

2.11. Colony formation

LNCaP cells were seeded into 60-mm plates, at 1500 cells/plate, and
cultured for 12 days in either presence or absence of OME. The cells

were then fixed with methanol, colonies stained with crystal violet
(0.05%) and plates photographed using a digital camera. Colonies were
counted with Image J software (https://imagej.nih.gov).

2.12. Real-Time PCR

Total RNA extraction and reverse transcription to cDNA (1 μg RNA)
from LNCaP were performed as previously described [24]. Real-time
PCR was performed with 50 ng cDNA, 100 nmol/L of each primer and
the IQ-SYBR-green Mastermix (Bio-Rad, Milano, Italy) using the ABI-
Prism 7300 (Applied Biosystems). The following primer pairs were
used: cPAcP, forward 5′-GCCGTATCCCCTCATGCTAC-3′, reverse
5′-CAGCTCAGCAAACCTCTCCA-3’ (NM_001292037.1); AR, forward
5′-AGCAAGAGACTAGCCCCAGG-3′, reverse 5′-CTACGATGGGCTTGGC
GAGA-3’ (NM_001348064.1); c-Myc, forward 5′-AGCGACTCTGAGGA
GGAACA -3′, reverse 5′-CTCTGACCTTTTGCCAGGAG-3’ (NM_002467.
5); cyclin-A forward 5′-AATTGTGCCTTGCCTGAGTGA-3′, reverse
5′-AAGAACTGCAGGTGGCTCCAT-3’ (XM_011535295.2); cyclin-B1 for-
ward 5′-CGAAGATCAACATGGCAGG-3′, reverse 5′-CTTGGAGAGGCAG
TATCAACC-3’ (NM_001354844.1); 18s rRNA. forward 5′-CCCATTCGA
ACGTCTGCCCTATC-3′, reverse 5′-TGCTGCCTTCCTTGGATGTGGTA-3’
(NR_146144.1). 18s rRNA was used as endogenous control. Relative
quantification was performed using the comparative Ct (2−ΔΔCt)
method.

2.13. Western blot analysis

Immunoblot analysis was performed as described previously [25].
Protein immunoprecipitation with Protein A Sepharose beads (Sigma-
Aldrich, Milan, Italy) was performed for detection following the man-
ufacturer's instructions. Proteins were resolved in 10% SDS-PAGE (12%
for Bcl-2) and transferred to a nitrocellulose membrane; after blocking
with 1% BSA in Tris-buffered saline with 0.1% Tween for 2 h at room
temperature, membranes were incubated overnight at 4 °C with the
specific antibody (P-ERK1/2, P-AKT, P-GSK-3β, c-Myc, Bcl-2, cPAcP
and actin) (dilution 1:1000, actin, c-Myc and Bcl-2 1:500). Blots were
reprobed with the respective total antibodies or actin for normalization.
Immunoreactive proteins were visualized using horseradish peroxidase-
conjugated goat anti-mouse or goat anti-rabbit (1:4000) antibodies by
enhanced chemiluminescence using ChemiDoc XRS (Bio-Rad, Milan,
Italy). Densitometric analysis was performed with Quantity One soft-
ware (Bio-Rad, Segrate, Milan, Italy).

2.14. 3D cell culture

3D cell culture of LNCaP cells was performed as described pre-
viously [26]. Briefly, 2×103 cells were seeded in a basement mem-
brane extract (BME) gel. After polymerization, each well was filled with
500 μl DMEM with 10% FBS, with or without 1 μM OME. The media
were replaced every two days. Cells were imaged at different time
points (0, 8, 10, 13 days) and the diameter of the colonies was mea-
sured after 13 days using Image J Software (https://imagej.nih.gov).

