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Abstract: Background: It is now widely recognized that there is a strong correlation between oxidative stress and 
the risk of benign and malignant diseases of the prostate. Prostate-associated gene 4 (PAGE4) is a Cancer/Testis 
Antigen (CTA) that was previously shown to be up-regulated in prostate cancer (PCa) and symptomatic as opposed to 
histologic benign prostatic hyperplasia (BPH). However, its functional role in these diseases is not fully understood. 
Methods: The mRNA level of PAGE4 was detected in isolated cell types in PCa tissues that were obtained from 8 
men with PCa. PAGE4 protein expression profile was analyzed in a prostate disease tissue microarray. PAGE4 was 
overexpressed by pCMV-PAGE4-GFP transfection and cell viability was determined using the WST-1 assay. Results: 
PAGE4 expression is highly dynamic; while its expression is very high in fetal prostate it is drastically decreased in 
the normal adult prostate but is up-regulated both in symptomatic BPH and PCa. However, in the diseased prostate, 
PAGE4 is highly expressed in the epithelial cells of Proliferative Inflammatory Atrophy (PIA) lesions alluding to a po-
tential stress response function of PAGE4. Consistent with such a role, PAGE4 protein levels are up-regulated when 
prostate cancer (PCa) cell lines are treated with various stress factors including the proinflammatory cytokine TNFα. 
Interestingly, in cells challenged with stress there is increased translocation of the PAGE4 protein to the mitochon-
drion and production of reactive oxygen species is suppressed . Furthermore, p21 is elevated in a p53-independent 
manner in PAGE4-overexpressing cells which results in impeded cell cycle progression, attenuated stress-induced 
DNA damage, and decreased cell death. Conclusions: PAGE4 may be contributing to the development of PCa by 
playing a stress-protective and anti-apoptotic role.
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Introduction

Stress existing in tissue microenvironment has 
been shown to play a critical role in the devel-
opment of prostate diseases such as benign 
prostatic hyperplasia (BPH), prostatitis, lower 
urinary tract symptoms (LUTS) and prostate 
cancer (PCa) [1-4]. A stressed microenviron-
ment is thought to be linked to many of the fac-
tors that are associated with these symptoms/
diseases, such as chronic inflammation and 
imbalance of androgens and estrogens. 
Microenvironmental stress factors such as pro-
longed hypoxia and glucose deprivation are 

capable of inducing mitochondrial reactive oxy-
gen species (ROS) [5]. ROS is believed to pro-
mote oxidative DNA damage, defective DNA 
repair, and genomic instability, leading to 
increased mutations some of which may favor 
cellular transformation and accelerated prolif-
eration [6-8]. Mild oxidative stress may also 
promote tumorigenesis by inducing premature 
senescence that is believed to be involved in 
aging and cancer [9]. Thus, it is speculated that 
microenvironmental stress may drive cancer 
initiation by promoting the selection of cells 
that are resistant to senescence and oxidative 
damage-mediated cell death. 
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On the other hand, chronic or recurrent inflam-
mation that is a response of the tissue to stress 
caused by infectious agents, chemical irritants 
ischemia (hypoxia and/or glucose deprivation), 
hormones or chronic irritation [10-13], has 
been implicated in the development of both 
BPH and PCa [14, 15]. Indeed, an inflamma-
tion-associated lesion in the prostate called, 
proliferative inflammatory atrophy (PIA), was 
proposed to be a precursor to prostatic intraep-
ithelial neoplasia (PIN) and PCa [16]. PIA cells 
display high levels of glutathione S-transferase 
P1 (GSTP1) and cyclooxygenase-2 (COX-2) indi-
cating a high level of cellular stress [16-18]. 
Like in the case of PCa, onset of BPH has also 
been linked to chronic inflammation. Many 
inflammatory cytokines such as interleukin (IL)-
1α, IL-2, IL-4, IL-6, IL-8, and IL-17 are overex-
pressed in BPH, suggesting the involvement of 
chronic inflammation in BPH pathogenesis [19, 
20].

The Cancer/Testis Antigens (CTAs) are an 
important group of heterogeneous proteins 
that are typically restricted to the male germ 
cells with little or no expression in somatic 
cells; however, they are aberrantly expressed in 
several types of cancer [21]. More than half of 
the CTAs are located on the X chromosome and 
referred to as the CT-X antigens. The CT-X anti-
gens appear to represent the bona fide CTAs; 
other than the testis, they are only detected in 
reproductive organs such as placenta and uter-
us [21]. Prostate-associated gene 4 (PAGE4) 
belongs to a family of CT-X antigens (PAGE1-5) 
that appears to have evolved recently and lacks 
orthologous in most lower mammals other than 
primates [21]. However, unlike most members 
of this group, PAGE4 is expressed not only in 
the testis but is also expressed in some fetal 
and normal reproductive organs such as the 
placenta, the prostate and the uterus albeit, at 
a basal level [22, 23]. Furthermore, in addition 
to its reported upregulation in primary PCa 
samples in which cancer cells were not sepa-
rated from other types of cells [23], we previ-
ously demonstrated that PAGE4 was highly 
expressed in stromal cells of symptomatic but 
not asymptomatic BPH [24-26], alluding to a 
potential stress-related regulation of PAGE4. 

