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Background: Therapies available for late stage prostate cancer (PCa) patients are limited and mostly
palliative. The necessary development of unexplored therapeutic options relies on a deeper knowledge of
molecular mechanisms leading to cancer progression. Redox signals are known to modulate the intensity
and duration of oncogenic circuits; cues originating from the endoplasmic reticulum (ER) and downstream
exocytic organelles are relevant in secretory tumors, including PCa. Ero 1α is a master regulator of redox
homeostasis and oxidative folding.
Methods: We assessed Ero 1α mRNA expression by bioinformatic analysis of three public datasets and
protein expression levels in PCa cell lines representing different degrees of tumor progression and different
human prostate specimens. Transient Ero 1α knockdown was achieved by RNA interference (siRNA).
Consequences of Ero 1α downregulation were monitored by PCa proliferation, migration and invasion
properties.
Results: Ero 1α mRNA and protein levels are upregulated in PCa cell lines compared to non-tumorigenic
cells (P=0.0273). Ero 1α expression increases with the grade of malignancy, reaching the highest level in
the androgen resistant PC3. In patients’ samples from 3 datasets, Ero 1α mRNA expression correlates with
pathological Gleason scores. Ero 1α knockdown inhibits proliferation (P=0.0081), migration (P=0.0085) and
invasion (P=0.0007) of PC3 cells and alters the levels of integrin β1 (P=0.0024).
Conclusions: Results indicate that Ero 1α levels correlate with PCa aggressiveness; Ero 1α silencing
inhibits key steps over the PCa metastatic process. Therefore, Ero 1α has the potential to be exploited as a
novel biomarker and a therapeutic target in PCa.
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Introduction
Tumor progression is sustained by aberrant signaling circuits
that are largely dependent on redox-dependent pathways.
Signals originating from the endoplasmic reticulum
(ER) and downstream exocytic organelles have particular
relevance in prostate cancer (PCa) and other secretory
tumors (1,2). The biosynthesis of secretory proteins often
requires disulfide bond formation (2). The processes of
‘oxidative folding’ set in motion electron transport chains
that ultimately generate H2O2 (3). ER oxidoreductin 1 alpha
(Ero 1α) flavoproteins are rate-limiting steps in oxidative
folding. They oxidize protein disulphide-isomerase
(PDI), which in turn donates disulphide bonds to nascent
proteins (4,5). Ero 1α is upregulated under conditions of
hypoxia (6) and ER stress (7), thus generating H2O2 that can
be either transported to the cytosol or utilized lumenally
by peroxiredoxin 4 (PRDX4) (8) or glutathione peroxidases
(GPX) 7 and 8 (9). As a consequence, the relative amount of
these molecules determine redox homeostasis in the ER and
H2O2 fluxes. H2O2 can amplify oncogenic signals, inhibiting
protein tyrosine phosphatases. Conversely, if redundant,
H2O2 can induce lethal oxidative stress (10). Ero 1α can also
modulate cell life-death decisions activating inositol 1,4,
5- triphosphate receptors (11).
Tumorigenesis and cancer progression are very complex
processes during which cells acquire different peculiar
characteristics (12,13). In particular, hypoxia is a frequent
condition during tumorigenesis and a key feature of the
tumor microenvironment (14). Ero 1α has been proposed
as a marker of hypoxia in various kinds of cancers as it is
induced by low-oxygenic environments via the hypoxiainducible factor 1 (HIF-1) (15). It also controls mRNA
levels and folding of vascular endothelial growth factor A
(VEGF-A), a molecule essential for neoangiogenesis (16).
Furthermore, Ero 1α promotes neoangiogenesis and
metastasis by targeting the S1PR1/STAT3/VEGF-A
pathway in hepatocellular carcinoma (17).
With an increased rate of protein assembly and folding
within the ER (to ensure efficient protein supply), cancer