2.15. In vivo tumor growth

All animal procedures were performed according to institutional
guidelines in compliance with national (D.L. N.26, 04/03/2014) and
international law and policies (new directive 2010/63/EU). The pro-
tocol was approved by the Italian Ministry of Health (n.1073/2015-PR).
8-week-old male NOD (non-obese diabetic)/SCID (severe combined
immunodeficient) were housed and bred at Candiolo Cancer Institute
IRCCS, Candiolo, Turin, Italy. The mice were injected subcutaneously in
both flanks with 3× 106 LNCaP cells in 200 μl of 1:1 culture
medium:Matrigel solution. When tumors became evident, about 1 week
after injection, the mice were randomly divided into two groups,
Control and OME (6 mice each group). OME (dissolved in water) was
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administered at a dose of 7.2 mg/kg by oral gavage every two days for 7
weeks. As previously reported, this is considered as a low dose, based
on long-term clinical administration in humans [16]. Mice from the
Control group received vehicle solution. Tumor measurements were
performed once a week, from week 4 until the end of the experiment
(week 7). Animals were sacrificed at the end of the treatments and
tumors explanted for subsequent analysis. Tumor volume from each
flank was calculated with the formula v = (a x b2)/2, where a is the
long axis and b is the short axis. Tumors were resected and fixed in 4%
v/v paraformaldehyde. Paraffin sections were stained with hematox-
ylin/eosin (H/E) for immunohistochemistry analysis. Standard im-
munoperoxidase analysis was performed for PSA using a polyclonal
rabbit anti-PSA antibody (1:200, AgilentDako, Santa Clara, USA) and a
biotin-free detection system (EnVisionTMPlus, AgilentDako, Santa Clara,
USA).

2.16. Statistical analysis

Results are presented as mean ± SEM. Significance was calculated
by two-tailed Student's t-test or two-way ANOVA followed by
Bonferroni's multiple comparison test for post hoc analysis. Analysis
was performed using GraphPad Prism 5.0. Significance was established
for P < 0.05.

3. Results

3.1. PPIs promote survival and proliferation, and inhibit apoptosis in
LNCaP PCa cells

The role of OME, LAN and ESO was first assessed on survival,
proliferation and apoptosis in androgen-sensitive LNCaP cells. Serum-
starved cells were treated for 24 h with increasing concentrations of
each PPI (0.1–2 μM). Cell survival and proliferation were evaluated by
MTT and BrdU assays, respectively, and apoptosis by activation of
caspase-3. As expected, cell proliferation and survival were reduced
under serum starvation (control), compared with normal medium. OME
dose-dependently increased cell survival and proliferation as compared
with untreated cells (control), showing the strongest effect at 1 and
2 μM (Fig. 1A and B). Similar results were obtained at 48 h, where OME
increased cell survival and proliferation at 1 and 2 μM and at 0.5–2 μM,
respectively (Figs. S1A and B). Furthermore, at 24 h OME reduced
apoptosis to levels comparable with those of normal medium (Fig. 1C);
conversely, cell survival and growth were unchanged in cells treated
with OME in normal medium (Figs. S1C and D). Similar results were
observed for LAN, which increased cell survival at 1 and 2 μM (Fig. 1D),
proliferation at 0.5–2 μM (Fig. 1E), and reduced apoptosis at 0.5–2 μM
(Fig. 1F). ESO exerted the same dose-dependent actions (from 0.5 μM)
(Fig. 1G–I).

The role of OME was next assessed on the response to Docetaxel
(DTX), a taxan agent and one of the major chemotherapy compounds
for treatment of CRPC [27]. Following the previous results, 1 μM OME
was selected as the best concentration for subsequent experiments. The
cells were initially exposed for 24 h to increasing concentrations of DTX
alone, which showed a cytotoxic action at 0.01 μM (Fig. 1J). In cells
treated with both OME and DTX we found that OME alone increased,
whereas DTX (0.01 μM) reduced cell survival and proliferation, as ex-
pected; however, in cells pre-incubated with OME, the inhibitory effects
of DTX were blunted, compared with those of DTX alone (Fig. 1K and
L).

Overall, these results indicate that PPIs exert survival, proliferative
and antiapoptotic effects in LNCaP cells and attenuate the cytotoxic
action of chemotherapy drugs.

3.2. The effects of PPIs are reduced or absent in androgen-insensitive
DU145 and PC3 PCa cells

The role of OME, LAN and ESO was next tested in DU145 and PC3
cells. After 24 h OME increased cell survival and proliferation only at
2 μM in DU145 cells, (Fig. 2A and B), whereas no effect was observed in
PC3 cells, at any of the concentrations tested (Fig. 2C and D). Similarly,
LAN and ESO increased cell survival and proliferation in DU145 only at
the highest concentrations tested, but displayed no effect in PC3 cells
(Additional File 2: Fig. S2).

The role of OME was also analyzed on survival of different human
and murine cancer cell lines and non-malignant cells. We found that
OME was unable to modify cell survival in any of the cell types tested,
suggesting that the effects are limited to PCa cell lines (Table 1).