More recently, we reported that PAGE4 is a 
highly intrinsically disordered protein (IDP) 
which lacks stable 3D structure under physio-
logical conditions in vitro [27]. By binding to 
multiple partners via high-specificity/low-affini-
ty interactions, IDPs play a crucial role in signal-

ing and transcriptional regulation, and are 
therefore, frequently associated with several 
diseases [28]. Indeed, we have demonstrated 
that PAGE4 has an anti-apoptotic function in 
PCa cells [27]. In this study, we show that 
PAGE4 expression is up-regulated in the inflam-
mation-related PIA lesions in PCa. Overexpre- 
ssion of PAGE4 suppressed ROS production, 
attenuated DNA damage and rendered cells 
more resistant to various stress stimulants. 
Thus, the upregulation of PAGE4 in PIA lesions 
represents a novel stress-protective function of 
PAGE4 that plays a critical role in the develop-
ment of PCa. 

Materials and methods

This study complies with the Declaration of 
Helsinki and was approved by the local ethics 
committee. Written informed consent was 
obtained from all patients and the identities of 
the patients donating the samples were 
anonymous.

Cell culture 

The PCa cell lines CWR22rv1 and LNCaP were 
obtained from the American Type Culture 
Collection. Cells were cultured at 37°C under 
routine conditions in RPMI (Invitrogen) media 
supplemented with 10% fetal bovine serum 
(FBS) with humidified air and 5% carbon diox-
ide. Normal prostate epithelial cells (PrECs, 
Lonza) were cultured in Prostate Epithelial Cell 
Basal Medium (PrEGM, Lonza) supplemented 
with BulletKit (Lonza). For the stress-response 
experiments, cells were cultured in 6-well 
plates overnight and then treated with either 
adriamycin (ADM) or TFN-α at the indicated 
concentration for 24-48 hr. Alternatively, cells 
were cultured in RPMI media without supple-
mental glucose to determine the effects of glu-
cose deprivation. 

Patients and prostate samples 

PCa samples were obtained from 38 patients 
undergoing radical prostatectomy. Details of 
the samples are described in Supplemental 
Table 1. For control samples, 5 normal prostate 
tissue samples with no evidence of the disease 
were obtained from organ donors. The median 
age among these groups was not significantly 
different from the PCa patients. In another 
experiment, prostate tissue samples from 5 
patients with bladder cancer and 8 patients 
with localized PCa were collected. The clinical 
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characteristics of the patients have been 
described previously [29]. Epithelial and stro-
mal cells were separately collected from each 
sample using laser-capture microdissection 
(LCM) as described previously [29]. 

RNA isolation and quantitative reverse tran-
scription qPCR 

Total RNA was isolated using the RNeasy mini 
kit (Qiagen) following the supplier’s protocol. 
RNA samples were treated with DNase I 
(Invitrogen), and cDNA was synthesized using 
the iScript cDNA synthesis kit (BioRad). cDNA 
from normal human tissues obtained from 
healthy adult donors and from human fetal tis-
sues purchased from BioChain. Real-time qPCR 
was done in triplicate using an iCycler iQ 
Multicolor Real-time PCR Detection system 
(BioRad). Target gene expression was com-
pared to TATA box binding protein (TBP) mRNA 
for normalization. PCR primer sequences were 
the same as described previously [27]. 

Tissue microarrays (TMAs)

A prostate tissue microarray (TMA) slide 
(PR8011) was purchased from US Biomax. The 
slide contains 78 cases/cores, including 29 
cases of adenocarcinoma, 26 of hyperplasia, 6 
of chronic inflammation, 9 of adjacent normal 
tissue, and 8 of normal tissue. The PAGE4 anti-
body WER2 was generated using the following 
peptide N-CKTPPNPKHAKTKEAGDGQP-C (Sig- 
ma-Gneosys). Immunohistochemical (IHC) stai- 
ning was conducted using an EnVision™ FLEX 
System (Dako) according to the manufacturer’s 
protocol with minor modifications. Briefly, the 
section was blocked in 5% skim milk for 1 hr 
and then treated with WER2 rabbit polyclonal 
antibody that was diluted at 1:1000 for 30 min 
at room temperature. The grade of staining 
intensity was scored as strong (++), weak (+), or 
absent (-). The specificity of WER2 was shown in 
the previous study using PAGE4 specific siRNA 
[27]. PAGE4 immunizing peptide blocking was 
also performed on WER2 to confirm its specific-
ity. Briefly, WER2 were blocked in TBST plus 5% 
skim milk with or without adding 1 µg/mL 
immunizing peptide described earlier at 4°C 
overnight, and then used for IHC staining.

