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Abstract

The prostate secretory protein of 94 amino acids (PSP94) has been shown to interact with cysteine-rich secretory
protein 3 (CRISP-3) in human seminal plasma. Interestingly, PSP94 expression is reduced or lost in the majority of the
prostate tumours, whereas CRISP-3 expression is upregulated in prostate cancer compared with normal prostate tis-
sue. To obtain a better understanding of the individual roles these proteins have in prostate tumourigenesis and the
functional relevance of their interaction, we ectopically expressed either PSP94 or CRISP-3 alone or PSP94 along
with CRISP-3 in three prostate cell lines (PC3, WPEI-NB26 and LNCaP) and performed growth inhibition assays.
Reverse transcription-polymerase chain reaction and Western blot analysis were used to screen prostate cell lines for
PSP94 and CRISP-3 expression. Mammalian expression constructs for human PSP94 and CRISP-3 were also gen-
erated and the expression, localization and secretion of recombinant protein were assayed by transfection followed
by Western blot analysis and immunofluorescence assay. The effect that ectopic expression of PSP94 or CRISP-3
had on cell growth was studied by clonogenic survival assay following transfection. To evaluate the effects of co-
expression of the two proteins, stable clones of PC3 that expressed PSP94 were generated. They were subsequently
transfected with a CRISP-3 expression construct and subjected to clonogenic survival assay. Our results showed
that PSP94 and CRISP-3 could each induce growth inhibition in a cell line specific manner. Although the growth of
CRISP-3-positive cell lines was inhibited by PSP94, growth inhibition mediated by CRISP-3 was not affected by the
presence or absence of PSP94. This suggests that CRISP-3 may participate in PSP94-independent activities during
prostate tumourigenesis.
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1 Introduction cysteine-rich, non-glycosylated protein that is secreted by
the prostate [1, 2]. It is shown to be uniformly present

Prostate secretory protein of 94 amino acids (PSP94, in the glandular epithelium of the normal prostate but
also known as B-microseminoprotein) is a small, not in the prostatic stroma [1]. It has been examined

extensively in studies aimed at assessing its utility as a
diagnostic and/or prognostic marker for prostate cancer.
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Rat PSP94 has also been reported to inhibit the growth
of rat prostate cancer cell lines when added exogenously
and when expressed ectopically in the cells following
transfection [5]. This hypothesized protective role of
PSP94 is supported by the reports linking low levels of
PSP94 either in the serum or tumours of patients with
high-grade disease or a high probability of recurrence,
respectively [6, 7]. Genome-wide association stud-
ies that have been recently conducted have identified a
polymorphism linked with prostate cancer susceptibility
in the promoter of MSMB gene, which codes for PSP94
[8, 9]. This polymorphism has been shown to affect the
CREB binding site, which in turn causes reduced levels
of PSP94 transcription [10, 11]. However, the exact
role that PSP94 plays in the prostate and how its loss
affects the process of tumourigenesis is not clear.

Human PSP94 has been shown to form high-
affinity complexes with cysteine-rich secretory protein 3
(CRISP-3, also known as SGP28), which is present in
human seminal plasma [12]. CRISP-3 belongs to the
CRISP family of proteins that are found in mammals and
reptiles. A typical CRISP is a two-domain protein con-
sisting of a larger N-terminal SCP domain, which is also
referred to as a CAP (cysteine-rich secretory proteins,
antigen 5, and pathogenesis-related 1 proteins) domain,
and a cysteine-rich C-terminal domain, which possesses
ion channel-regulating activity [13]. In addition to
PSP94, CRISP-3 also binds to serum o1B-glycoprotein
in multiple species [14, 15]. It has been speculated that
the interaction between CRISP-3 and PSP94 or o1B-
glycoprotein may inhibit its activity [12, 14, 15].

In the male reproductive tract, CRISP-3 transcripts
are shown to be present predominantly in the prostate
and to a lesser extent in the epididymis [16]. Its expres-
sion is low in benign prostatic epithelium but is highly
upregulated in the majority of high-grade prostatic-
intraepithelial neoplasia lesions and in most primary
prostate tumours and metastases [17]. Two independ-
ent studies have shown that CRISP-3 is one of the
genes that is most often upregulated in prostate cancer
[18, 19]. A negative association between upregulated
CRISP-3 and recurrence-free survival probability in
prostate cancer patients has also been demonstrated [7].
However, PSP94 exhibits lower levels of expression
in prostate cancer tissue compared with benign pros-
tate tissue [20]. The physiological significance of the
inverse expression patterns of PSP94 and CRISP-3 in
prostate cancer tissue needs to be further explored. The
role of CRISP-3 in prostate tumourigenesis also needs

to be investigated.

To this end, we screened a panel of human prostate
cell lines for their PSP94 and CRISP-3 expression
status. Based on the results of this screening, we
selected high and low CRISP-3-expressing cell lines
for ectopic expression of PSP94. Given the proposed
growth-regulatory effect that PSP94 has on prostate
cancer cells, it is important to determine whether this
function of PSP94 is positively or negatively affected
by the presence of CRISP-3. Similarly, examining
the effect of ectopic CRISP-3 expression in PSP94-
positive and PSP94-negative cell lines would provide
us with more information regarding the mechanism
of action of CRISP-3. We performed transfection
followed by clonogenic survival assay to assess
the effect of ectopic expression of either PSP94 or
CRISP-3 on cell growth.

