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Prostate secretory protein of 94 amino acids (PSP-94) and its
peptide (PCK3145) as potential therapeutic modalities for

prostate cancer

Nicholas Shukeir®, Seema Garde®, Jinzi J. Wu®, Chandra Panchal® and

Shafaat A. Rabbani®

This review focuses on the promising roles of prostate
secretory protein of 94 amino acids (PSP-94) and one

of its derived peptides (PCK3145) as potential therapeutic
modalities for prostate cancer and its associated
complications. Evaluation of these compounds was carried
out in vitro and in vivo using syngeneic models of rat
prostate cancer. Overproduction of parathyroid hormone-
related protein (PTHrP) results in the development of
hypercalcemia of malignancy in several malignancies
including prostate cancer. In order to evaluate the effect of
PSP-94 and PCK3145 on prostate cancer progression, the
rat Dunning R3227 MatLyLu cell line transfected with
full-length cDNA encoding PTHrP (MatLyLu-PTHrP) was
used. As the main pathogenetic factor of hypercalcemia of
malignancy, overexpression of PTHrP was aimed at
mimicking the hypercalcemic nature seen in patients
suffering from late-stage cancer. /n vitro studies showed
that PSP-94 and PCK3145 can cause a dose-dependent
inhibition in the growth of MatLyLu-PTHrP cells. For in vivo
studies, male Copenhagen rats were inoculated either s.c.
into the right flank or directly into the left ventricle via
intracardiac (i.c.) inoculation with MatLyLu-PTHrP cells. In
these models, s.c. injection of MatLyLu cells results in

the development of primary tumor growth, whereas i.c.
inoculation routinely results in the development of
experimental skeletal metastases in the lumbar vertebrae
causing hind-limb paralysis. Administration of PSP-94
and PCK3145 into tumor-bearing animals resulted in a
dose-dependent inhibition of primary tumor growth, and
tumoral and plasma PTHrP levels, and in the reduction of

Background

Prostate cancer is one of the most commonly diagnosed
cancers in men, especially in the western world, and is a
leading cause of cancer morbidity and mortality following
lung cancer [1]. Advances in screening and detection
methods have led to an increasing number of men being
diagnosed with prostate cancer [2,3]. Adenocarcinoma of
the prostate starts out as an asymptomatic androgen-
dependent disease confined within the prostate gland
which eventually acquires a highly invasive, highly
metastatic and androgen-independent phenotype [4,5].
Advances in therapeutic modalities such as surgery,
radiation therapy and hormone replacement therapy have
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plasma calcium levels. Additionally, treatment with PSP-94
or PCK3145 caused an inhibition of skeletal metastases
resulting in a significant delay in the development of
hind-limb paralysis. Interestingly, equimolar concentrations
of PCK3145 were shown to be more effective in delaying
the development of experimental skeletal metastases as
compared to PSP-94. One of the possible mechanisms of
action of these modalities is through the induction of
apoptosis which was observed by both in-vitro and in-vivo
analyses of MatLyLu-PTHrP cells and tumors. Several
intracellular mechanisms can also be involved in inhibiting
PTHrP production and anti-tumor effects of PSP-94 and
PCK3145. Collectively, these studies warrant the continued
clinical development of these agents as therapeutic agents
for patients with hormone-refractory prostate cancer.
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led to great success rates in treating prostate cancer in its
early stage [6,7]. However, limited success has been
obtained in blocking progression or cure of late-stage,
hormone-refractory prostate cancer [8-10].

The ability of late-stage prostate cancer to metastasize to
both skeletal and non-skeletal sites is the main reason for
the limited success achieved thus far in curing the
disease at its late stages [11]. Although skeletal
metastases can be either of the osteolytic or osteoblastic
phenotype, those observed in late-stage prostate cancer
patients tend to be of the osteoblastic variety [11-13].
This is due to the ability of prostate cancer cells which
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have metastasized to the bone to produce several factors
involved in osteoblast proliferation. These factors include
endothelin-1, bone morphogenetic proteins and uroki-
nase (uPA) [14-19]. In previous studies, we have shown
abundant production of uPA by human prostate cancer
cells [20]. Both uPA and its N-terminal fragment were
shown to act as selective mitogens for cells of the
osteoblast phenotype [20,21].