3.3. OME promotes the progression of cell cycle and expression of c-Myc
and Bcl-2 in LNCaP cells

We subsequently verified, through flow cytometry analysis, whether
OME-induced proliferation of LNCaP cells was associated with varia-
tions in cell cycle. Treatment with OME for 24 h reduced the percentage
of cells in G0/G1 phase and increased those in S and G2/M, compared
with control (Fig. 3A). Accordingly, expression of cyclin A and cyclin B1,
both associated with progression of cell cycle, was upregulated (Fig. 3B
and C). OME also enhanced the expression of the oncoprotein c-Myc
and antiapoptotic protein Bcl-2, at both 12 and 24 h, consistent with the
previously observed proliferative and antiapoptotic effects (Fig. 3D and
E). Moreover, the number of colonies was increased in cells treated for
10 days with 1 μM, and even more with 2 μM OME, compared with
untreated (Fig. 3F). The effect of OME was also assessed on the growth
on 3D of cell spheroids. LNCaP cells embedded in BME and treated with
OME for 8, 10 and 13 days showed an increase in the diameter of
spheroids (Fig. 3G).

3.4. OME promotes the phosphorylation of ErbB-2 and secretion of PSA,
regulates survival and proliferative pathways and reduces expression and
activity of cPAcP in LNCaP cells

We next sought to determine whether OME regulates the expression
of AR in LNCaP cells. The mRNA levels of AR were not changed after
treatment for 24 h with different concentrations of OME (Fig. 4A). Si-
milarly, staining for AR protein showed no variation between cells
treated with OME (Fig. 4B, d) and untreated (Fig. 4B and c). Still, OME
promoted the phosphorylation of ErbB2 on tyrosine 1221 (Fig. 4C),
which has been shown to be associated with elevation in PSA secretion,
phosphorylation of MAPK, and reduction in cPAP, along with PCa
progression [4,28]. Accordingly, treatment with increasing concentra-
tions of OME for 24 h progressively increased the secretion of PSA,
whose levels have been previously shown to be elevated in PCa, as well
as in benign prostatic hyperplasia (BPH) [29] (Fig. 4D). Moreover, OME
time-dependently promoted the phosphorylation of MAPK ERK1/2
(Fig. 4E), PI3K/Akt (Fig. 4F), and inactivation, i.e. increased phos-
phorylation, of its downstream effector glycogen synthase kinase 3 beta
(GSK-3β) (Fig. 4G), which are all associated with PCa cell proliferation,
tumor progression and metastasis [3,30]. The specific inhibitors of
ERK1/2 (PD98059) and PI3K/Akt (LY294002) blocked the survival and
proliferative activities of OME, whereas no effect was observed using
these compounds alone (Fig. 4H–K). OME also reduced both expression
and activity of the prostate-specific tumor suppressor cPAcP (Fig. 4L
and M), whose inhibition has been associated with increase in ErbB-2
phosphorylation, PCa cell growth and tumor progression [31–33]. Be-
cause cPAcP inversely correlates with the growth of PCa cells, we
analyzed the presence of cPAcP in LNCaP, PC3 and DU145 cell lines.
cPAcP was detected in LNCaP, but not in PC3 and DU145 cells
(Fig. 4N), which display higher growth rate compared to LNCaP [34].
Overall, these results suggest that OME promotes survival and
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proliferation in LNCaP cells through the regulation of pathways in-
volved in PCa growth and progression.

3.5. OME promotes survival and proliferation, and increases PSA in human
primary prostate epithelial cells from BPH

BPH is an age-dependent condition, characterized by an enlarge-
ment of the prostate due to the expansion of epithelial and stromal cells.
BPH may lead to compression of the urethra, resulting in various
symptoms, known as lower urinary tract symptoms (LUTSs), for which
new therapeutic targets continue to be explored [35]. Thus, based on
our results in PCa cells, we next investigated the effect of OME in

epithelial cells obtained from human BPH tissue. OME, at increasing
concentrations (0.1–2 μM), enhanced cell survival and proliferation,
with a maximum effect at 1 μM (Fig. 5A and B), and raised PSA se-
cretion at 1 and 2 μM (Fig. 5C) in BPH cells, that also expressed cPAcP
(Fig. 5D). These findings suggest that OME elicits similar functions in
both PCa cell lines and primary BPH cells, along with increase in PSA
secretion.