2 Materials and methods

2.1 Cell culture and antibodies

Human PC3, DU145 and LNCaP were obtained
from the National Centre for Cell Sciences, Pune, India.
RWPE-1 and WPE1-NB26 cells were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA). PC3 and LNCaP cells were maintained in
RPMI-1640 containing 10% foetal calf serum (FCS).
DU145 cells were maintained in DMEM/F12 contain-
ing 10% FCS. Both types of media contained peni-
cillin (100 U mL™") and streptomycin (100 pg mL™").
RWPE-1 and WPEI1-NB26 cells were maintained on
keratinocyte serum-free medium supplemented with bo-
vine pituitary extract (0.05 mg mL "), epidermal growth
factor (5 ng mL™"), and gentamycin (0.4 mg mL")
as recommended by ATCC. All cell culture reagents
were purchased from Invitrogen (Gibco; Invitrogen,
Carlsbad, CA, USA). Cells were grown at 37°C in a
humidified environment containing 5% CO..

The antibodies used for this study included anti-HA
rabbit polyclonal antibody (SC-805; Santa Cruz Biotech
Inc., CA, USA), anti-B-actin mouse monoclonal antibody
(SC-47778; Santa Cruz Biotech Inc.) and anti-hCRISP-3
goat polyclonal antibody (AF2397, R&D Systems Inc.,
Minneapolis, MN, USA). The anti-PSP94 rabbit poly-
clonal antiserum was raised against native PSP94 protein
purified from human seminal plasma in our laboratory.
The anti-HA antibody and the anti-hCRISP-3 antibody
were used at dilutions of 1:1 000 and 1:2 000, respec-
tively, for Western blot analysis. The horseradish
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peroxidase-conjugated anti-rabbit, anti-mouse and anti-
goat secondary antibodies (Santa Cruz Biotech Inc.)
were used at dilutions of 1:2 000.

2.2 Reverse transcription-polymerase chain reaction
(RT-PCR)

Each cell line was grown in 60-mm dishes and RNA
was extracted using Trizol (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription was
performed using a DNase I-treated RNA template, 200
units of Superscript Il reverse transcriptase (Invitrogen),
the companion reagents and 25 ng puL ™' of oligo-dT prim-
ers according to the manufacturer’s instructions. PCR re-
actions were performed using templates from the reverse
transcription reaction (1 uL), 2.5 units of Taq polymer-
ase (Invitrogen), 1 pmol L' of gene-specific primers
and the companion reagents. The primers for GAPDH
and CRISP-3 and the PCR conditions were as published
by Kosari et al. [21]. The sequence for PSP94 forward
primer was 5'-ggagattcaaccaggaaatg-3' and the PSP94
reverse primer was 5'-ttatccattcactgacag-3’. The PCR
for PSP94 amplification included an initial denaturation
step (2 min 94°C), 35 rounds of amplification (30 s at
94°C, 1 min at 52°C and 1 min at 72°C) and a final ex-
tension period (5 min at 72°C).

2.3 PSPY94 protein expression, detection and selection
of stable clones of PC3

A human PSP94 expression construct,
pcDNA3.1PSP94HA, was created by cloning full-
length human PSP94 ¢cDNA with a HA tag at the 3’ end
into pcDNA3.1+ (Invitrogen) at HindIIl and EcoRI
sites. The complete coding sequence was then verified.
The construct was used for transient transfection of PC3
cells. Transfection was carried out using Lipofectamine
and Plus Reagent (Invitrogen) and 1 ug of DNA (either
the PSP94 expression construct or the empty vector)
according to the manufacturer’s protocol. Next, 24 h
post-transfection, serum-free medium was added to the
cells. Following incubation for 36 h, serum-free medium
was harvested and the secreted proteins in the condi-
tioned medium were precipitated using trichloroacetic
acid (TCA). The cells were rinsed once with PBS and
then lysed in lysis buffer (50 mmol L' Tris-HCI, pH 7.4,
2 mmol L' EDTA, 100 mmol L™ NaCl, 1% NP40, 0.1%
SDS and protease inhibitors) to obtain total cell extract.
Precipitation of the secreted proteins was carried out via
TCA precipitation. Proteins were separated on a 15%
SDS-PAGE gel. Western blot analysis was carried out

using anti-HA antibody for the detection of PSP94HA.
Anti-B-actin was used as a loading control.

Stable clones were selected following incubation
for 2 weeks in medium containing 500 pg mL ' of
G418 (Gibco; Invitrogen). The medium was changed
every third day. The stable clones were screened for
the expression of PSP94HA by Western blot analysis.

2.4 Immunofluorescence

The sub-cellular localization of recombinant PSP94
was assessed using PC3 and LNCaP cells that had
been transiently transfected with a PSP94 expression
construct. The same cell lines that had been transfected
with empty vector served as controls. Cells were fixed
in cold methanol for 10 min and then in cold acetone for
2 min. Cells were then permeabilized in 0.5% Triton
X-100 and blocked with 2% BSA in PBS. Staining was
performed using 1:100 anti-HA antibody followed by
1:150 FITC-conjugated anti-rabbit antibody (Bangalore
Genei, India). Cells were visualized under a fluorescent
microscope.