cells are often exposed to a higher risk for misfolded protein
accumulation with consequent -stress and induction of
Unfolded Protein Response (UPR) (6); this has profound
impact on tumor progression, neo-angiogenesis, tumor
invasion and metastasis (18). While Ero 1α is predominantly
induced under hypoxia, the isoform Ero 1β is mainly
induced under UPR (6).
Ero 1α plays also a key role in the regulation of immune
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response to cancer. It has been reported to control MHC
class I folding and expression in colorectal cancer cells, by
altering the susceptibility of tumorigenic cells by CD8+ T
cells (19). Furthermore, a link between Ero 1α mediated
oxidative folding and programmed death-ligand 1 (PD-L1)
expression levels has been observed in breast cancer cells.
PD-L1, by binding to programmed death-1 (PD-1) expressed
on immune cells, plays a crucial role in tumor immunology.
Importantly, Ero 1α levels have been found correlated to
PD-L1 expression in vitro and in vivo, suggesting Ero 1α as a
potential target in cancer immunotherapy (20).
Consistently with these evidences, Ero 1α has been found
correlated with bad prognosis in different types of cancers,
such as breast, pancreatic, cervical and gastric cancers (21-24).
The deregulation/activation of the described pathways
and mechanisms is common to many malignancies including
PCa. Based on these evidences, we hypothesize that Ero 1α
may play a relevant role in PCa progression too.
We investigated (I) Ero 1α expression in human tumoral
and not tumoral prostate cell lines and prostate samples;
and, (II) Ero 1α role in modulating PCa cell proliferative
signaling, migration ability, and invasive potential.
We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/tau-20-1025).
Methods
Reagents and prostate cell lines
All reagents and chemicals were from Thermo Fisher
Scientific Inc. (Waltham, Massachusetts, USA), unless
otherwise stated. The human epithelial prostate cell line
RWPE-1 (RRID: CVCL_3792) was purchased from
ATCC and maintained in Keratinocyte Serum Free
Medium supplemented with 0.05 mg/mL bovine pituitary
extract and 5 ng/mL human epidermal growth factor.
The human cell lines LNCaP, LAPC4, DU145 and
PC3 (respectively, RRID: CVCL_0395, CVCL_4744,
CVCL_0105, CVCL_0035) were kindly donated by Prof.
Zoran Culig (Innsbruck Medical University, Innsbruck,
Austria). LNCaP and PC3 cells were cultured in Roswell
Park Memorial Institute 1640 medium supplemented with
10% fetal calf serum (EuroClone S.p.A., Pero, Milan, Italy).
LAPC4 were cultured in Iscove`s Modified Dulbecco`s
Medium (IMDM) containing 10% fetal bovine serum and
100 nM dihydrotestosterone. All culture media contained
100 u/mL penicillin and 100 µ g/mL streptomycin.
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Docetaxel resistance was obtained by exposing PC3 cells to
5 ng/mL docetaxel for 1 day followed by gradual removal of
the drug. Treatment was repeated every 21 days for 3 times.
Primary patient samples
Patient samples were collected from patients undergoing
either holmium laser enucleation of the prostate (HoLEP)
for symptomatic benign prostatic hyperplasia (BPH) or
radical prostatectomy (RP) for PCa at a single tertiaryreferral academic institute. Median age was 63 years (range,
53–73 years). Data collection followed the principles
outlined in the Declaration of Helsinki; all patients had
signed an informed consent agreeing to deliver their own
anonymous information for future studies. The study was
approved by our local ethical committee.
siRNA transfection
Sequences of small interfering RNA (siRNA) inhibiting Ero
1α gene expression (Ambion®, Waltham, Massachusetts,
USA) were previously published (25,26). Transfection was
carried out using Invitrogen™ Lipofectamine™ RNAiMAX
according to the manufacturer’s instructions. Transient
protein expression knockdown was confirmed by Western
blotting analysis with specific antibodies at 72 hours after
silencing.