A common observation seen in patients suffering with
late-stage, highly advanced prostate cancer is the
elevated levels of parathyroid hormone-related protein
(PTHrP) [22,23]. Studies have shown that PTHrP is
indeed the major pathogenetic factor involved in
hypercalcemia of malignancy, which is commonly ob-
served in about 15-20% of patients with different cancers
[24,25]. PTHrP has also been shown to be involved in
promoting the growth of prostate cancer due to its ability
to inhibit the apoptotic machinery, resulting in increased
prostate cancer cell survival [26-28]. In addition,
PTHrP’s role in promoting osteoblast proliferation and
differentiation has been well documented, contributing
to the skeletal metastases seen in patients with late-
stage, hormone-refractory prostate cancer [29-31].

Prostate secretory protein of 94 amino acids (PSP-94),
commonly known as prostatic inhibin or B-microsemino-
protein, is a cysteine-rich, non-glycosylated protein
initially discovered due to its ability to inhibit follicle-
stimulating hormone [32]. It has since been realized that
PSP-94 is one of three predominant proteins found in
human seminal fluid along with prostate-specific antigen
(PSA) and prostatic acid phosphatase [33]. Although the
conventional prostate-specific protein has been PSA,
several studies have been carried out determining the
higher degree of specificity of PSP-94 as being a prostate-
specific entity compared to PSA. Immunohistological
analyses of several male tissues using antibodies directed
against PSP-94 showed positive staining indicative of the
presence of PSP-94 only in the prostate gland [34-37].
Additionally, through the use of transgenic models, it has
been shown that PSA transgenic mice where the PSA
promoter was used to drive the expression of a mutant
RAS oncoprotein develop non-prostatic tumors; specifi-
cally, tumors in the salivary glands and gastrointestinal
tracts [38]. In contrast, use of the PSP-94 promoter to
drive the expression of the SV-40 Tag oncoprotein
resulted in mice developing tumors only in the prostate
gland [39]. Collectively, these studies provide the
rationale for the use of PSP-94 to target therapeutic
modalities specifically to the prostate gland.

Immunohistological studies have demonstrated the
differential expression of PSP-94. It is abundantly
expressed in normal prostatic epithelium and the levels
of PSP-94 decrease as prostate cancer advances from early

to late stages, with complete lack of PSP-94 expression in
late-stage, hormone-refractory prostate cancer [40].
Furthermore, RT-PCR analyses of mRNA extracted from
normal prostatic epithelial cells, and early- and late-stage
prostate cancer cells showed similar differential expres-
sion of PSP-94 in different stages of prostate cancer.
Recently, epigenetic regulation of the PSP-94 gene has
been attributed as a potential mechanism for the
downregulation of PSP-94 in prostate cancer [41]. This
differential expression of PSP-94 allows its use as a
diagnostic marker for prostate cancer in the clinical
setting [42]. The added advantage of PSP-94’s regulation
being androgen independent as compared to that of PSA
provides for a higher degree of sensitivity in tumors that
have been exposed to androgen-ablating agents [43].

A great deal of information is known pertaining to the
biological function and regulation of PSP-94 [44-47].
However, little information is currently available as to
how PSP-94 exerts its effects at the cellular level. This
stems from the fact that a PSP-94 receptor has yet to be
identified and characterized. It is nevertheless possible
that PSP-94 can exert its effects without a biological
receptor through perturbation of other signaling mole-
cules. However, several studies have been carried out
since the discovery of PSP-94 that indicate the presence
of specific binding proteins on the surface of the prostate
gland itself as well as prostate cancer cells i vitro [48—
50]. It was not until recently that this binding protein was
identified, purified and characterized [51]. Nevertheless,
several additional studies have to be undertaken to
validate that this newly characterized binding protein is
indeed the bona fide receptor for PSP-94 [52]. Several of
the criteria that are needed to consider this binding
protein as the PSP-94 receptor have already been met,
particularly the presence of this binding protein on the
prostate gland and its ability to bind to PSP-94 with high
specificity and affinity. However, the final and most
important criterion of identifying the specific intracel-
lular signaling molecules and the signaling cascade which
is initiated upon PSP-94 binding to its binding protein
has yet to be met. The recent characterization of this
binding protein will facilitate the identification process
[51].