Immunoblotting 

Twenty five micrograms of protein were sepa-
rated on 4-15% SDS-PAGE and transferred onto 
PVDF filters (Millipore, Billerica, MA). The mem-

branes were then incubated with primary anti-
bodies overnight at 4°C followed by horserad-
ish peroxidase-conjugated secondary antibody 
and developed with the Super Signal West Dura 
Extended Duration Substrate kit (Pierce). 
Antibodies, with the exception of WER2, were 
all purchased from Cell Signaling. In some 
experiments, the membranes were incubated 
with secondary antibodies labeled with IRDye™ 
800 or Alexa Fluor® 680, and the two-color 
images were collected using Odyssey Infrared 
Imaging System (LI-COR Biosciences).

PAGE4 overexpression 

The pCMV6-PAGE4-GFP construct was gener-
ated from a pCMV6-PAGE4-Entry vector and a 
pCMV6-AC-GFP destination vector as described 
previously [27]. These constructs were expre- 
ssed in CWR22rv1 cells by transfection with 
FuGENE HD (Roche) and clones that expressed 
GFP or PAGE4-GFP were selected. The 
pcDNA3.1-PAGE4-v5 plasmid was constructed 
using pENTR Directional TOPO Cloning kits 
(Invitrogen) following manufacturer’s protocol. 

Cell viability and inhibition assay

Cell viability and inhibition under glucose-depri-
vation stress was evaluated using WST-1 
(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tet-
razolio]-1, 3-benzene disulfonate) assay as 
described previously [30]. 

Clonogenic assay

Cell survival following cytotoxic stress was ana-
lyzed by clonogenic assay as previously 
described [30]. Briefly, cells were seeded in a 
10-cm dish at 500 cells or 2,000 cells per dish 
and cultured in normal medium or treated with 
1 µg/mL of ADM for 1 hr. Colonies were count-
ed after 2 weeks. 

FACS analysis

The status of the cells in cell cycle was detect-
ed on a Guava system (Guava Technologies) 
using the Guava Cell Cycle Reagent.

ROS assay

ROS levels under normal or stress conditions 
were determined using the MitoSOXTM RED 
mitochondrial superoxide indicator live-cell 
imaging kit (Invitrogen) following the supplier’s 
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protocol. Live cells were stained with 5 µM 
MitoSOXTM RED for 10 min at 37°C and 
observed with a Nikon Eclipse TE20000E fluo-
rescence microscope. Alternatively, ROS was 
measured using a 2’,7’-dichlorofluorescein 
diacetate (DCFDA) - Cellular Reactive Oxygen 
Species Detection Assay Kit (abcam) following 
the protocol provided by the supplier. Briefly, 
cells were labeled with 20 µM DCFDA for 45 
min and then treated with 1 µg/mL ADM or 
DMSO for 2 hr. Cells were then washed once 
with PBS, transferred to a microplate and read 
on a spectrophotometer at wavelength of 485 
nm. Tert-butyl Hydrogen Peroxide (tbHP) that 
mimics ROS activity and oxidizes DCFDA to fluo-
rescent DCF was used as a positive control. 

Mitochondria Isolation 

Cytosolic and mitochondrial fractions were sep-
arated using a Mitochondria Isolation Kit 
(Thermo Scientific). Briefly, 10 million PAGE4-
expressing CWR22rv1 cells or control cells 
were plated in a 150 mm Petri dish and cul-
tured in glucose-depleted medium or normal 
medium for 48 hr. The cells were then harvest-
ed on ice using rubber scrapers and mitochon-
dria were isolated following the manufacture’s 
protocol. Cytosolic and mitochondrial protein 
fractions were used to detect PAGE4 expres-
sion by immunoblotting using the WER2 PAGE4 
antibody.

Confocal microscopy 

CWR22rv1 cells overexpressing PAGE4 were 
transfected with pDsRed2-Mito (Clontech) for 
24 hr, and then re-plated on the glass bottom 
6-well plates in the medium with or without glu-
cose supplement for 48 hr. Co-localization of 
mitochondrial and cytoplasmic PAGE4 were 
observed under a Zeiss 710NLO Meta Confocal 
Microscope (Carl Zeiss).

Statistical analysis 

Comparisons were made using the Student’s 
t-test, Mann-Whitney U test (for comparing 
mRNA levels in tissue samples), Wilcoxon 
signed-rank test (for comparing mRNAs levels 
in paired LCM samples), or χ2 test (for compar-
ing PAGE4 staining in TMA). Two-sided P values 
of less than 0.05 were considered to be 
significant.