Protein extraction and western blotting analysis
Cells were detached from culture flasks or culture plates
using 0.25% Trypsin-EDTA, washed in PBS 10 mM
N-ethylmaleimide (NEM) to block disulphide interchange (4).
Cells were lysed in RIPA lysis buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 50 mM Tris-HCl pH 8.0 supplemented with
10 mM NEM, and protease inhibitor cocktail) for 20 minutes
on ice. Clearance was achieved by centrifugation with
17,000 ×g at 4 ℃ for 20 minutes. Post-nuclear supernatants
were used immediately or stored at −20 ℃. Human tissue
samples, after lysis, were subjected to 30’’ sonication (1 pulse/
second; 50% power/Sonopuls Ultrasonic Homogenizer,
Bandelin Electronic GmbH & Co. Berlin, Germany) followed
by centrifugation at 13,000 rpm/15’/4 ℃. Proteins were
quantified by bicinchoninic acid (BCA) assay (Sigma, St Louis,
MO, USA).
Proteins were analyzed by Western blotting (reducing
SDS-PAGE on gradient 4-12% Bis- Tris polyacrylamide
precasted gels) (Invitrogen™, Thermo Fisher Scientific).
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After electro-transfer to Nitrocellulose paper, nitrocellulose
was saturated with 5% milk in PBS 0.1% Tween.
Nitrocellulose papers were incubated with primary antibodies:
mouse monoclonal anti-Ero 1α [2G4, 1:1,000 (27)],
anti-β1 Integrin (mouse monoclonal clone E4/C9 kind gift of
Dr. Maria Raffaella Zocchi (28), rabbit anti-anti PDI 1:1,000
(kind gift from Prof. I. Braakman, Utrecht, The Netherlands);
Rabbit anti-GRP94 1:500 (ADI-SPA-851, lot #08021036,
RRID AB_10615790, ENZO Life Sciences, Farmingdale,
New York, USA); Rabbit anti-Peroxiredoxin 4 1:1,000
(10703-1-AP, RRID AB_2168493, Invitrogen Proteintech™,
Thermo Fisher Scientific); mouse anti-GAPDH (6C5)
1:2,000 (sc32233, lot #I0319, RRID AB_627679, Santa Cruz,
Dallas, Texas, USA) and mouse monoclonal anti-β actin
1:2,000 (A5441, lot #127M4866v, RRID AB_476744, Sigma,
St Louis, MO, USA). Subsequently nitrocellulose membranes
were incubated with anti-Mouse IgG or anti-Rabbit Ig
secondary antibodies Alexa Fluor conjugated (700, 647 or
488) (Invitrogen™, Thermo Fisher Scientific) 1:2,000 in PBS
0.1% Tween (Alexa FluorTM 488 Goat anti-Mouse IgG (H+L)
A11029, lot #2066710, RRID AB_138404; Alexa FluorTM 647
Goat anti-Mouse IgG (H+L) A21236, lot #2170302, RRID
AB_2535805; Alexa FluorTM 700 Goat anti-Mouse IgG (H+L)
A21036, lot #1906489, RRID AB_1500658; Alexa FluorTM
488 Goat anti-Rabbit IgG (H+L) A11034, lot #1851447,
RRID AB_2576217; Alexa FluorTM 647 Goat anti-Rabbit
IgG (H+L) A21245, lot #2098544, RRID AB_2535813;
Alexa FluorTM 700 Goat anti-Rabbit IgG (H+L) A21038,
lot #1875540, RRID AB_1500674). Signals were detected
by infrared technology by FujiFilm (FLA 9000) (FujiFilm
Life Science, Tokyo, Japan) and densitometric analysis of the
images was performed with ImageJ.
Proliferation assay
A total of 200,000 cells per well were plated on 6-wellplates and treated with siRNA targeting Ero 1α using
LipofectamineTM RNAiMAX or scrambled siRNA as a control.
Forty-eight hours after silencing, cells were plated in 100 µL of
standard cell-culture medium on a 96-well ImageLock TM plate
(Essen Bioscience, Ann Arbor, Michigan, USA) to reach a
confluence of 10–20% and placed in the IncuCyte S3 Life Cell
Analysis System (Essen Bioscience). Images were taken every
2 hours for a total duration of 48 hours.
Migration assay
In order to analyze the effects of Ero 1α silencing on cell
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migration, 48 hours after Ero 1α siRNA transfection, cells
were transferred into a Culture-Insert 2 Well μ-dish (Ibidi,
Planegg, Germany) (70,000 cells for chamber). Cells were
incubated overnight to allow complete adhesion. The
silicon inlay was removed and life-cell microscopy was
carried out for up to 24 hours, in RPMI culture medium
supplemented with 2% FCS, with GFP-Imaging (Widefield
Imaging Setup) Zeiss Axiovert S100 with Hamamatsu
OrcaII-ER. The gap size was measured with Fiji image
processing software.