3.6. OME promotes tumor growth in a murine xenograft model of PCa

The in vivo effect of OME on tumor growth was assessed in NOD/
SCID mice bearing LNCaP xenografts. OME was orally administered

Fig. 1. Effect of PPIs on survival, proliferation and apoptosis of LNCaP cells. The cells were cultured in either normal medium (NM) or in serum-deprived
medium (c, control medium) for 12 h, then for further 24 h with OME (A–C), LAN (D–F) or ESO (G–I) at the concentrations indicated. Cell survival and proliferation
were assessed by MTT and BrdU assays, respectively, apoptosis as activation of caspase-3. J, Cell survival in cells cultured for 24 h with the indicated concentrations
of Docetaxel (DTX). Cell survival (K) and proliferation (L) in cells cultured with either 1 μM OME or 0.01 μM DTX, alone or in combination. Results are expressed as
percent of control and are mean ± SEM of three replicates (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 vs. c; ns, not significant; #P < 0.05 vs. DTX.
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every two days for 7 weeks, the mice were sacrificed at the end of the
study and the whole tumor tissues were obtained. OME exhibited a
remarkable effect on tumor growth, that was increased from week 4
compared with the control group, suggesting a role for OME in pro-
moting tumor progression. The effect was maintained at every week
and was significant at week 7, where the average tumor size was
167mm3 in mice treated with OME and 39mm3 in control mice
(*P < 0.05) (Fig. 6A). There were no significant differences in body
weight among the groups (data not shown). Furthermore, im-
munohistochemistry analysis showed slightly increased im-
munoreactivity for PSA in OME group compared with control (Fig. 6B).

These results indicate that OME effectively promotes the growth of
androgen-sensitive PCa in vivo.

4. Discussion

Our results show that PPIs exert survival, proliferative and anti-
apoptotic effects in PCa cell lines, specifically in androgen-sensitive
LNCaP cells. Focusing on OME, we found that the mechanisms included
induction of cell cycle progression, increase in expression of oncopro-
teins such as c-Myc, and reduction of antiapoptotic proteins.
Furthermore, OME promoted the phosphorylation of ErbB2 and secre-
tion of PSA, the activation of survival and proliferative pathways, along
with inhibition of prostate phosphatases. OME displayed similar sur-
vival and proliferative effects in human epithelial prostate cells isolated
from patients with BPH; moreover, in vivo OME promoted the growth of
LNCaP tumor xenografts in mice.

We show here that OME, LAN and ESO elicited similar survival,
proliferative and antiapoptotic effects in LNCaP cell; thus, OME was
chosen as compound to be tested in the rest of the study. Interestingly,
OME also blunted the inhibitory action of DTX in LNCaP cells, sug-
gesting that, at least in androgen-dependent cells, PPIs may alter the
sensitivity to DTX, the major taxan agent used for the treatment of PCa
[27]. Moreover, despite the fact that no significant effects were ob-
served in DU145 and PC3 androgen-independent cells, it will be im-
portant to examine in the future the possible interaction between OME
and DTX in CRPC cells.

Noteworthily, OME reduced the G0/G1 phase in LNCaP cells and
increased the number of cells in S and G2/M phase, indicating inhibi-
tion of cell cycle arrest and induction of cell cycle progression.
Consistently, OME also elevated the expression of cyclin A and B1, key
regulatory proteins in driving G2 to M phase [36], and of cMyc, which
has been associated to the development of PCa and whose levels, ele-
vated in both androgen-sensitive PCa and CRPC, are regulated by AR in

Fig. 2. Effect of OME on survival and proliferation of
DU145 and PC3 cells. Serum-starved DU145 (A and B) and
PC3 cells (C and D) were cultured for 24 h with the indicated
concentrations of OME. Cell survival and proliferation were
assessed by MTT and BrdU assays, respectively. Results are
expressed as percent of control and reported as mean ± SEM
of three replicates (n = 3). *P < 0.05 and **P < 0.01 vs. c;
ns, not significant.

Table 1
Cell survival after treatment with OME (1 μM) for 24 h.