Results

PAGE4 expression in adult and fetal human 
tissues

The PAGE family of CT-X antigens consists of 
five members (PAGE1-5). However, to our knowl-
edge, other than PAGE4, their expression in the 
normal or diseased human prostate has not 
been discerned. Thus, the mRNA expression of 
the genes encoding the PAGE family members 
in various normal adult human tissues as well 
as in some fetal tissues was determined. As 
expected, all members of this family of CT-X 
antigens were expressed in the testis albeit, at 
differing levels (Figure 1A). However, although 
collectively referred to as PAGE genes, only 
PAGE4 was expressed in the prostate (Figure 
1A). Further, as shown in Figure 1A, only PAGE4 
was dramatically up-regulated (10~1000 fold) 
in the fetal prostate and fetal testis when com-
pared to the adult prostate or testis.

PAGE4 expression is upregulated in the adja-
cent normal cells in PCa

To further demonstrate the differential expres-
sion of PAGE4 in normal prostate and PCa, 
qPCR was performed on PCa samples obtained 
surgically. As shown in Figure 1B, PAGE4 is sig-
nificantly upregulated in prostate specimens 
from patients with primary PCa compared to 
the normal prostate. Since cancer cells were 
not separated from stromal cells or from adja-
cent non-cancer cells the increased expression 
of PAGE4 observed in these PCa samples, is 
likely to represent an average of PAGE4 expres-
sion in different cell types in the cancer micro-
environment. To discern whether PAGE4 is 
expressed in prostate epithelial or stromal 
cells, we separated these cell types using LCM 
of paraffin sections. A qPCR analysis of the iso-
lated cell types demonstrated that PAGE4 
mRNA was expressed in both epithelial and 
stromal cells (Figure 1C). However, PAGE4 
mRNA was upregulated in epithelial cells 
obtained from the adjacent apparently “nor-
mal” tissue when compared to either the nor-
mal prostate or PCa (Figure 1C). Further, in 
matched samples obtained from each patient, 
the levels of PAGE4 mRNA were typically higher 
in the adjacent normal epithelia than in the 
cancer epithelia (Figure 1D). Thus, the upregu-
lation of PAGE4 in the PCa samples shown in 
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Figure 1B is potentially due to the existence of 
adjacent non-cancer cells that overexpress 
PAGE4. Together, these results suggest that 
PAGE4 expression is up-regulated in the can-
cer-adjacent apparently “normal” epithelia 
more than in the cancer lesions themselves. 

PAGE4 protein is upregulated in the PIA le-
sions in PCa

To examine the expression patterns of PAGE4 
at the protein level immunohistochemical anal-
ysis (Supplemental Figure 1) was performed on 

Figure 1. PAGE4 mRNA expression in different human normal tissues and prostate cancer samples. A: mRNA levels 
of PAGE1-5 in different normal human tissue samples obtained from healthy donors. B: PAGE4 mRNA expression in 
the whole tissue samples of normal prostate and primary prostate cancer (PCa). C: PAGE4 mRNA expression in iso-
lated cells obtained by laser capture microdissection. PNE, epithelia in normal prostate; PNS, stroma in normal pros-
tate; PCaE, cancer epithelia in cancer prostate; PCaS, stroma surrounding PCaE; PCaNE, normal epithelia adjacent 
to cancer lesions in cancer prostate; PCaNS, stroma surrounding PCaNE. D: PAGE4 expression pattern in matched 
PCaE and PCaNe samples. Solid line links the samples obtained from the same patient. Values are expressed rela-
tive to the expression of TATA box binding protein (TBP) mRNA. Data are represented as mean±SD. All experiments 
were repeated a minimum of three times. 
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TMAs constructed from a total of 29 primary 
cancer and 8 normal prostatic specimens, as 
well as tissues isolated from men with other 
prostatic diseases. As shown in Table 1 and 
Figure 2, PAGE4 protein was barely detectable 
in normal prostatic glands (1/8), but was exclu-
sively expressed in the stroma in BPH (Figure 
2B). However, the expression of PAGE4 in PCa 
appeared more complex. Consistent with the 

qPCR results, PAGE4 expression was detect-
able in some of localized PCa area (5/29) but 
not in metastatic PCa (0/2) (Figure 2C-F), with 
the exception of the cancer adjacent “normal” 
epithelia, where a positive staining (+~++) was 
more frequently observed (6/9, P=0.0498 as 
compared with epithelia in the normal prostate 
and P=0.0090 as compared with cancerous 
epithelia) (Table 1). Further investigation 
revealed that the staining of PAGE4 in these 
epithelial cells was predominantly associated 
with inflammation in atrophic glands with 
inflammatory cell infiltration (PIA lesions) 
(Figure 2G & 2H). 