2.5 Co-immunoprecipitation

WPE1-NB26 cells were transfected with the PSP94
expression construct and placed in serum-free medium
on the following day. After 48 h, conditioned medium
was collected and subjected to immunoprecipitation
using anti-HA agarose beads (Thermo Fisher Scientific,
Pierce Protein Research Products, Rockford, IL, USA)
according to the manufacturer’s instructions. Co-
immunoprecipitated proteins were separated on 12%
SDS-PAGE gel, subjected to Western blot analysis and
detected using anti-CRISP-3 and anti-HA antibodies.

2.6 CRISP-3 protein expression and detection

A hCRISP-3 clone (Human MGC-verified FL
cDNA clone ID 8069045) was purchased from Saf
labs (Navi Mumbai, India). It was used as a template
in a PCR reaction along with CRISP-3-specific prim-
ers to add an EcoRI site at the 5’ end and a His tag
and an Xbal site at 3’ end of the amplified hCRISP-3
fragment. This fragment was cloned in pEFIRES-P
(a kind gift from Dr Steve Hobbs, Institute of Cancer
Research, Sutton, UK). The resulting CRISP-3 ex-
pression construct was sequence verified. To check
the expression of recombinant CRISP-3, this construct
was used to transfect PC3 cells and the presence of
CRISP-3 in the conditioned medium was detected by
Western blotting.
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2.7 Clonogenic survival assay

As mentioned above, the transfections were carried
out using 1 ug of DNA as well as the Lipofectamine
and Plus Reagent in a six-well plate. Each cell line
was plated in two wells. One was used for transfec-
tion with empty vector which served as a control, and
the other well was used for transfection with a PSP94
or CRISP-3 expression construct. At 24 h post-trans-
fection, cells in each well were trypsinized and split (in
triplicate) in a ratio that was standardized for each cell
line depending on the transfection efficiency. Next,
24 h after the cells were split, a PSP94 or CRISP-3
selective agent (G418 for PSP94 expression construct
or puromycin for CRISP-3 construct) was added and
the selection was continued for 2 weeks. The optimal
G418 concentration for the selection of clones for the
different cell lines was determined by the kill curve.
The final G418 concentrations that were used were as
follows: 500 ug mL™" for PC3 cells; 250 ug mL ™" for
WPE1-NB26 cells; and 800 pg mL™' for LNCaP cells.
For puromycin, a concentration of 0.4 pg mL ' was
used for PC3 and WPE1-NB26 cells and a concentra-
tion of 0.7 pg mL™' was used for LNCaP cells. Clones
obtained after 2 weeks were fixed with 1% glutaral-
dehyde and stained with 0.1% crystal violet. These
clones were counted manually by two different indi-
viduals independently and confirmed by examining the
plates under a microscope. The presence of at least
64 cells was considered the cut-off for designating
the colonies as clones. When plotting the graph, the
number of clones that were obtained following empty
vector transfection was used as a measure of trans-
fection efficiency of that cell line. This number was
taken as 100% survival for that cell line. The clones
that were obtained following PSP94 or CRISP-3 trans-
fection were counted and the percentage of clones that
survived was calculated. In order to get a quantitative
measure of the survival, cell-associated dye from the
crystal violet-stained clones was extracted with 10%
acetic acid and the optical density (OD) at 590 nm
was determined [22]. OD values of the vector-trans-
fected cells were compared with those of the PSP94 or
CRISP-3 expression construct-transfected cells.

2.8 Statistical analysis

Clonogenic survival data of the three cell lines are
presented as the mean = SE. Statistical analysis of the
results was performed by one-way analysis of variance
(ANOVA). Multiple comparisons between the cell

lines were carried out by Post Hoc Tests (LSD). All
the statistical analysis was done using SPSS software
(SPSS Inc., Chicago, IL, USA). A conventional
value of P < 0.05 was used to represent statistical
significance.