Cell line Description Cell survival (% of
control)

MSTO-211H Human malignant mesothelioma
biphasic

99.4%

REN Human malignant mesothelioma
epithelioid

102.3%

MCF-7 Human breast adenocarcinoma 100.1%
N87 Human gastric carcinoma 100.7%
T HESCs Human endometrial stromal cells 96.3%
SK-BR-3 Human breast adenocarcinoma 99.4%
HT-29 Human colon adenocarcinoma 98%
HeLa Human cervix adenocarcinoma 99%
HepG-2 Human liver carcinoma 101%
Jurkat Human T-cell leukemia 96%
MeT-5A Human pleural mesothelial 100.8%
AtT-20/D16v-F Mouse ACTH-secreting pituitary

tumor
102.9%

INS-1E Rat insulinoma 100.7%
C2C12 Mouse myoblast 100.3%
H9C2 Rat heart myoblast 102.1%
3T3-L1 Mouse preadipocyte 97.8%
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an androgen-independent manner [37]. Along with cMyc, we observed
an increase in Bcl-2 antiapoptotic protein, which is upregulated by
PI3K/Akt and associated with prostate carcinogenesis and development
of CRPC [38]. In agreement with these findings, OME also increased the
number of colonies and the diameters of the spheres, further confirming
the proliferative effect of PPIs and their potential ability to promote 3-
dimensional (3D) anchorage-independent growth, one of the hallmarks

of cell transformation and tumorigenic potential [2].
Importantly, although the mRNA levels of AR were unchanged,

treatment with OME in LNCaP cells enhanced the phosphorylation of
ErbB-2 and secretion of PSA, suggesting transactivation of AR.
Accordingly, ErbB-2, whose intrinsic tyrosine kinase activity is con-
stitutively increased in many types of cancer, has been shown to acti-
vate AR signaling in the absence of the ligand and to enhance the

Fig. 3. Role of OME in regulation of cell cycle and formation of colonies and spheres in LNCaP cells. A, Distribution of cells in G0/G1, S and G2/M phases
assessed by Muse™ Cell Cycle kit and analyzed by flow cytometry in cells treated for 24 h with 1 μM OME. Results are means ± SEM of three independent
experiments. *P < 0.05 and ***P < 0.001 vs. Control in each phase. Real-time PCR for cyclin A (B) and cyclin B1 (C) expression normalized to 18S rRNA in cells
treated for 24 h with 1 μM OME. Results are the mean ± SEM of three independent experiments, each performed in triplicate. *P < 0.05 and **P < 0.01 vs.
control (c); ns, not significant. D and E, Representative Western blot for c-Myc and Bcl-2 expression in cells treated for the times indicated with 1 μM OME. Results
normalized to actin are expressed as percent of time 0 and are the mean ± SEM. *P < 0.05 and **P < 0.01 vs. Time 0 (n = 3). F, Colony formation in cells treated
for 10 days either without or with OME, at the indicated concentrations. Results are the mean ± SEM. *P < 0.05 and **P < 0.01 vs. control (n = 3). G, Formation
of spheres in cells cultured in Matrigel for the days indicated, in both absence or presence of 1 μM OME. Results are the mean ± SEM. *P < 0.05 and **P < 0.01
vs. control at each time point (n=3). Scale bar: 100 μm.
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progression to androgen-independent PCa even in hormone-poor en-
vironment [39,40]. Moreover, ErbB-2 transactivates AR signaling in
LNCaP cells through the MAPK pathway and elevation of PSA, a me-
chanism involved in CRPC [4]. ErbB-2 also promotes PCa cell growth in
the absence of androgen through activation of Akt, phosphorylation of
AR at Ser213 and Ser791 and elevation of the promoter activity of PSA
gene [41]. In agreement with these observations, herein we show that
along with ErbB-2, OME increased PSA secretion and phosphorylation
of MAPK-ERK1/2, Akt and its downstream effector GSK-3β in LNCaP
cells. Interestingly, inhibition of ERK1/2 and PI3K/Akt blunted the
survival and proliferative effects of OME, suggesting that these

pathways are implicated in the tumorigenic activities of the compound
and its derivatives. Accordingly, studies have shown that MAPK-ERK1/
2 and Akt/mammalian target of rapamycin (mTOR) signaling are often
coordinately deregulated in human PCa and associated with progres-
sion to CRPC [3,42,43]. Furthermore, in mice, loss of the phosphatase
and tensin homolog (PTEN) gene, which negatively regulates PI3K/Akt,
results in activation of PI3K/Akt/mTOR and ERK1/2 in androgen-in-
dependent PCa [44]. Consistent with our results, inhibition of GSK-3β
activity through phosphorylation of its upstream regulator Akt at Ser9
results in suppression of malignant PCa cell phenotype [45]; moreover,
GSK-3β inhibitors attenuated PCa growth and mestastatic potential in