PAGE4 expression is increased in response to 
stress

Since PAGE4 expression in PCa was associated 
with inflammation-related lesions, we conjec-

Figure 2. Immunohistochemistry analysis of PAGE4 in prostate cancer. (A) Negative staining (-) in the normal pros-
tate. (B) Intense staining (++) shown in the stromal tissue in BPH. (C) Positive staining (++) in the stromal cells but 
negative in the cancer cells in some PCa specimens. (D) Moderate staining (+) in the cancer cells but negative in 
the stromal cells in some PCa specimens. (E) Positive staining (++) in the atrophic glands but negative in the can-
cer cells (arrowhead). (F) Negative staining in metastatic PCa. (G) Intense staining (++) shown in cancer adjacent 
“normal” glands (asterisk) associated with inflammation but only moderate staining in the cancer cells (arrowhead). 
(H) High power view of boxed area in (G). Asterisk, PIA lesions; arrows, inflammatory cells. Scale bars in all panels, 
100 µm. 

Table 2. PAGE4 mRNA is increased by varied 
stress stimulations in prostatic cell lines
  Glucose-deprivation ADM TNF-α
LNCaP 3.7±0.2 3.3±0.1 4.2±0.1
CWR22rv1 113.1±48.9 3.1±0.1 3.5±0.1
PrEC 3.8±0.4 2.2±0.1 8.6±0.7
Values indicate fold change compared to untreated controls 
(P<0.05 in all the comparisons).
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tured a correlation between PAGE4 overexpres-
sion and stress conditions that exist in the dis-
eased prostate. To test this idea, we subjected 
normal prostate epithelial cells and PCa cell 
lines to various stress conditions including 
nutrient (glucose) deprivation, drug treatment 
(ADM), and treatment with the proinflammatory 
cytokine, TNF-α. As shown in Table 2, PAGE4 
mRNA was upregulated by each of the stress 
factors in the cell lines employed albeit, to vary-
ing degrees. Unfortunately, given the extremely 
low levels of PAGE4 mRNA in these cell lines 
(Supplemental Figure 2) even under conditions 
of stress stimulation, we could not detect the 
endogenous PAGE4 protein by immunoblotting. 
However, when we subjected CWR22rv1 cells 
that stably overexpress the PAGE4 cDNA to the 
same stress conditions, ectopically expressed 
PAGE4 protein level was increased (Figure 3A). 
A similar result was also observed in the 
HEK293T cells after TNF-α treatment following 
transient transfection of pcDNA3.1-PAGE4-nV5 
(Figure 3B). At the same time, mRNA expres-
sion of PAGE4 that is driven by the CMV pro-
moter in these HEK293T cells was not signifi-
cantly increased after TNF-α treatment (Figure 
3C). To determine whether the increase of 

PAGE4 protein levels after stress stimulation is 
due to the decreased degradation that is com-
monly associated with protein ubiquitin and/or 
SUMOlation (small ubiquitin-related modifier 
proteins) cells were treated with a proteasome 
inhibitor MG132, or Ubiquitin E1 Inhibitor 
PYR41, or a SUMO inhibitor Ginkgolic Acid. 
However, no significant changes in the PAGE4 
protein level were observed following treatment 
with any of these inhibitors. On the other hand, 
the level of the p53 protein whose degradation 
is known to be regulated by the proteasome 
was altered in response to treatment with the 
inhibitors indicating that indeed, the inhibitors 
were effective. Therefore, these results sug-
gest that, in addition to the mRNA level, the 
expression of PAGE4 might be regulated by 
stress stimulations at a post-transcriptional 
level other than proteasome-mediated protein 
degradation such as mRNA stability and or 
translational effciences. Given that PAGE4 is a 
highly intrinsically disordered protein, these 
results are not surprising; in fact, it is a paradox 
as to how IDPs that are tightly regulated in nor-
mal cells [31, 32] evade the cellular degrada-
tion machinery and contribute to the toxic/
pathologic effects upon overexpression [33].