Therapeutic potential of PSP-94

Evaluation of the anti-tumor effects of PSP-94 was carried
out in syngeneic models of rat prostate cancer. These
models provide several advantages over xenograft models
of prostate cancer. There is no species barrier to
overcome since both the tumor cells and host are of the
same species, allowing for an increased tumor intake and
growth rate, and resulting in increased efficiency and
reproducibility. Furthermore, use of a syngeneic model of
prostate cancer permits evaluation of the anti-tumor
effects while allowing full interaction between the growth
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factors and proteases secreted by the tumor cells and the
surrounding stroma. Using these syngeneic models, a
series of in-vitro and in-vivo studies were carried out to
evaluate the efficacy and possible mechanism of action of
PSP-94 and its peptide (PCK3145) to block prostate
cancer growth and metastases.

PSP-94 and PCK3145 inhibit the rat Dunning R3227
MatLyLu cell line transfected with full-length cDNA
encoding PTHrP (MatLyLu-PTHrP) growth in vitro and
in vivo

In-vitro analyses showed that PSP-94 was able to inhibit
the growth of MatLyLLu-PTHrP cells in a dose-depen-
dent manner [53]. The most effective dose of PSP-94 was
able to significantly inhibit the growth of MatLylLu-
PTHr P cells by up to 40%. To further evaluate the effect
of PSP-94 in vivo, male Copenhagen rats were inoculated
with MatLyLu-PTHrP cells via the s.c. route into the
right flank. Animals were treated with different doses of
PSP-94 (0.1-10 pg/kg) via s.c. injection at the site of
tumor cell inoculation. Treatment with PSP-94 resulted
in a dose-dependent inhibition in MatLyLu-PTHrP
tumor growth with no systemic side-effects observed
(Fig. 1a) [53].

As a follow-up, structure—function studies were carried
out to determine the region that might be responsible for
the anti-tumor effects of PSP-94 [54]. Different peptide
analogs spanning different amino acid regions of PSP-94
were synthesized and tested for their ability to inhibit
MatLyLu-PTHrP tumor cell growth i witro. Only
peptides corresponding to regions spanning amino acids
7-21, 21-45 and 76-94 were effective at inhibiting
MatLyLu-PTHrP tumor cell growth. Further evaluation
of these peptides revealed that only the peptide spanning
amino acids 31-45 (PCK3145) was effective at reducing
MatLyLu-PTHRP primary tumor growth i vivo. Similar
to PSP-94, administration of PCK3145 (1.0-100 pg/kg)
resulted in a dose-dependent inhibition of MatLyLu-
PTHrP tumor growth (Fig. 1b) [54]. Equimolar concen-
trations of PSP-94 and PCK3145 were similarly effective
in reducing MatLyLu-PTHrP tumor growth.

Both in-vitro and in-vivo analyses revealed that a possible
mechanism for the anti-tumor effects of PSP-94 and
PCK3145 is due to the induction of tumor cell apoptosis
as analyzed by DNA fragmentation and TUNEL assay
[53].

PSP-94 and PCK3145 decrease tumoral and plasma
PTHrP and calcium levels

A complication seen in patients with late-stage, highly
advanced prostate cancer is hypercalcemia of malignancy
which can be attributed to increased production of
PTHrP [22]. In order to evaluate the effects of PSP-94
and PCK3145 on tumoral and plasma PTHrP levels,
primary tumors and plasma were collected from animals
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Effect of PSP-94 and PCK3145 on MatLyLu-PTHrP tumor volume.
Male Copenhagen rats were injected with 5 x 10° MatLyLu-PTHP cells
s.c. into the right flank. Animals were infused daily with different doses
of PSP-94 (a) or with PCK3145 (b) starting on the day of tumor cell
inoculation for up to 15 consecutive days. Tumor volumes were
measured at timed intervals and comparison was made with tumor-
bearing animals receiving vehicle alone as control (CTL). Results
represent the mean = SEM of five animals in each group in three
different experiments. Significant differences from control tumor-
bearing animals receiving vehicle alone are represented by asterisks
(P<0.05).

receiving vehicle alone and the different doses of either
PSP-94 or PCK3145. These tumors were analyzed by
immunohistochemical analyses using an antibody direc-
ted against PTHrP for the levels of tumoral PTHrP
production. Whereas tumors excised from animals treated
with vehicle alone exhibited a high degree of positive
PTHrP staining, a dose-dependent inhibition was ob-
served in tumors from experimental animals receiving
different doses of either PSP-94 or PCK3145. The most
pronounced effects in reducing PTHrP production were
seen following administration of the highest doses of PSP-
94 or PCK3145 [53,54].