(SD). Welch’s t-test, Mann-Whitney test and T-test with
significance defined as P<0.05 were used for analysis.
Graphs were fitted by non-linear regression. To test
normality Shapiro-Wilk Test was addressed. Statistical
analysis was carried out with Prism GraphPad Version 7.0
for Mac, GraphPad Software, La Jolla California USA,
www.graphpad.com”.
Ethical statement

Scratch wound cell invasion assay
In order to analyze the effect of a downregulation of
Ero 1α on PCa cell invasion, we investigated the ability of
Ero 1α-silenced PC3 cells to invade into a Matrigel Matrix in
vitro. Matrigel (Corning) was diluted to final concentration
of 100 μg/mL in RPMI culture medium supplemented
with 2% FCS. Wells of a 96-well ImageLock plate were
coated with 50 μL of diluted Matrigel to create a thin layer
and incubated at 37 ℃ over-night. Forty-eight hours after
silencing of Ero 1α, PC3 cells were seeded at 50,000 cells/
well. Scratch wounds were created using the IncuCyte
WoundMaker. A Matrigel top layer was created with
50 μL Matrigel solution per well (2.6 mg/mL in RPMI 2%
FCS). After 30 min of incubation at 37 ℃, 100 μL of RPMI
culture medium containing 2% FCS was added to each well
and the assay plate was placed into the IncuCyte S3 Life
Cell Analysis System. Images were taken every 2 hours for a
total of 90 hours.
Bioinformatic analysis
The Pearson correlation coefficient, along with its
significance (P value), between Ero 1α mRNA expression and
the Gleason score, was calculated in three PCa datasets (29)
by using the R software (https://www.r-project.org/). As for
Taylor and TCGA datasets, normalized expression data and
clinical data were taken, respectively, from the cBioPortal
(http://www.cbioportal.org/study/clinicalData?id=prad_
mskcc) and the Genomic Data Commons Data Portal
(https://portal.gdc.cancer.gov/). As for Ross-Adams dataset,
normalized expression data and clinical data were obtained
from the Gene Expression Omnibus (GEO, GSE70768).
Statistical analysis
All data are expressed as mean ± standard deviation
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The study was conducted in accordance with the
Declaration of Helsinki (as revised 2013). This study was
approved by the institutional research committee CEIRCCS San Raffaele (Registration-ID: URBAN) and
informed consent was taken from all the patients.
Results
Ero 1α expression correlates with PCa malignancy
Dataset analysis of three different, public patient cohorts
allowed us to uncover a consistent and significant, positive
correlation between Ero 1α mRNA levels and the Gleason
patterns of either biopsies and surgical specimens from
RP (Table 1). In one cohort a marginal difference in Ero
1α mRNA expression was observed also between primary
tumors and metastases (data not shown). Finally, also Ero
1α protein expression, measured by western blot on human
prostate samples, revealed a trend to higher levels in PCa
samples compared to non-tumoral prostate tissues and BPH
samples (Figure 1A,B).
The same dataset also showed that the more malignant
PCa cell line has higher levels of Ero 1α mRNA compared
to the less malignant LNCaP cell line (Table 2). Consistently
with these findings, we found differences also at the
protein level between PCa cell lines (i.e., LNCaP, LAPC4,
Du145 and PC3 cells) and the non-tumorigenic RWPE1 cell line, which was adopted as a control (Figure 1C,D).
Again, the highest levels were observed in the more
aggressive, androgen-independent, Du145 and PC3.
Ero 1α levels further increased in PC3 after achievement
of docetaxel resistance (Figure 1E,F). Interestingly, Ero 1α/
PRDX4 ratio was higher in the androgen independent
cells (i.e., DU145 and PC3) and further increased after
achievement of docetaxel resistance (data not shown).
Taken together, current findings suggested that Ero 1α
levels (both mRNA and protein) correlate both with PCa
onset and progression.
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Table 1 Correlation of Ero1α mRNA expression to Gleason score in three different patient cohorts (19-21)
Variable