Figure 3. PAGE4 is a stress-response protein. (A) CWR22rv1 cells stably expressing PAGE4 (P1) or GFP (G1 and G2) 
were cultured in medium without glucose (G w/o) for 48 hr, or treated with Adriamycin (ADM) or TNF-α for 24 hr. 
PAGE4 expression was detected by Western blot. (B) HEK293T cells were transiently transfected with pcDNA3.1-
PAGE4-v5 and treated with TNF-α for 0-18 hr. PAGE4 expression was detected by Western blot. (C) Same experiment 
with (B) but the mRNA levels of PAGE4 was detected by RT-PCR. Data are represented as mean±SD. (D) P1 cells 
were cultured with proteasome inhibitor MG132, Ubiquitin E1 Inhibitor PYR41, small ubiquitin-related modifier pro-
teins (SUMOs) inhibitor Ginkgolic Acid (GINK), or DMSO for 24 hr, the expressions of PAGE4 or p53 were detected by 
Western blot. All experiments were repeated a minimum of three times.
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Figure 4. Overexpression of PAGE4 protects cells from stress-induced apoptosis. A: CWR22rv1 cells were trans-
fected with pCMV6-PAGE4-GFP or pCMV6-GFP and the clones stably expressing PAGE4 were selected. PAGE4 ex-
pressing clone (PAGE4-#1), or GFP control clones (GFP-#1 and -#2) were cultured in normal medium with (□) or 
without (■) glucose for 72 h. Cells were observed under phase-contrast microscope and the representative images 
are shown. Right panel, cell viability was evaluated by WST-1 assay. B: PAGE4-#1, GFP-#1 and -#2 cells were stained 
with Propidium Iodide (PI) 48 hr after cultured in medium with or without glucose supplement and subjected to cell 
cycle analysis. Right panels, cell population in each phase of cell cycle was determined. C: PAGE4-#1, GFP-#1 and 
-#2 cells were plated in 10-cm dish at 500 cells (medium) or 2000 cells (ADM) per dish, and cultured in normal me-
dium or treated with 1 µg/mL of ADM for 1 hr, respectively. Right panel, colonies were counted after 2-week growing. 
(□), medium; (■), ADM treatment. Data are represented as mean±SD. All experiments were repeated a minimum of 
three times. An asterisk indicates P<0.05 compared to control cells. 
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Figure 5. PAGE4 protects DNA damage and transfers to mitochondria upon glucose deprivation. A: CWR22rv1 cells 
overexpressing PAGE4 (P1) or GFP (G1 and G2) were cultured in medium with (+) or without (-) glucose (Glu) for 
48 h, or treated with 1 µg/mL of ADM for 4 hr, or treated with 200 µM of H2O2 for 45 min followed by recovering in 
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PAGE4 overexpression protects cells from 
stress-induced cell death

We next examined the effect of PAGE4 overex-
pression on stress-response in PCa cells. Since 
PAGE4 expression was found to be significantly 
increased in response to glucose deprivation in 
CWR22rv1 cells (Table 2), we cultured 
CWR22rv1 cells that stably expressed PAGE4 
in medium with or without glucose supplement. 
As shown in Figure 4A, depleting glucose 
resulted in massive cell death in the empty vec-
tor transfected cells (5-10% survival) but in 
contrast, in those cells overexpressing PAGE4, 
>40% of the cells survived. Notably, in compari-
son to cells transfected with the empty vector, 
PAGE4 overexpressing cells were blocked 
before the G2/M-phase of the cell cycle under 
glucose-deprivation stress (Figure 4B). This 
suggests that PAGE4 appears to protect against 
stress-induced cell death by slowing cell cycle 
progression. A clonogenic assay further sub-
stantiated this conclusion in that, survival was 
significantly higher in PAGE4 overexpressing 
cells compared to control cells not expressing 
PAGE4 after treatment with ADM, a commonly 
used anti-cancer drug capable of inducing DNA 
damage (Figure 4C). This results is consistent 
with our previous finding using a transient 
PAGE4 overexpressing system and suggest an 
anti-apoptotic effect of PAGE4 overexpression 
[27]. 

PAGE4 suppresses ROS production and pro-
tects DNA damage

Furthermore, as shown in Figure 5A, protein 
levels of the CDK inhibitor p21 that is a check-
point protein involved in DNA damage response, 
were increased in PAGE4 overexpressing cells 
compared to control cells, especially when cells 

were subjected to glucose deprivation or ADM 
treatment, although this increase of p21 appar-
ently was not dependent on p53 activation. At 
the same time, the DNA damage response 
marker γ-H2A.X was found to be less activated 
by the stress stimulants in those cells overex-
pressing PAGE4, underscoring the protective 
function of PAGE4. On the other hand, the acti-
vation of cell survival-related signaling mole-
cule pAkt, was higher in the PAGE4 overex-
pressing clones than those not expressing 
PAGE4 (Figure 5B) suggesting that PAGE4 over-
expression attenuates the stress-induced dam-
age caused by glucose deprivation or drug 
treatment resulting in enhanced cell survival 
under these conditions. However, when these 
cells were treated with hydrogen peroxide 
(H2O2), which is a highly ROS, the observed pro-
tective effects of PAGE4 overexpression, name-
ly the increase of p21, the decrease of γ-H2A.X 
and the activation of Akt, were missing, sug-
gesting that PAGE4 overexpression is insuffi-
cient to inhibit ROS-induced cellular stress 
once ROS is generated. Since many stress fac-
tors including nutrition deprivation and chemi-
cal irritants induce DNA damage through gener-
ating ROS [5], we asked whether PAGE4 
protects stress by suppressing ROS genera-
tion. Indeed, PAGE4-overexpressing cells 
showed a reverse correlation between the 
PAGE4 level and the ROS level when cells were 
cultured in medium without glucose supple-
ment (Figure 5C and Supplemental Figure 4). In 
addition, treating cells with ADM readily induced 
ROS while this process was inhibited by PAGE4 
overexpression (Figure 5D). Taken together, 
these results strongly suggest that one of the 
mechanisms by which PAGE4 protects stress-
induced cellular damage is by inhibiting ROS 
generation. 