3 Results

3.1 Screening of prostate cell lines based on their
endogenous PSP94 and CRISP-3 expression

We screened five prostate cell lines (PC3, DU145,
LNCaP, RWPE-1 and WPE1-NB26) for expression of
PSP94 and CRISP-3 by RT-PCR. The PC3, DU145
and LNCaP cell lines are derived from metastatic
prostate cancers, whereas the RWPE-1 is a cell line
that is derived from normal human prostate cells that
were immortalized by transfection with HPV-18 DNA.
WPE1-NB26 was derived from RWPE-1 cells after
treatment with N-methyl-N-nitrosourea [23]. Except
for RWPE-1, all of the cell lines we tested are tumouri-
genic in nude mice. As shown in Figure 1A, PSP94
mRNA was not detected in PC3, DU145, RWPE-1 or
WPE1-NB26 cells, but a weak signal was observed in
LNCaP cells. Expression of CRISP3 was low in PC3,
DU145 and RWPE-1 cells, but it was upregulated in
WPE1-NB26 and LNCaP cells. LNCaP was the only
cell line that expressed PSP94 and exhibited upregu-
lation of CRISP-3. We therefore categorized these
cell lines into three groups: group 1: PSP94-negative
with low-level CRISP-3 expression; group 2: PSP94-
negative with upregulated CRISP-3 expression; and
group 3: PSP94-positive with upregulated CRISP-3
expression. Using this grouping strategy, PC3, DU145
and RWPE-1 were allocated to group 1, WPE1-NB26
was allocated to group 2 and LNCaP was allocated to
group 3. We chose three cell lines (PC3, WPE1-NB26
and LNCaP) that were representative of each of the
three groups and carried out Western blot analysis for
the detection of CRISP-3 and PSP94 protein. As both
CRISP-3 and PSP94 are secretory proteins, we used
the proteins that were precipitated by TCA from the
conditioned medium of these three cell lines. WPEI-
NB26 and LNCaP cells showed evidence of two bands
of roughly 30 and 28 kDa that corresponded to glyco-
sylated and non-glycosylated CRISP-3 (Figure 1B).
For semi-quantitative Western blot analysis, the amount
of protein that was present was adjusted for cell number.
As shown in Figure 1B, the amount of CRISP-3 secreted
by an equivalent number of WPE1-NB26 and LNCaP
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Figure 1. Pattern of endogenous PSP94 and CRISP-3 expres-
sion in different prostate cell lines. (A): Reverse transcription-
polymerase chain reaction (RT-PCR) results of the total RNA
content that was extracted from the five tested cell lines. The
panels from the top to the bottom show amplification of PSP94,
CRISP-3 and GAPDH, respectively. Lane 1 is a 100-bp ladder.
Lanes 2, 4, 6, 8 and 10 are RT-PCR products for PC3, DU145,
LNCaP, RWPE-1 and WPE1-NB26, respectively. Lanes 3, 5, 7,
9 and 11 are PCR reactions for no RT enzyme controls for the
same samples. Lane 12 is a water control. (B): Semi-quanti-
tative Western blot analysis for detection of CRISP-3 protein.
TCA-precipitated proteins from conditioned medium that was
harvested at 48 h (left side) and 72 h (right side) from 5 x 10’
PC3 cells, WPE1-NB26 cells and LNCaP cells were subjected
to Western blot analysis using an anti-CRISP-3 polyclonal anti-
body. The presence of two bands at around 30 and 28 kDa in the
WPE1-NB26 and LNCaP cells represent glycosylated and ungly-
cosylated CRISP-3 protein, respectively.

T

cells (500 000) at 48 and 72 h was similar, whereas PC3
cells did not express CRISP-3 protein. For PSP9%4, we
were unable to detect any specific signal in LNCaP cells
using the polyclonal anti-PSP94 antibody raised in our
laboratory (data not shown). This antibody detects native
PSP94 purified from the seminal plasma, but the amount
of PSP94 protein expressed by LNCaP cells may have
been too low to be detected.

3.2 Expression of recombinant PSP94 and its interaction
with endogenous CRISP-3
We cloned human PSP94 with an HA tag in a mam-

malian expression vector pcDNA3.1+ (Invitrogen). To
confirm the presence of PSP94 expression from this
construct, PC3 cells were transiently transfected with
this construct or an empty vector. The total protein
extract and the TCA-precipitated proteins that were
secreted from transfected cells were analysed by West-
ern blot analysis using an anti-HA antibody. A specific
signal was obtained at approximately 18-20 kDa in the
cell lysate and the conditioned medium of the PC3 cells
that had been transfected with the PSP94 expression
construct (Figure 2A). Although the calculated mass of
PSP94 is 10.7 kDa, it has been shown to run at a higher
molecular mass on SDS gels [12, 24]. The localization
of PSP94 in transiently transfected PC3 and LNCaP cells
was examined by immunofiuorescence (Figure 2B). A
strong staining was observed in the cytoplasm of cells
transfected with the PSP94 expression construct.

To determine whether ectopic expression of PSP94
affected endogenous CRISP-3 expression, LNCaP and
WPE1-NB26 cells were transfected with the PSP94 ex-
pression construct and their CRISP-3 protein levels were
evaluated by Western blot analysis 48 h post-transfection
(Figure 2C). The amount of CRISP-3 protein produced
by PSP94-transfected cells was similar to that produced
by vector-transfected cells for both cell lines. Next, to at-
tempt to characterize the interaction between ectopically
expressed PSP94 and endogenous CRISP-3, co-immuno-
precipitation was carried out (Figure 2D). We found that
endogenous CRISP-3 protein secreted by WPE1-NB26
cells interacted with the ectopically expressed PSP94HA
and was co-precipitated along with it.

3.3 Different cell lines respond differently to the ectopic
expression of PSP94 as assessed by clonogenic survival
assay

The three representative prostate cancer cell lines
were subjected to transfection with a PSP94 expression
construct followed by clonogenic survival assay. PC3
(which lacks PSP94 and CRISP-3 expression), WPEI-
NB26 (which lacks PSP94 expression but has upregu-
lated CRISP-3 expression) and LNCaP (which has low
levels of PSP94 transcription and upregulated CRISP-3
expression) cells were used for this assay. Clonogenic
survival was calculated by comparing the number of
clones that were obtained after empty vector trans-
fection with those obtained after PSP94 transfection.
Figure 3A shows a representative picture of the crystal
violet staining of the stable clones that were obtained
from PC3, WPE1-NB26 and LNCaP cells. WPEI1-
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Figure 2. Secreted recombinant PSP94 interacts with endogenous CRISP-3. (A): Western blot analysis for detection of PSP94HA. Cell
lysate and TCA-precipitated proteins derived from the conditioned medium from PC3 cells that were transiently transfected with either
empty vector (V) or a PSP94 expression construct (P) were probed with anti-HA antibody. (B): Localization of PSP94HA by immun-
ofluorescence. PC3 cells that were transiently transfected with empty vector (i) and a PSP94 expression construct (ii) as well as LNCaP
cells transiently transfected with empty vector (iii) and a PSP94 expression construct (iv) were first probed with polyclonal anti-HA
antibody and then with FITC-labelled secondary antibody. Bars = 20 um. (C): Effect of ectopically expressed PSP94 on endogenous
CRISP-3. TCA-precipitated proteins from vector-transfected and PSP94 expression construct-transfected WPE1-NB26 and LNCaP
cells were subjected to Western blot analysis 48 h after transfection. The upper panel was probed with anti-CRISP-3 antibody and the
lower panel was probed with anti-HA antibody. (D): Co-immunoprecipitation of PSP94 and CRISP-3 from the conditioned medium of
vector-transfected and PSP94 expression construct-transfected WPE1-NB26 cells. PSP94HA was immunoprecipitated using anti-HA
agarose-conjugated beads. The upper portion of the Western blot was probed with anti-CRISP-3 antibody and the lower portion was
probed with anti-HA antibody. The lanes marked with input show the total amount of CRISP-3 and PSP94HA that was immunoprecipi-
tated from the conditioned medium.