R

P

Study

gleason_pattern_primary

0.09

4.18E−02

TCGA [2015]

BxGG1

0.28

1.28E−03

Taylor et al. [2010]

BxGGS

0.20

2.29E−02

Taylor et al. [2010]

PathGGS

0.22

1.34E−02

Taylor et al. [2010]

Primary_Gleason

0.24

6.50E−03

Ross-Adams et al. [2015]

Secondary_Gleason

0.21

2.00E−02

Ross-Adams et al. [2015]

Gleason

0.36

4.59E−05

Ross-Adams et al. [2015]

Ero 1α, endoplasmic reticulum oxidoreductin 1 alpha; BxGG1, biopsy primary Gleason grade; BxGGS, biopsy combined Gleason score;
PathGGS, combined Gleason score in the radical prostatectomy specimen; R, correlation (Pearson score); p, probability.

Ero 1α knockdown inhibits PCa cell proliferative,
migratory and invasive abilities
We asked whether increased Ero 1α levels are needed to
sustain PCa progression. In this context, we examined the
effects of Ero 1α downregulation on the proliferation of PC3
and RWPE-1 (Figure 2A,B, respectively). As expected, Ero 1α
silencing inhibited the proliferation of PC3 (P=0.0081). A much
lower inhibitory effect was observed in the non-tumorigenic
RWPE-1 cells (P=0.2523). The extent of Ero 1α silencing was
demonstrated by western blot analysis (Figure 2C).
Next, we analyzed the effect of Ero 1α silencing on
the migratory properties of PC3 cells. Clearly, cells with
lower Ero 1α levels needed significantly longer time to
occupy an empty space as compared with untreated cells
(Figure 3A,B). Single cell tracking assays revealed that
silenced cells moved with a significantly slower velocity than
controls (Figure 3C,D). This observation confirmed that the
slower migration shown in panels A and B was not the mere
consequence of a lower proliferation of Ero 1α silenced cells.
Next step was to investigate whether Ero 1α downregulation
affected only cell migration or may also impact on the cellular
ability to invade a matrix. Thereof, we compared the ability
of PC3 cells to migrate into a dense Matrigel® matrix after
Ero 1α or Control siRNA transfection (Figure 3E). To this
end, cells grown in a semisolid medium are asked to invade
a denser matrix for 90 hours. Clearly, Ero 1α knockdown
significantly impaired the migratory capacity of PC3 cells
(Figure 3F, P=0.0007).
Ero 1α affects integrin β1 levels in PC3 cells
In line with the above data, the vast majority of PC3 control
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cells displayed the stellate appearance typical of invading
cells. In contrast, Ero 1α silenced cells tended to maintain a
roundish shape, thus suggesting difficulties in creating the
extrusions necessary for cell mobility and invasion (Figure 4A).
A possible reason underlying the impairment of migratoryinvasive properties of silenced cells is a defective processing
of adhesion molecules. Integrins are adhesion molecules rich
in disulfide bonds. Therefore, a decrease of Ero 1α levels
could eventually impact their folding and transport. To verify
this possibility, we quantified the expression of the adhesion
surface molecule, integrin β1, in PC3 cells and PC3 cells
silenced for Ero 1α expression. Clearly, downregulation of
Ero 1α cells caused a statistically significant decrease of the
total amount of integrin 1 (Figure 4B,C).
Discussion
Tumor progression is a multifactorial process, where