(caption on next page)
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vivo [46,47].
Our study reports that in LNCaP cells OME also reduced the ex-

pression and activity of the tyrosine phosphatase cPAcP, which was
previously found to inhibit the growth of PCa cells in part through the
dephosphorylation of ErbB-2 [31–33]. In fact, ErbB-2 is negatively as-
sociated with cPAcP activity, and the reduction of cPAcP has been as-
sociated with increased phosphorylation of ERK1/2, suggesting that
inhibition of cPAcP results in activation of ErbB-2 and MAPK signaling
[28]. Interestingly, studies have shown that expression and activity of
cPAcP are lower in PCa cells than in normal and hypertrophic prostate
tissue, and expression levels of cPAcP inversely correlate with PCa cell
growth [31,32]. Accordingly, along with OME-induced inhibition of
cPAcP, we showed expression of cPAcP protein in LNCaP but not in PC3
and DU145 cells, which have higher proliferation rate than LNCaP,
suggesting that the molecular mechanisms involved in the effects of
OME may be at least in part associated to inhibition of cPAcP. Fur-
thermore, apart from LNCaP and BPH cells, OME, as well as LAN and
ESO, showed little effect in DU145 and no effect in PC3 cells, which are
both androgen-insensitive and negative for cPAcP expression [32].
Thus, based on the foregoing, our findings suggest that the survival and
proliferative effects of OME in LNCaP cells involve transactivation of
AR through mechanisms mediated by ErbB-2, MAPK-ERK1/2, Akt/GSK-
3β signaling and inhibition of cPAcP.

Importantly, in addition to the effects in PCa cell lines, OME also
increased the survival and proliferation, as well as PSA levels, in epi-
thelial cells from BPH. Like LNCaP, BPH cells express cPAcP and pre-
vious studies have shown up-regulation of AR in BPH tissue, unveiling a
potential role of AR in the etiopathogenesis of BPH [48]. Thus, it cannot
be excluded that OME activates the same pathways in both LNCaP and
BPH cells, although further studies are needed to verify this hypothesis.

Our results in vitro were confirmed in vivo, where treatment with a
low dose of OME by oral gavage increased tumor progression and
growth, and expression of PSA in mice xenografted with LNCaP cells.
Accordingly, Huang et al. recently showed that long-term gavage with
both low and high doses of OME promoted carcinogenesis of the mouse
fore-stomach after treatment with nitrosamine, whereas no effect was
observed with OME alone [16]. The mechanisms included the down-
regulation of the cell cycle regulators p21 and mTOR. Interestingly, it
has been previously shown that ESO reduces mTOR signaling in mel-
anoma cell lines and promotes autophagy as a survival mechanism to
counteract cell death [49]. Furthermore, co-administration of high
doses of OME by oral gavage and β-naphtoflavone (BNF) in diet, pro-
moted liver tumor in rats subjected to partial hepatectomy, but not liver
initiation, through increased expression of cyclooxygenase 2 (COX-2)
and cMyc [15]. Long-term administration of PPIs also worsened
atrophic corpus gastritis and promoted adenocarcinoma development
in Mongolian gerbils infected with Helicobacter pylori, although, dif-
ferently from this study, OME was given with diet and at high dose
[17]. However, the mechanisms involved in the above-mentioned stu-
dies are not fully explained and the direct role of PPIs in cancer cell
growth remains to be studied in depth. In humans, long-term use of PPIs
has been associated with increased risks of fundic gland polyps and
gastric carcinoma [11–13], colorectal cancer [13] and pancreatic
cancer [14] likely because of hypergastrinemia, which might increase
the incidence of colorectal and gastric tumors [50]. Furthermore, al-
though at present there are no data demonstrating the direct association
between PPIs and PCa, it has been shown that CGA levels are increased
in men after both short-and long-term use of PPIs [19,20]. Importantly,
a recent study suggested a negative association between elevated levels
of serum CGA and overall survival in men with metastatic CRPC [22].