normal medium for 24 hr. Cells were then collected, and cell lysate were subjected to Western blot. B: Quantitative 
analysis of expression of p-AKT relative to actin. C: CWR22rv1 cells were transfected with either GFP (GFP-#1) or 
GFP-tagged PAGE4 (PAGE4-#1), and then cultured in the medium without glucose supplement for 48 hr. Cells were 
stained with MitoSOXTM Red and observed under fluorescence microscopy. Arrows indicate cells that highly express 
PAGE4 (green) but generate low ROS (red), while arrowheads indicate cells with high ROS level but low PAGE4 level. 
D: GFP-#1 and PAGE4- #1 cells were treated with 1 µg/mL of ADM or DMSO for 2 hr, and then ROS levels were 
measured. tbHP 50 µM was used as positive control. All the values are presented as relative to GFP-#1-DMSO. E: 
Cells were cultured with or without glucose supplement for 48 hr, and mitochondrial component were isolated. Cy-
toplasmic fractions (Cyto) and mitochondrial fractions (Mito) of cell lysate were subjected to Western blot. Actin level 
is used as protein loading control for Cyto component, while COX IV is used as a loading control for Mito component. 
F: PAGE4-#1 cells were transfected with pDsRed2-Mito and then cultured in the medium with or without glucose 
supplement for 48 hr. Localization of mitochondrial (red) and PAGE4 (green) were observed under confocal fluores-
cence microscopy. Data are represented as mean±SD. All experiments were repeated at a minimum of three times. 
An asterisk indicates P<0.05 compared to control cells. Scale bars in all panels, 10 µm.
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PAGE4 translocates to mitochondria upon 
stress stimulation

PAGE4 has been shown to be a predominantly 
cytoplasmic protein in prostatic tissue samples 
(Figure 2) as well as in the cell lines that overex-
press PAGE4 [23] (Supplemental Figure 3). In 
light of the importance of mitochondria in ROS 
production and the cellular response to stress 
stimulation, we asked if PAGE4 expression in 
the cytoplasm is related to mitochondrial func-
tion. Thus, mitochondrial fractions isolated 
from CWR22rv1 cells grown with or without glu-
cose supplement were interrogated for the 
presence of PAGE4. As shown in Figure 5E, 
ectopically expressed PAGE4 was detected in 
the mitochondrial fraction although its expres-
sion level was still high in the cytosol fraction. 
But more importantly, when cells were cultured 
in the medium without glucose supplement, 
increased PAGE4 protein was detectable in the 
mitochondrial fraction with a concomitant 
decrease in the cytosol fraction. Consistent 
with subcellular fractionation results, we 
observed an accumulation of PAGE4 protein in 
the mitochondria by confocal microscopy when 
cells were subjected to glucose deprivation 
(Figure 5F). Taken together, these results indi-
cate that PAGE4 translocates to the mitochon-
dria in response to stress although, the mecha-
nisms by which the translocation is achieved 
remain poorly understood. 

Discussion 

In the present study we have demonstrated 
that PAGE4 which is highly upregulated in the 
fetal prostate but barely detectable in the 
healthy adult prostate is upregulated in both 
BPH and PCa. However, in contrast to being 
exclusively expressed in the stroma in symp-
tomatic BPH, in PCa, PAGE4 was detected more 
in the inflammation-related, non-cancerous 
epithelial cells particularly, those associated 
with PIA lesions, a potential precursor of PCa. 
Further, we demonstrated that PAGE4 is a 
stress-response gene as evidenced by its accu-
mulation and translocation to the mitochondria 
in prostatic cell lines under various stress stim-
ulations. In support of this point, PAGE4 expres-
sion has been previously shown to be stimulat-
ed in both prostatic stromal and epithelial cell 
lines by transforming growth factor (TGF)-β, 
which is a multi-functional cytokine that has 
been implicated to play roles during embryonic 

development and prostate diseases develop-
ment [34]. Two other well-established stress-
related proteins namely, cyclooxygenase-2 
(COX-2) and glutathione S-transferase-π 
(GSTP1) are both overexpressed in PIA lesions 
but decreased in PIN and frank cancer epithelia 
[18, 35]. Interestingly, while COX-2 converts 
arachidonic acid to various proinflammatory 
prostaglandins and therefore, enhances carci-
nogenesis related to chronic inflammation [36, 
37], GSTP1 has been proposed to be a care-
taker gene, protecting cells against genome 
damage mediated by oxidants and electro-
philes from inflammation or dietary exposures 
[15, 38]. Similarly, PAGE4 overexpression, as 
shown in the present study protects cells from 
apoptosis induced by various stress factors, 
indicating a stress-protective role of PAGE4. 
These results corroborate well our previous 
finding that depleting PAGE4 expression in PCa 
cells resulted in the accumulation of DNA dam-
age and greatly impedes cell survival under 
stress stimulations [39]. 