mutations and aberrant signals concur to increasing cancer
cell ‘fitness’ in a given microenvironment. In this scenario,
reactive oxygen species (ROS) play key hormetic roles
particularly in secretory tumors (31). Several fundamental
and intertwined aspects link ER redoxstasis to tumor
progression: (I) efficient oxidative folding is crucial in terms
of production control of angiogenic or adhesion molecules
acting inter-cellularly; (II) H2O2 generated in the ER could
potentiate tyrosine receptor signaling; and, (III) the secreted
oxidase QSOX favors redox interchange in matrix proteins,
and in turn metastasis (32-34).
Due to its essential activity in ensuring efficient oxidative
folding (whilst by-producing H 2 O 2 ) and due to the
secretory nature of prostate epithelial cells, we investigated
whether and how Ero 1α may affect PCa progression. An
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Figure 1 Ero 1α levels are increased in primary patient samples and PCa cell lines. (A) Representative Western blot images of Ero 1α
in non-PCa (nPCa) and PCa primary patient samples. nPCa include the non tumoral area from PCa as well as BPH surgical resections.
40 μg of total proteins extracts per lane were loaded on SDS-PAGE under reducing conditions. Nitrocellulose was decorated with anti-Ero 1α
and anti-GAPDH antibodies, as indicated. (B) Densitometric quantification of Ero 1α western blots shown in (A) (P=0.1371) (6 and 12 biological
replicates for nPCa and PCa samples, respectively). (C) Representative Western blot images of Ero 1α, Endoplasmin-94 kDa glucose-regulated
protein (GRP94) and peroxiredoxin 4 (PRDX4) in prostate cell lines. 40 μg of proteins/lane were loaded on SDS-PAGE under reducing
conditions. Nitrocellulose was decorated with anti-Ero 1α, anti-GRP94 and anti-PRDX4 antibodies, as indicated. Despite the difference in
Ero 1α levels, the protein level of the ER chaperone GRP94 is almost constant, hinting against a general enlargement of the ER. PRX4 is
overexpressed in LNCaP and PC3, as described in literature (30). (D) Densitometric quantification of the signal. Mean ± standard deviation
(SD); n=4 (biological replicates). Ero 1α protein level is significantly increased in the highly malignant and metastatic PC3 cells line compared
to the non-tumorigenic RWPE1 cell line (P=0.0273). (E) Representative Western blot images of Ero 1α, Protein Disulphide Isomerase (PDI),
PRDX4 and actin in PC3 cells. The expression of Ero 1α is significantly increased in PC3 cells resistant to docetaxel with respect to control PC3
cells (i.e., PC3 cells sensitive to docetaxel) (P=0.0192), while PDI (as marker of the ER) remains constant, indicating that Ero 1α increase is not a
consequence of a general ER enlargement. Lysates of three control PC3 cell samples and four Docetaxel-resistant PC3 cell samples were loaded
under reducing conditions on SDS-PAGE and decorated with anti- Ero 1α, PDI, PRDX4 and actin antibodies, as indicated. Densitometric
analysis of the gel is shown in panel (F). Ero 1α levels were normalized to actin. Mean ± SD is shown (3 and 4 biological replicates for control
and Docetaxel resistant cells respectively). *, level of significance. Ero 1α, endoplasmic reticulum oxidoreductin 1 alpha; PCa, prostate cancer.