NB26 cells showed more than 90% reduction in clono-
genic survival and LNCaP cells showed approximately
50% reduction in clonogenic survival. In contrast, there
was less than 10% reduction in clonogenic survival of
PC3 cells upon transfection with the PSP94 expression
construct (Figure 3B). In addition to manual counting
of the clones, colorimetric evaluation of the cell-asso-
ciated crystal violet dye was carried out as described in
methodology and the results of the clonogenic survival
assay were re-confirmed (Supplementary Figure 1).

3.4 Isolation and characterization of stable clones of
PC3 expressing PSP94

Our observation that PSP94 expression had no ef-
fect on PC3 cell growth led us to attempt to isolate
stable clones of PC3 that expressed PSP94 that could
be used to further study the effect of the co-expression
of PSP94 and CRISP-3. A total of 12 stable clones
were randomly selected, expanded and screened for the
expression of PSP94 by Western blot analysis. Five
clones showed the presence of PSP94 protein. A repre-
sentative Western blot shown in Figure 4A demonstrates
that two of the five clones (Lanes 4 and 5) expressed
PSP94HA. Lane 6 shows a clone carrying empty vec-
tor (PC3-Alv). A clone that has high levels of PSP94
expression (PC3-D4) and one with moderate PSP94
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Figure 3. Ectopic expression of PSP94 has an inhibitory effect on cell growth in a cell line specific manner. (A): A representative com-
posite picture of the crystal violet staining from the clonogenic survival assay. A single well (of the six-well plate) is shown for each
cell line (PC3, WPE1-NB26 and LNCaP) following transfection with empty vector, pcDNA3.1+ (left wells) or PSP94 expression con-
struct (right wells). At 24 h after transfection, the cells were split and stable clones were selected on G418. Clones obtained after two
weeks of selection were stained and counted. (B): Effect of the over-expression of PSP94 on the clonogenic survival of PC3, WPE1-
NB26 and LNCaP cells. For each cell line, the number of clones obtained in the vector-transfected wells was considered to represent
100% survival. The number of clones obtained in the PSP94 expression construct-transfected wells was used to calculate the percent-
age of surviving cells with respect to the empty vector-transfected cells. The assay was repeated at least three times for each cell line.
The graph is the average of three independent observations and is plotted as the mean percentage survival + SE. The observed reduc-

tion in the percentage survival of WPE1-NB26 and LNCaP cells was statistically significant when compared with PC3 cells ('P < 0.05,
compared with PC3 cells; one-way ANOVA).
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Figure 4. Screening of stable clones expressing PSP94 by Western blot analysis. (A): Lanes 1-5 represent cell lysates
from five different clones following PSP94 expression construct transfection of PC3 cells. Lane 6 is a cell lysate from
one of the clones that was obtained following transfection with empty vector (pcDNA3.1+). The expression of recom-
binant PSP94HA was confirmed by probing the blot with anti-HA antibody. B-Actin was used as a loading control. (B):
Western blot analysis of the TCA-precipitated proteins from the culture supernatants of stable clones PC3-Alv (which
carried empty vector), PC3-A5 (which expressed PSP94HA) and PC3-D4 (which expressed PSP94HA) after roughly 30
passages in culture. Clones PC3-AS and PC3-D4 stably expressed and secreted PSP94HA. The blot was probed with

anti-HA antibody to detect PSP94HA, and with anti-B-actin antibody to show that the conditioned media were not con-
taminated with cellular contents.
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expression (PC3-A5) were subsequently maintained in
culture for more than 30 passages. These two clones
retained the expression and secretion of PSP94 (Figure
4B). These clones along with the three cell lines used
in our experiments were transfected with a CRISP-3 ex-
pression construct to study the effect that CRISP-3 had
on cell growth.

3.5 Ectopic expression of CRISP-3 alone exhibits
growth-inhibitory activity that is independent of the
presence of PSP94

We first cloned the human CRISP-3 ¢cDNA in a
mammalian expression vector, pEFIRES-P, which car-
ries a puromycin resistance gene. An advantage of
using this vector was that it has an internal ribosome

transcript, thereby ensuring that almost all of the stable
clones express the gene of interest [25].

