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Abstract

Purpose: PCK3145 is a synthetic peptide corresponding to amino acids 31–45 of prostate secretory protein 94, which
can reduce experimental skeletal metastases and prostate tumor growth in vivo. Part of its biological action involves
the reduction of circulating plasma matrix metalloproteinase (MMP)-9, a crucial mediator in extracellular matrix
(ECM) degradation during tumor metastasis and cancer cell invasion. The antimetastatic mechanism of action of
PCK3145 is however, not understood. Experimental design: HT-1080 fibrosarcoma cells were treated with
PCK3145, and cell lysates used for immunoblot analysis of small GTPase RhoA and membrane type (MT)1-MMP
protein expression. Conditioned media was used to monitor soluble MMP-9 gelatinolytic activity by zymography
and protein expression by immunoblotting. RT-PCR was used to assess RhoA, MT1-MMP, MMP-9, RECK, and
CD44 gene expression. Flow cytometry was used to monitor cell surface expression of CD44 and of membrane-
bound MMP-9. Cell adhesion was performed on different purified ECM proteins, while cell migration was spe-
cifically performed on hyaluronic acid (HA). Results: We found that PCK3145 inhibited HT-1080 cell adhesion
onto HA, laminin-1, and type-I collagen suggesting the common implication of the cell surface receptor CD44. In
fact, PCK3145 triggered the shedding of CD44 from the cell surface into the conditioned media. PCK3145 also
inhibited MMP-9 secretion and binding to the cell surface. This effect was correlated to increased RhoA and MT1-
MMP gene and protein expression. Conclusions: Our data suggest that PCK3145 may antagonize tumor cell
metastatic processes by inhibiting both MMP-9 secretion and its potential binding to its cell surface docking
receptor CD44. Such mechanism may involve RhoA signaling and increase in MT1-MMP-mediated CD44 shed-
ding. Together with its beneficial effects in clinical trials, this is the first demonstration of PCK3145 acting as a
MMP secretion inhibitor.

Abbreviations: ECM – extracellular matrix; HRPC – hormone-refractory prostate cancer; HA – hyaluronan,
hyaluronic acid; MMP-9 – matrix metalloproteinase-9; MT1-MMP – membrane type-1 MMP; PMA – phorbol 12-
myristate 13-acetate; RECK – reversion inducing cysteine-rich protein with Kazal motifs; TGF-b – transforming
growth factor-b; TNF – tumor necrosis factor

Introduction

Prostate cancer is the most frequently diagnosed malig-
nancy and the second leading cause of cancer-related

deaths inAmericanmales [1]. Androgen ablation as initial
therapy for advanced prostate cancer provides high re-
sponse rates but does not cure the disease, as nearly all
men with metastases will eventually progress to hormone
refractory prostate cancer (HRPC). It thus becomes
crucial to develop new strategies to circumvent the pro-
gression of prostate cancer from localized growth to the
invasion of surrounding tissues, and the development of
distant bone and visceral organ metastasis. Prostate
secretory protein 94 (PSP94), also known as prostatic
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inhibin or b-microseminoprotein [2], is one of the three
predominant naturally occurring proteins secreted by the
prostate gland along with prostate-specific antigen and
prostatic acid phosphatase [3]. In previous studies using
the Dunning rat R-3327 MLL xenograft model, we have
shown that PSP94 can reduce experimental skeletal
metastases and prostate cancer growth in vivo [4], and that
the amino acid 31–45 region of PSP94 (PCK3145) was
sufficient to elicit PSP94-mediated anti-tumor effects [5].
More recently, a phase IIa clinical trial indicated that
PCK3145 down-regulated the levels of plasma matrix
metalloproteinase (MMP)-9 in patients with HRPC that
had elevated levels (>100 lg/l) at baseline, while those
with levels below 100 lg/l remained low [6, 7]. Such effi-
cacy in reducing the levels of plasma MMP-9 in patients
receiving PCK3145 suggests a biological effect possibly
targeting the control of tumor-related ECM degradation
and metastasis processes.

Prostate cancer metastasis, especially to the bone, is a
multistep process that occurs at high frequency in patients
with advanced disease causing significant morbidity and
mortality [8]. A key mediator of this metastatic process is
the hydrolysis of the surrounding extracellular matrix
(ECM) by secreted soluble MMPs [9]. Among these,
MMP-9 has been associated with tumor cell invasion and
metastasis and tumor-induced angiogenesis [10]. How-
ever, a major dilemma in our understanding of MMP-9
function is how the released protease is targeted to the
right location at the pericellular space and how this reg-
ulates metastatic processes. Interestingly, recent func-
tional characterization reveals that the cell surface CD44,
a heavily glycosylated transmembrane protein that, as a
consequence of extensive alternative splicing, exists in
multiple variant forms, associates with MMP-9 in cul-
tured murine mammary carcinoma and human mela-
noma cells [11, 12]. Such association of MMP-9 with
CD44 has been suggested to link cell adhesion with peri-
cellular proteolysis [11] and to promote tumor cell inva-
sion in experimental metastasis assays [12]. CD44 cell
surface function and regulation has been recently inves-
tigated by us in order to understand the highly infiltrative/
metastatic phenotype of brain tumor-derived glioblas-
toma cells. We have shown that the caveolar localization
of MT1-MMP, CD44, and RhoA at the leading edges of
migrating glioma cells may initiate a functional crosstalk
that would regulate the infiltrative phenotype of brain
tumors [13]. Moreover, we have also provided evidence
that cell surface shedding of CD44, in part, accounts for
that infiltrative phenotype inU-87 glioblastoma cells [14].