Table 2 Quantification of Ero1α mRNA expression in prostate cancer cell lines from Taylor et al. [2010]
Cell line

Ero1α mRNA (normalized expression values)

LNCaP

334

VCap

692.6

LNCap104R

713.9

LNCap104S

1,143.7

DU145

1,956.3

PC3

2,933.9

Ero 1α, endoplasmic reticulum oxidoreductin 1 alpha.
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Figure 2 Ero 1α downregulation impairs PCa cell proliferation. (A,B) Representative Fields of View (FOVs) of PC3 and RWPE-1 at time
point T0 (0 hours) and T1 (48 hours) during cell proliferation assay. Comparison between cells treated with siRNA Control (siC) or siRNA
Ero 1α (iEro 1α) shows that cell proliferation rate is significantly inhibited under transient Ero 1α knockdown in the PC3 cells (P=0.0081) (A)
but not in the non-tumorigenic RWPE-1 cells (P=0.2532) (B). Mean ± SD; n=4 (biological replicates) (C) Western Blot confirming transient
protein expression knockdown in PC3 cells. Protein extracts from 100,000 cells/lane were loaded under reducing conditions on SDS-Page
and decorated with anti-Ero 1α and anti-actin antibodies. Ero 1α, endoplasmic reticulum oxidoreductin 1 alpha; PCa, prostate cancer.
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Figure 3 Ero 1α downregulation impairs PCa cell migration and matrix invasion (Migration Assay and Matrigel® Invasion Assay; Incucyte®).
Migration: (A) representative FOVs of migrating PC3 cells at 0 h and 18 hours after transient transfection with siC or iEro 1α. (B) Cell migration is
significantly impaired under transient Ero 1α transcription knockdown (siRNA) (P=0.0085). Mean ± SD; n=3 (biological replicates). Magnification
×100. Average migration velocity (μm/s): (C) representative FOVs of migrating PC3 cells, silenced (iEro 1α) or not (siC) for the expression of Ero
1α, manually tracked using Fiji® image processing software. Magnification ×100. (D) Cell migration velocity is significantly lower under transient
Ero 1α (1.002±0.169) transcription knockdown compared to control (siC) (1.985±0.294) (P=0.0061). Mean of 10 cells/field from 2 independent
experiments (biological replicates). Invasion: (E) invasion was evaluated with the Incucyte® Live-Cell analysis system which provides a real-time
quantitative live-cell imaging and analysis. Representative FOVs of PC3 cells invading Matrigel® matrix. Pictures captured after 0 and 90 hours.
(F) Cell invasion ability is significantly inhibited by Ero 1α siRNA (P=0.0007). After 90 hours, wound size is 58.4% for siC and 79.2% for iEro 1α
respect to the initial wound size. Mean ± SD; n=4 (biological replicates). **, ***: level of significance. Ero 1α, endoplasmic reticulum oxidoreductin 1
alpha; PCa, prostate cancer.
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Figure 4 Decreased intracellular levels of Ero 1α affect the morphology of PC3 cells and the expression of Integrin β1. (A) Brightfield
microscopy. Transient protein expression knockdown of Ero 1α by siRNA (iEro 1α) seems to impair formation of cell extensions. Left panel:
typical satellite shape of PC3 cells transiently transfected with control siRNA (siC) invading the Matrigel® matrix. Right panel: roundish shape
of PC3 cells under transient Ero 1α knockdown (iEro 1α). Magnification ×100. (B) Representative western blot images of integrin β1 and
GAPDH in PC3 cells. Densitometric quantification of the gel is shown in panel (C). Levels are normalized to the GAPDH. The expression
of Integrin β1 is significantly lower after transient knockdown of Ero 1α (iα) compared to the expression of integrin β1 in control cells (siC)
(P=0.0024). Mean ± SD; n=12 (biological replicates). **, level of significance. Ero 1α, endoplasmic reticulum oxidoreductin 1 alpha.