Although the mechanism underlying PAGE4 sig-
naling remains unclear, we found that PAGE4 
overexpression suppressed ROS production 
induced by cytotoxic agent. The increased 
translocation of PAGE4 from cytosol to mito-
chondria in response to stress also supports its 
regulation on ROS generation, because the 
mitochondrion is the most important organelle 
for ROS generation. ROS is a powerful promoter 
for oxidative DNA damage. Thus, by suppress-
ing ROS production PAGE4 could contribute to 
attenuating DNA damage under stress stimula-
tions as is shown in the present study. On the 
other hand, our data show that PAGE4 overex-
pression induced the expression of p21 that 
may attenuate cell cycle progression under 
stress stimulation. p21 is a critical checkpoint 
protein that induces cell cycle arrest during 
stress response reportedly following p53 acti-
vation, DNA damage, and ROS production [40, 
41]. However, we found that p21 elevation in 
PAGE4-overexpressing cells was not depen-
dent on p53 activation, DNA damage or ROS 
production, because while p21 levels were 
increased, all these stress-responsive indica-
tors were attenuated under conditions of 
stress. This suggests that PAGE4 may help 
cells respond to stress by increasing p21 and 
subsequently, cell cycle arrest prior to the 
resulting cellular damage. Thus, in this context, 
PAGE4 overexpression in the microenvironment 
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of the prostate is a protective response to 
stress stimulation to reduce cellular damage 
potentially through inhibiting ROS production 
and increasing the levels of p21. 

However, it still remains elusive how PAGE4 is 
involved in the development of prostate diseas-
es, especially PCa. Nonetheless, the accumula-
tion of PAGE4 in the microenvironment of PCa 
is associated with PIA lesions, which are widely 
recognized as the ‘hot spots’ for PCa. 
Interestingly, a recent report on PAGE4 sug-
gests that overexpression of epithelial PAGE4 
may attenuate androgen receptor (AR) signal-
ing in PCa [42]. Given that AR signaling is 
essential to maintain the volume of luminal 
cells in the prostate gland, and the PIA lesions 
are atrophic glands with attenuated AR signal-
ing [43], this may underscore the potential role 
of PAGE4 in the development of PIA lesions in a 
stress-enriched microenvironment of the pros-
tate. In summary, given the remarkable tissue 
specificity in the adult male and the important 
role of PAGE4 in both the benign and malignant 
diseases of the prostate, it is tempting to con-
clude that PAGE4 may represent an ideal thera-
peutic target for these diseases that are among 
the most common ailments in the male popula-
tion. Additional studies in the future should 
help elucidate the detailed mechanism underly-
ing the function of PAGE4.
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Supplemental Table 1. Clinical characteristics of patients with PCa and normal controls

Prostate cancer Nor Normal control
Number 38 5
Median Age (years) 59 (43-70) 57 (45-67)
Gleason Score ≤6 22

>6 16
Median PSA (ng/mL) 7.3 (3.5-390.7)
Tumor Stage 1c 9

2a 15
2b 14

Supplemental Figure 1. Immunohistochemistry (IHC) analysis of PAGE4 in prostate diseases. (A) PAGE4 antibody 
WER2 was blocked with (A) or without (B) immunizing peptide and then was used for IHC staining in tissue specimen 
of benign prostatic hyperplasia (BPH). Scale bars in all panels, 200 µm. 

Supplemental Figure 2. PAGE4’s expression is compared between the human prostate tissue samples (n=68, sam-
ples are same to those used in Figure 1A and 1B) and the prostatic cells lines (n=26), which include cancer cells 
(PC-3, DU-145, LNCaP, LN96, CWR22rv1, LAPC4), BPH cells (267B1, BRF55, BPH-1), normal prostate cells (PrEc), 
and normal prostate stromal cells (PrSc), as well as some of those cells under a certain stress conditions (Table 2). 
A: mRNA expression levels of AR are similar in the prostatic tissues samples to that in the cell lines. B: mRNA expres-
sion levels of PAGE4 is much lower in the cell lines than that in the tissue samples. 
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Supplemental Figure 3. PAGE4 localization in cells. pCMV6-PAGE4-GFP was transfected into LNCaP (A), CWR22rv1 
(B) or HEK293T (C) cells, PAGE4-GFP location were observed under fluorescence microscope 48 h post-transfection. 

Supplemental Figure 4. CWR22rv1 cells were transfected with either GFP (GFP-#1) or GFP-tagged PAGE4 (PAGE4-
#1), and then cultured in the medium with glucose supplement for 48 hr. Cells were stained with MitoSOXTM Red and 
observed under fluorescence microscopy.