At the end of these studies, normal and experimental
animals were sacrificed, and plasma was collected
to determine the levels of plasma PTHrP using a
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Effect of PSP-94 and PCK3145 on plasma PTHrP levels. Male
Copenhagen rats were inoculated with 5 x 10° MatLyLu-PTHrP cells
s.c. into the right flanks. Animals were treated with different doses of
either PSP-94 (a) or PCK3145 (b) starting on the day of tumor cell
inoculation for up to 15 consecutive days. All animals were sacrificed at
the end of the study, and plasma was collected and analyzed for
immunoreactive plasma PTHrP (iPTHrP). Results represent the

mean + SEM of five animals in three different experiments. Significant
differences from control tumor-bearing animals receiving vehicle alone
as control (CTL) are represented by asterisks (P<0.05). Plasma PTHrP
levels from normal non-tumor-bearing animals are also shown (N).

radioimmunoassay. Comparison was made between nor-
mal, non-tumor-bearing animals, tumor-bearing animals
receiving vehicle alone and tumor-bearing animals
receiving different doses of PSP-94 or PCK3145. A
marked increase in plasma PTHrP levels was seen
following MatLyLu-PTHrP tumor cell inoculation. This
rise in PTHrP levels was reduced in a dose-dependent
manner following treatment with PSP-94 or PCK3145
(Fig. 2). Both control and experimental animals were also
evaluated for levels of plasma calcium. The hypercalce-
mic nature of tumor-bearing animals was evident when
their calcium levels were compared to normal, non-
tumor-bearing animals. Administration of PSP-94 or
PCK3145 resulted in a dose-dependent inhibition in
plasma calcium levels (Fig. 3) [53,54].

L ]
PCK3145

Effect of PSP-94 and PCK3145 on plasma calcium levels. Male
Copenhagen rats were inoculated with 5 x 10° MatLyLu-PTHrP cells
s.c. into the right flanks. Animals were treated with different doses of
either PSP-94 (a) or PCK3145 (b) starting on the day of tumor cell
inoculation for up to 15 consecutive days. All animals were sacrificed at
the end of the study, and plasma was collected and analyzed for levels
of plasma calcium. Results represent the mean + SEM of five animals in
three different experiments. Significant differences from control tumor-
bearing animals receiving vehicle alone as control (CTL) are
represented by asterisks (P<0.05). Plasma calcium levels from normal
non tumor-bearing animals are also shown (N).

PSP-94 and PCK3145 cause a delay in the development
of experimental skeletal metastases

Skeletal metastases are a common development in late-
stage, highly advanced prostate cancer, which result in
significant tumor-associated morbidity and mortality rates
[12]. In order to evaluate the effect of both PSP-94 and
PCK3145 on the development of experimental skeletal
metastases, male Copenhagen rats were inoculated with
MatLyLu-PTHrP cells directly into the left ventricle via
intracardiac (i.c.) injections. Inoculation of MatLylLu
cells into the left ventricle routinely results in the
development of skeletal metastases as represented by
hind-limb paralysis [30]. Animals were treated with
different dose of PSP-94 and PCK3145 via i.p. injections.
Only the highest dose of either PSP-94 or PCK3145 was
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Effect of PSP-94 and PCK3145 on experimental skeletal metastases.
(a) Male Copenhagen rats were inoculated with 10 x 10% MatLyLu-
PTHrP cells via the i.c. route directly into the left ventricle. Starting from
the day of tumor cells inoculation, animals were infused with vehicle
alone (CTL) or different doses of PSP-94 or PCK3145. Animals were
monitored daily for the development of hind-limb paralysis. The
percentage of animals non-paralyzed at different time points is shown.
(b) Male Copenhagen rats were inoculated with 10 x 103 MatLyLu-
PTHrP cells via the i.c. route directly into the left ventricle. Animals were
infused with either vehicle alone as control (CTL) or PCK3145. All
animals were sacrificed before the development of hind-limb paralysis
on day 10. Their lumbar vertebrae were excised, paraffin embedded and
subjected to histological analysis. A representative micrograph of three
such experiments is shown. Original magnification x 200. Results
represent the mean® SEM of five animals in each group in three
different experiments. Significant differences from control are
represented by asterisks (P<0.05).