analysis of public datasets highlighted a positive correlation
between Ero 1α expression and Gleason scores. Although
weak, this correlation is consistently maintained in three
different patients cohorts (35), both in terms of clinical and
pathological scores. Since the Gleason grading system is
directly related to a number of histopathological endpoints
[including lymph-node vascular space invasion and risk of
extra-prostatic extension and metastasis (36)], the observed
positive correlation with Ero 1α acquires clinical relevance
and can suggest a role over disease progression, as already
recently suggested for pancreatic cancer (37) and other
secretory malignancies (38).
Consistently, we observed increased Ero 1α protein
expression in human surgical PCa specimens compared to
control (i.e., the non-tumoral and BPH specimens). The
limited number of samples analyzed so far likely accounts for
the lack of a significant difference among groups. Further
prospective sample collections are needed to clarify this
issue. Additionally, among a panel of PCa cell lines, we
found higher Ero 1α mRNA levels in the more malignant,
androgen-independent cell lines (i.e., PC3 and Du145)
compared to the less malignant, androgen-dependent
LNCaP cells. Protein levels matched mRNA quantifications,
with PC3 cells having the greatest Ero 1α protein contents.
Interestingly, Ero 1α levels further increased in PC3 cells
after establishment of docetaxel resistance. To this regard,
it must be noted the link existing between the ER and the
androgen/androgen receptor (AR) signaling during PCa
progression. Moreover, various cytoprotective ER chaperons
are known to be upregulated by AR stimulation; finally, the
expression levels of AR and ER stress genes have been found

© Translational Andrology and Urology. All rights reserved.

co-regulated in PCa samples (39). These data encourage
investigations on the role of Ero 1α as a pathogenic
component and prognostic marker in PCa too.
Cancer’s common traits are increased proliferation,
migration and invasion, unleashed from the normal control
checkpoints (12); our findings revealed a role of Ero 1α
in every above mentioned hallmark. Of relevance, Ero 1α
suppression had a stronger effect on the highly metastatic
PC3 compared to the non-tumorigenic RWPE-1 cells.
Consistently, Ero 1α overexpression is reported to promote
cell growth (23,37,40,41) and subsequent cell migration
and invasion. These properties could be associated to the
role of Ero 1α in oxidative protein folding. Moreover, an
impaired Ero 1α activity might decrease the production
of proteins necessary for efficient migration, invasion,
and neoangiogenesis, as the case of the decreased cellsurface integrin-β1 expression, consequent to Ero 1α KO
observed in colon cancer cells (40,42). Integrin-β1 activation
mediates adhesion to the extracellular matrix, thus eventually
impacting toward cancer cell migratory and metastatic
capacity. This is consistent with our results showing impaired
migratory-invasive properties of Ero 1α -silenced PC3
cells accompanied by decreased expression of integrin-β1.
Accordingly, Ero 1α overexpression has been found linked to
integrin-β1 activation (43).
Overall, with the dramatic results obtained upon silencing,
our data provide a rationale for studying/considering Ero 1α
as a novel target in advanced PCa therapies. This is also
supported by some evidences recently reported in literature.
In particular, Ero 1α has been found able to control PD-L1
expression (20) and block the PD1/PD-L1 pathway, thus
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being potentially effective in PCa treatment (44). Since antiPD-1/PDL-1 therapies are explored in PCa too, targeting
Ero 1α might allow to refine PCa immunotherapies (45,46).
Again, in hepatocellular carcinoma, Ero 1α stimulates
the STAT3 pathway (17), which has a crucial role in PCa
metastatic progression too (47). The hypothesis of considering
Ero 1α as a therapeutic target in PCa is further supported
by the robust correlations between Ero 1α and relapse
or metastatic phenotypes in other malignancies (23,37).
Interestingly, a specific targeting of Ero 1α is already under
investigation in multiple myeloma (41): the viability of the
Ero 1α knockout mice (40) indicate in fact that this has the
potential to be a druggable molecule.
However, to clarify the basic question of sensitivity,
specificity and prognostic validity, investigations of a large
cohorts of healthy patients as well as PCa patients should
follow.
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Conclusions
Our novel findings clearly showed that Ero 1α levels are
correlated with PCa progression. Of translational importance,
selective Ero 1α downregulation inhibited PCa cell
proliferation, migration and invasive capacity. As a whole,
these observations make Ero 1α a potential prognostic marker
and a target for therapeutic strategies and should be further
explored.
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