Fig. 4. Signaling pathways involved in the effects of OME in LNCaP cells. A, Real-time PCR for AR mRNA in LNCaP cells treated for 24 h with OME, at the
concentrations indicated. Results, expressed as fold change of control, are mean ± SEM of three independent experiments, each performed in triplicate (ns, not
significant). B, Representative immunoreactivity of AR protein in LNCaP cells untreated or treated for 24 h with 1 μM OME. a, normal prostate tissue (positive
control); b, LNCaP cells incubated for 24 h without the antibody for AR (negative control); c and d, LNCaP cells untreated (c) or treated for 24 h with 1 μM OME (d).
Original magnification, X 20. C, Tyrosine phosphorylation (Tyr1221/1222) of ErbB2 assessed by ELISA in cells treated with 1 μM OME for the times indicated.
Results, expressed as percent of control, are mean ± SEM of three independent experiments performed in triplicate. *P < 0.05 vs. time 0. D, Secretion of PSA from
cells treated for 24 h with OME, at the concentrations indicated. For both C and D, results are mean ± SEM of at least three independent experiments performed in
triplicate. *P < 0.05 and **P < 0.01 vs. time 0 or control (c), respectively. E-G, Phosphorylation of ERK1/2 (E), Akt (F) and GSK-3β (G) in total lysates from cells
cultured with 1 μM OME for the times indicated (top panels). Blots, each representative of three independent experiments, were reprobed with total antibodies for
normalization (bottom panels). Graphs show phosphorylated proteins normalized to total proteins and reported as percentage of basal. *P < 0.05 and **P < 0.01
vs. time 0; ns, not significant. Cell survival (MTT assay) and proliferation (BrdU assay) in cells pretreated for 30 min with either PD98059 (40 μM) (H and I) or
LY294002 (10 μM) (J and K), then treated for 24 h with 1 μMOME. *P < 0.05 vs. control (c); #P < 0.05 vs. OME (n = 3). L Expression of cPAcP protein assessed by
Western blot in cells cultured with 1 μMOME for the times indicated (top panel). Equal protein loading was determined by reprobing with antibodies to actin (bottom
panel). Graph shows the densitometric analysis of cPAcP normalized to actin and expressed as percent of time 0. *P < 0.05 vs. time 0 (n = 3). M cPAcP activity
assessed by colorimetric enzymatic assay in cells either untreated or treated for 24 h with OME at the concentrations indicated. Results, expressed as percent of
control are mean ± SEM. *P < 0.05 vs. control (c). N Expression of cPAcP in LNCaP, PC3 and DU145 cells assessed by Western blot (top panel). Blots were
reprobed with antibody to actin for normalization (bottom panel) (n=3).

Fig. 5. Effect of OME on survival and proliferation of BPH cells. Serum-starved cells were cultured for 24 h with OME, at the concentrations indicated. Cell
survival (A) and proliferation (B) were assessed by MTT and BrdU, respectively. Results, expressed as percent of control, are the mean ± SEM of three replicates
(n = 3). *P < 0.05 vs. c; ns, not significant. D Expression of cPAcP in PC3 and BPH cells assessed by Western blot (top panel). Blots, representative of three
independent experiments, were reprobed with antibody to actin for normalization (bottom panel).
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However, it has been also reported that LNCAP cells do not express CGA
[51]; therefore, it is unlikely that the effects of OME in these cells are
associated with an increase in CGA. New studies will be required to
unveil the role of PPIs in CRPC cells.

In conclusion, we demonstrate that OME elicits survival and pro-
liferative effects in PCa cell lines and primary BPH cell, and promote the
growth of PCa in mice bearing LNCaP xenografts. The underlying me-
chanisms included the progression of cell cycle, increase in oncopro-
teins and reduction in antiapoptotic proteins, activation of proliferative
pathways, along with elevation in PSA secretion and inhibition of
prostate phosphatases. Therefore, our results suggest that PPIs may
influence prostate carcinogenesis and/or progression to CRPC; how-
ever, additional studies are necessary to verify the potential long-term
impact of these compounds in the development or progression of PCa in
men. If confirmed in future research, these findings should be con-
sidered in the face of the broad use of PPIs, particularly when the
therapeutic indication is weak.
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Fig. 6. In vivo effect of OME in NOD/SCID mice bearing LNCaP xenografts. A Tumor volume measured in LNCaP xenografts after treatment with either vehicle
(Control) or OME (7.2 mg/kg), administered orally every two days for 7 weeks. Results are the mean ± SEM. **P < 0.01 vs. Control; ns, not significant (n= 6 for
each group). B Representative hematoxylin and eosin (H&E) staining (top panels), and immunoreactivity for PSA (bottom panels) in tumor tissues of control mice
(left panels) and in mice treated with OME (middle and right panels) (Scale bar, 100 μm).
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