The expression of recombinant CRISP-3 from this
construct was verified following transfection (Figure
5A). Western blot analysis demonstrated the presence
of recombinant CRISP-3 as two bands migrating at
~30 and 28 kDa in the CRISP-3-transfected PC3 cells
(Lane 1) but not in the empty vector-transfected cells
(Lane 2). The WPE1-NB26 served as a positive control
(Lane 3) and RWPE-1 served as a negative control (Lane
4). The CRISP-3 expression construct and the empty
vector (pEFIRES-P) were then used for clonogenic
survival assays in PC3, WPE1-NB26 and LNCaP cells.
Ectopic expression of CRISP-3 caused more than 90%
reduction in the clonogenic survival of PC3 and WPE1-

entry site. This means that the gene of interest and the
puromycin resistance gene are expressed from the same

NB26 cells, whereas ectopic CRISP-3 expression by
LNCaP cells did not have a marked effect on the clono-

1 2 3 4 Empty vector CRISP-3 construct
34 kDa— " I:g ! ! PC3
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Figure 5. Cell line specific growth-inhibitory effect caused by CRISP-3 over-expression. (A): Expression of recombinant CRISP-3 was
detected by Western blot analysis using anti-CRISP-3 antibody. TCA-precipitated proteins from the conditioned medium of PC3 cells
that were transiently transfected with CRISP-3 expression construct (Lane 1) showed the presence of glycosylated and unglycosylated
CRISP-3 similar to the positive control (Lane 3) that contained TCA-precipitated proteins from the conditioned medium of WPE1-
NB26 cells. TCA-precipitated proteins from the conditioned medium of PC3 cells transfected with empty vector (Lane 2) as well as
untransfected RWPE-1 (Lane 4) served as a negative control. (B): A representative composite picture of the crystal violet staining from
the clonogenic survival assay. A single well (of the six-well plate) is shown for each cell line (PC3, WPE1-NB26 and LNCaP) that was
transfected with either the empty vector, pEFIRES-P (left wells), or the CRISP-3 expression construct (right wells). At 24 h after trans-
fection, the cells were split and stable clones were selected on puromycin. Clones obtained after 2 weeks of selection were stained and
counted. (C): Effect of over-expression of CRISP-3 on the clonogenic survival of PC3, WPE1-NB26 and LNCaP cells. The percentage
survival with respect to empty vector was calculated as described above. The assay was repeated at least three times for each cell line.
The graph is the average of three independent observations and is plotted as mean percentage survival + SE. The reduction in percent-
age survival of PC3 and WPE1-NB26 cells was statistically significant when compared with LNCaP cells ("P < 0.05, compared with
LNCaP; one-way ANOVA).
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genic survival of this cell line (Figures 5B and C).

Two stable clones of PC3 that expressed PSP94 (PC3-
D4 and PC3-A5) and a stable clone carrying the empty
vector (PC3-Alv) were then used for ectopic expression
of CRISP-3 followed by clonogenic survival assay to as-
sess the effect of CRISP-3 in the presence of PSP94. All
three clones exhibited growth inhibition upon induction
of CRISP-3 expression (Figure 6) in a manner that was
similar to the parent cell line, indicating that the presence
or absence of PSP94 did not affect CRISP-3-mediated
growth inhibition of PC3 cells. Clonogenic survival data
were re-confirmed by colorimetric assay (Supplementary
Figure 1). The results of the clonogenic survival assays
that examined the effects of PSP94 and CRISP-3 over-
expression are summarized in Table 1.

4 Discussion

The potential utility of PSP94 as a diagnostic or

A Empty vector

PC3-D4

PC3-A5

PC3-Alv
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CRISP-3 construct

prognostic marker for prostate cancer has been evalu-
ated by many researchers. Although some controversy
exists, the majority of the reports associate low levels
of PSP94 with a diagnosis of prostate cancer or a worse
prognosis among patients with known prostate cancer
[6, 7, 20, 26, 27]. The reduction in the PSP94 levels
that are seen in prostate cancer has been attributed to
the upregulation of a transcriptional repressor, EZH2,
which silences the MSMB gene [28]. Recently, an as-
sociation between prostate cancer susceptibility and a
polymorphism in the promoter region of PSP94 that
causes reduction in its expression has been discovered
[8-11]. However, how the loss of PSP94 might pro-
mote tumourigenesis remains unclear. Important clues
are expected to be found in the results of studies that
examine proteins that interact with PSP94. This may
aid in the understanding of the intracellular signal-
ling mediated by PSP94 that leads to inhibition of cell
growth. CRISP-3 and PSP94-binding protein are the

B
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Figure 6. The growth-inhibitory effect of CRISP-3 is not modulated by PSP94. (A): A representative composite picture of the crystal
violet staining from the clonogenic survival assay for the stable clones PC3-D4, PC3-A5 (PSP94-expressing clones) and PC3-Alv
(empty vector-transfected clone). A single well (of the six-well plate) is shown for each clone that was transfected with either empty
vector, pEFIRES-P (left wells), or the CRISP-3 expression construct (right wells). At 24 h after transfection, cells were split and select-
ed on puromycin. Clones obtained after 2 weeks of selection were stained and counted. (B): The effect of over-expression of CRISP-3
on the clonogenic survival of PC3-D4, PC3-AS5 and PC3-Alv. The percentage survival with respect to empty vector was calculated as
described above. The assay was repeated at least three times for each cell line. The graph is the average of three independent observa-
tions and is plotted as the mean percentage survival = SE. The reduction in percentage survival of all three clones was statistically sig-
nificant when compared with LNCaP (P < 0.05, compared with LNCaP shown in Figure 5B; one-way ANOVA).
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Table 1. Cell line specific effect of the ectopic expression of PSP94 or CRISP-3.