able to significantly delay the development of hind-limb
paralysis [54]. Interestingly, equimolar concentrations of
PCK3145 were more effective at causing a delay in the
development of experimental skeletal metastases as
compared to that of PSP-94 (Fig. 4a). The ability of
PCK3145 to significantly reduce the tumor burden in the
lumbar region was evident when animals where sacrificed
before the development of hind-limb paralysis, their
vertebrae removed and analyzed by immunohistological
analyses for the degree of tumor burden. Animals
receiving PCK3145 exhibited a significant decrease in
tumor burden compared with animals receiving vehicle
alone (Fig. 4b). This reduction in tumor burden was
directly responsible for the delay previously observed in
the development of hind-limb paralysis following admin-
istration of PCK3145 [54].

PSP-94 and PCK3145 in prostate cancer Shukeir et al. 1049

Future studies

The above-mentioned studies were carried out in
syngeneic models of prostate cancer. The use of these
models allowed for the opportunity to effectively
determine the therapeutic efficacy of PSP-94 or
PCK3145 in an environment with full interaction
between tumor cells and their microenvironment.
However, xenograft models that represent models of
human origin mimicking the course of the disease are
needed to validate the full clinical benefit of
these therapeutic modalities. Further studies evaluating
the efficacy of PSP-94 or PCK3145 alone and in
combination with other therapeutic agents currently
in use or in development for prostate cancer need
to be carried out to exploit the full therapeutic
potential of these modalities. Careful attention is also
required to monitor not only the anti-tumor effects,
but also the ability of these therapeutic regimens to
block the development or progression of tumor
metastases, in general, and skeletal metastases, in
particular, which are commonly seen in prostate cancer
patients.

Although PCK3145 on its own proved effective at
inhibiting tumor growth, several biochemical modifica-
tions of this peptide including glycosylation or conjuga-
tion to polyethylene glycol or albumin can potentially
lead to decreased proteolysis to increase its half-life,
which can enhance the biological activity of this agent
[55-57].

As mentioned earlier, a possible mechanism by which
PSP-94 and PCK3145 can inhibit tumor growth is by
induction of apoptosis. Identification of the receptor to
which PSP-94 binds could lead to the identification of the
signaling cascade that is initiated upon binding of PSP-94
to its receptors, which can trigger its anti-tumor response.
Knowledge of the possible signaling cascade could lead to
the identification of other potential mechanisms of
actions(s) of PSP-94 that may prove to be useful in
developing these agents as therapeutic modalities for
prostate cancer.

Many prostate cancer patients undergo androgen ablation
as an initial form of prostate cancer therapy [7].
Progression of these tumors tends to be monitored by
rising PSA levels. However, the levels of PSA can be
affected by circulating levels of androgens, resulting in
unreliable readings of PSA levels. Since the regulation of
PSP-94 is androgen independent, simultaneous monitor-
ing of PSP-94 levels can prove to be a reliable method to
stage and predict the behavior of prostate cancer [43].
Development and use of an ELISA-based assay to detect
the levels of circulating PSP-94 levels may also prove to
be a powerful diagnostic/prognostic tool for prostate
cancer [40,58].
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Based on these preclinical and pharmacokinetic studies,
clinical evaluation of PCK3145 was carried out in
hormone-refractory prostate cancer patients. In phase 1/
ITa studies, administration of PCK 3145 showed disease
stabilization with no cytotoxic effects which could be
attributed to PCK3145. Biochemical analyses of several
tumor progression markers led to the discovery that
treatment with PCK3145 results in a marked decrease in
the levels of production of matrix metalloproteinase 9.
After completion of these clinical studies, PCK3145 is
now being evaluated in phase IIb studies in hormone-
refractory prostate cancer patients. Further studies are
currently underway to elucidate the exact molecular
mechanism of action of PCK3145 and its potential
application in the treatment of other common cancers.

Conclusion

Recent studies have shown the ability of PSP-94 and its
analog PCK3145 to act as effective inhibitors of late-
stage, hormone-independent prostate cancer without
manifesting any noticeable side-effects. Combination of
either PSP-94 or PCK3145 with some of the well-known
chemotherapeutic agents can lead to additive or syner-
gistic anti-tumor effects, adding to our arsenal of non-
toxic therapeutic options which can be made available for
patients with late-stage, highly advanced prostate cancer.
Development of these novel approaches will have a direct
impact on reducing the morbidity and mortality in the
prostate cancer patient population.
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