Endogenous PSP9%4 Endogenous CRISP-3 Clonogenic survival
Cell line Transcript ~ Protein Transcript ~ Protein Upon PSP9%4 Upon CRISP-3
over-expression over-expression
PC3 Absent Absent Low Absent No effect Reduced
WPEI1-NB26 Absent Absent High Present Reduced Reduced
LNCaP Present Not detected High Present Moderately reduced No effect
PC3 clones expressing PSP94  Present Present Low Absent NA* Reduced

*Not applicable.

two proteins that have been reported to interact with
PSP94 [12, 29]. In addition to interacting with these
two proteins, PSP94 also forms homodimers as shown
by the crystal structure reported by our group [30].
CRISP-3 has been shown to be upregulated in majority
of the prostate tumours and its upregulation is linked
to an increased probability of recurrence [7, 17]. The
inverse pattern of expression of PSP94 and CRISP-3
in prostate tumours is intriguing. In this study, we at-
tempted to understand whether the effect of PSP94
on cell growth was modulated by the presence of its
interacting partner, CRISP-3. We also wanted to gain
insight into the role of CRISP-3 in prostate cancer and
therefore we also evaluated its effect on cell growth in
the presence and absence of PSP94.

To do so, we made mammalian expression con-
structs for PSP94 as well as CRISP-3 and verified the
expression of these recombinant proteins by Western
blotting and immunofluorescence. These constructs
were used to induce the ectopic expression of the re-
spective proteins in prostate cancer cell lines. To assess
the effect of PSP94/CRISP-3 on cell growth, we used
clonogenic survival assays of the stable clones after
transfection. This assay is used to assess the prolifera-
tive potential of a cell population following a certain
treatment, e.g., exposure to ionizing radiation or treat-
ment with a drug [31]. We subjected PC3, WPEI-
NB26 and LNCaP to this analysis after transfection
with PSP94/CRISP-3 expression construct. We did not
observe any significant reduction in clonogenic survival
of PC3 following PSP94 transfection. This was unex-
pected considering the proposed tumour suppressor role
of PSP94. Earlier reports used exogenous addition of
native PSP94 protein at a concentration of 10 ug mL™'
or higher and demonstrated that this led to 60% inhibi-
tion of the growth of PC3 cells and 80% inhibition of
the growth of rat PAIII cells [4, 5]. In this study, we
examined the effect of ectopic expression of PSP94,

which may result in a different signalling event than
that induced by exogenous addition of the protein. The
amount of protein generated after transfection was also
much lower than the amount of exogenous protein that
was added in earlier reports. It should also be noted
that the growth-inhibitory effect of PSP94 protein on
PC3 cells shown by Garde et al. [4] was not 100% and
that there is a chance that resistant cells may continue
to grow when observed for a longer period of time.
Similar to our results, Cadieux et al. [5] reported that
PSP94-transfected PAIII cells did not exhibit growth
inhibition after 24 h and that they were completely in-
sensitive to its effect after a 120 h period as assessed
by ’H-thymidine uptake assay. This effect has been
attributed to the low levels of protein produced in the
transfected cells. In contrast to PC3 cells, we observed
a major reduction in the clonogenic survival of WPEI-
NB26 cells and a moderate reduction of LNCaP cells
in the respective clonogenic survival assays. Whether
this growth inhibition is due to apoptosis or senescence-
like growth arrest needs to be further evaluated. The
endogenous CRISP-3 levels of these two cell lines were
not altered by ectopic PSP94 expression. Ectopically
expressed PSP94 exhibited interaction with endog-
enous CRISP-3. As both of the cell lines whose growth
was affected by PSP94 expression show upregulated
CRISP-3 expression, there is a possibility that CRISP-3
plays a role in PSP94-mediated growth inhibition. To
test this possibility, we further evaluated the effect of
CRISP-3 alone as well as the effect of CRISP-3 in com-
bination with PSP94 on growth of prostate cancer cell
lines. The same three cell lines along with two stable
PC3 clones that expressed PSP94 protein were used for
CRISP-3 expression and clonogenic survival assays.
Interestingly, the ectopic expression of CRISP-3 led
to a strong growth-inhibitory effect in PC3 and WPE1-
NB26 cells, whereas LNCaP cells only exhibited a
marginal degree of growth inhibition. As CRISP-3
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alone causes growth inhibition of PC3 cells, we could
not generate CRISP-3-expressing stable PC3 clones.
The few clones we identified following CRISP-3 trans-
fection also showed growth arrest upon further pas-
sages (data not shown), and a stable line that expressed
CRISP-3 could not be established in PC3 cells. Hence,
the effect of PSP94 on CRISP-3-positive PC3 cells
could not be tested. Further studies aimed at knock-
ing down endogenous CRISP-3 expression in LNCaP
and WPE1-NB26 cells to evaluate the effect of PSP94
expression on a CRISP-3-negative background would
prove that CRISP-3 is involved in PSP94-mediated
growth inhibition. The CRISP-3-negative cell line
RWPE-1 showed poor transfection efficiency and there-
fore we could not evaluate the effect of PSP94 on this
cell line.

Certain members of the CRISP family of proteins
possess ion channel-blocking activity in their carboxyl
terminals [32]. No such activity has yet been shown for
human CRISP-3, but the interaction of CRISP-3 with
PSP94 or with a1-B glycoprotein is thought to act as
an inhibitory mechanism for the possible toxic activity
of CRISP-3 [14, 15]. Both PC3 and WPE1-NB26 cells
lack endogenous PSP94 expression. LNCaP exhibits
weak expression of the PSP94 transcript but does not
show detectable amounts of PSP94 protein. To inves-
tigate whether the presence of PSP94 affected CRISP-3-
mediated growth inhibition, we used stable clones of
PC3 that expressed PSP94. These clones also exhibited
growth inhibition following induction of ectopic CRISP-3
expression, much like our findings in PC3 cells, indicating
that the CRISP-3-mediated growth inhibition of PC3 cells
is PSP94-independent. The variation in the percentage of
surviving clones can be attributed to the clonal variation
seen among different clones during clonal selection.

The growth of one of the two cell lines that ex-
pressed CRISP-3 endogenously (WPE1-NB26) was
affected by additional expression of this protein. The
amounts of CRISP-3 protein secreted by these two cell
lines appeared to be similar based on the results of our
semi-quantitative Western blot analysis. The reason be-
hind the cell line specific effect of CRISP-3 expression
is not clear at present. Specific receptors or binding
sites for human CRISP-3 on the cell membrane have
not yet been identified. However, for human PSP94,
Yang et al. [33] have demonstrated the existence of spe-
cific binding proteins in the PC3 and LNCaP cell lines
and also in human prostate tissue, but the molecular
identity of these proteins is still unknown. Differential

expression of these binding proteins between cell lines
can cause cell line specific effects, which we observed
following the induction of ectopic expression of either
CRISP-3 or PSP94.

Although most prostate tumours exhibit upregulated
CRISP-3 expression, we have observed a growth-inhibi-
tory effect of CRISP-3 on two prostate cancer cell lines.
At present, the factor that triggers the upregulation of
CRISP-3 is not known. CRISP-3 protein has been im-
plicated in innate immunity and inflammation as it is
expressed in neutrophilic granules, but its exact role in
prostate tumourigenesis has not yet been demonstrated
[34]. Prostate tumours have been reported to show cel-
lular heterogeneity in CRISP-3 expression. In a study
by Bjartell et al. [7] that included more than 900 pros-
tate cancer patients, the authors found that CRISP-3 ex-
pression in tumour tissue varied greatly. A total of 55%
of prostate cancer patients in their study had > 50% of
their tumour cells stain positive for CRISP-3, whereas
only 18% patients (146 patients out of 806) had > 80%
of their tumour cells stain positive for CRISP-3 with a
staining intensity of > 1.5 [7]. The negative association
between CRISP-3 positivity and recurrence-free sur-
vival probability has been drawn with reference to these
18% prostate cancer patients, whereas the majority of
the patients (82%) were considered CRISP-3 negative
because less than 80% of their tumour cells were posi-
tive for CRISP-3. As the role that CRISP-3 plays in
prostate tumours is not known, the fate of individual
CRISP-3-positive or CRISP-3-negative cells from the
same tumour cannot be predicted. Of the five cell lines
that we tested for CRISP-3 expression, two (PC3 and
DU145) were isolated from metastatic prostate can-
cers, and they do not demonstrate CRISP-3 upregula-
tion. These cell lines were either established from the
CRISP-3-negative cell population of the tumours from
which they were derived or during the establishment of
the cell lines from the tumour CRISP-3 expression was
switched off. However, based on our results, it can be
observed that re-introduction of CRISP-3 in PC3 cells
leads to growth inhibition. WPE1-NB26, an MNU-
treated tumourigenic cell line derived from RWPE-1
cells, exhibits upregulation of CRISP-3, indicating that
carcinogenic exposure leading to neoplastic transfor-
mation can also trigger transcriptional activation of
CRISP-3. Over-expression of CRISP-3 in this cell line
was growth inhibitory, whereas the growth of LNCaP
cells was not affected by additional expression of
CRISP-3, suggesting that the latter cell line can escape
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from CRISP-3-mediated growth inhibition.

In conclusion, either PSP94 or CRISP-3 alone
can induce growth inhibition in prostate cancer cells
in a cell line specific manner. The growth inhibition
mediated by CRISP-3 in PSP94-negative PC3 cells
could not be rescued by re-expression of PSP94,
indicating that there is a distinct signalling pathway
in which CRISP-3 is implicated that is not affected
by PSP94 expression. This cell line based study that
examined the growth-inhibitory action of PSP94 and
CRISP-3 also suggests that PSP94 and/or CRISP-3
expression status in prostate tumours might not be the
sole determinant of a patient’s risk of recurrence. The
prognostic as well as therapeutic utility of PSP94 and/
or CRISP-3 may depend on the signalling pathways in
which they are involved, and therefore, further studies
examining this issue should be undertaken.
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Supplementary Figure 1. Colorimetric assay for the clonogenic survival after transfection. Absorbance at 590 nm was measured for the
cell associated dye from stable clones obtained after transfection with PSP94 expression construct and empty vector (A) and for those
obtained after CRISP-3 transfection and empty vector transfection (B). Optical density is plotted as mean + SE. The experiment was

repeated thrice and the graph is for one representative experiment.
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