In the present study, we address the possibility of
PCK3145 targeting the above mentioned molecular
pathways that regulate the metastatic phenotype of
cancer cells. Our data provide new molecular evidence
for the antimetastatic properties of PCK3145 as it trig-
gers a RhoA/MT1-MMP-mediated CD44 cell surface
shedding in HT-1080 fibrosarcoma cells. The use of such
cellular model enabled us to simply ascertain the steps of
the metastatic cascade that may further generate
hypotheses that can be eventually evaluated in prostate

cancer. We also show that PCK3145 exhibits a dual
molecular control on MMP-9 functions as it inhibits
both MMP-9 secretion and subsequent MMP-9 cell
surface docking. Altogether, our data suggest that
PCK3145 may antagonize tumor cell invasion processes
by inhibiting a CD44/MMP-9 interaction that would
lead to a decrease in tumor-associated ECM degrada-
tion. The anti-cancer properties of this peptide will be
highly beneficial and may potentially be exploited in
targeting, not only the growth and spread of prostate
cancer cells, but also in the metastasis processes of dif-
ferent other types of cancer.

Materials and methods

Materials

Agarose, sodium dodecylsulfate (SDS), gelatin, bovine
serum albumin (BSA), phorbol-myristate acetate
(PMA), tumor necrosis factor (TNF) and Triton X-100
were purchased from Sigma (Oakville, ON). TriZOL
reagent was from Life Technologies (Gaithersburg,
MD). FUGENE-6 transfection reagent was from Roche
Diagnostics Canada (Laval, QC). Type I collagen was
extracted from rat tail tendon according to classical
protocols [15]. The anti-CD44 R-phycoerythrin-conju-
gated mouse anti-human monoclonal antibody (G44–
26) and mouse IgG2bj (clone 27–35) were from BD
Pharmingen (Franklin Lakes, NJ). The anti-MT1-MMP
polyclonal antibody AB-815 was from Chemicon. Cell
culture media was obtained from Life Technologies
(Burlington, ON). Electrophoresis reagents were pur-
chased from Bio-Rad (Mississauga, ON). The poly-
clonal antibodies against RhoA and CD44 were
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA) and enhanced chemiluminescence
(ECL) reagents were from Amersham Pharmacia Bio-
tech (Baie d’Urfé, QC). Micro bicinchoninic acid protein
assay reagents were from Pierce (Rockford, IL). All
other reagents were from Sigma-Aldrich, Canada.

Cell culture and cDNA transfection method

The HT-1080 cell line was purchased from American
Type Culture Collection and maintained in Dulbecco
Minimum Essential Medium (DMEM) containing 10%
(v/v) fetal bovine serum (FBS) (HyClone Laboratories,
Logan, UT), 2 mM glutamine, 100 units/ml penicillin,
100 lg/ml streptomycin, and were cultured at 37 �C
under a humidified atmosphere containing 5% CO2. The
MT1-MMP cDNA was generated and validated by us,
and encoded the full length MT1-MMP protein (Met1–
Val582) [16]. HT-1080 cells were transiently transfected
with cDNA using the non-liposomal formulation FU-
GENE-6 transfection reagent. Transfection efficiency
was confirmed by Western blotting. All experiments
involving these cells were performed 36 h following
transfection. Mock transfections of HT-1080 cultures
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with pcDNA (3.1+) expression vector alone were used
as controls.

Total RNA isolation and reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from monolayers of cultured
HT-1080 cells using the TriZOL reagent. One microgram
of total RNA was used for first strand cDNA synthesis
followed by specific gene product amplification with the
One-Step RT-PCR Kit (Invitrogen, Burlington, ON).
Primers for MMP-9 (forward: 5¢-AAGATGCTGCT
GTTCAGCGGG-3¢, reverse: 5¢-GT CCTCAGGGC-
ACTGCAGGAT-3¢) [17], CD44s (forward: 5¢-TTTG
CCTCTTACAGTTGAGCCTG-3¢, reverse: 5¢-GGTG
CCATCACGGTTGACAATAG-3¢) [12], RECK (for-
ward: 5¢-CCTCAGTGAGCACAGTTCAGA-3¢, re-
verse: 5¢-GCAGCACACACACTGCTGT A-3¢) [18],
MT1-MMP (forward: 5¢-ATTGATGCTGCTCTCTTC
TGG-3¢, reverse: 5¢-GTGAAGACTTCATC GCTGCC-
3¢) [19], and for RhoA (forward: 5¢-CTGG TGATTGTT
GGTGATGG-3¢, reverse: 5¢-GCGATCATAATCTTCC
TGCC-3¢) [20] were derived from human sequences and
PCR conditions were optimized so that the gene products
were at the exponential phase of the amplification.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA amplification was used as an internal housekeep-
ing gene control. PCR products were resolved on 1.5%
agarose gels containing 1 lg/ml ethidium bromide.

Gelatin zymography

To assess the extent of PMA- and TNF-induced extra-
cellular MMP-9 activity, gelatin zymography was used
as described previously [21]. Briefly, an aliquot (20 ll) of
the culture medium was subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) in a gel containing
0.1 mg/ml gelatin. The gels were then incubated in 2.5%
Triton X)100 and rinsed in ddH2O. Gels were further
incubated at 37 �C for 20 h in 20 mM NaCl, 5 mM
CaCl2, 0.02% Brij-35, 50 mM Tris–HCl buffer, pH 7.6,
then stained with 0.1% Coomassie Brilliant blue R-250
and destained in 10% acetic acid, 30% methanol in
H2O. Gelatinolytic activity was detected as unstained
bands on a blue background. All experiments were
carried out with cells that had been serum-deprived by
overnight incubation.

Immunoblotting procedures

Proteins from control and treated cells were separated
by SDS-PAGE. After electrophoresis, proteins were
electrotransferred to polyvinylidene difluoride mem-
branes which were then blocked overnight at 4 �C with
5% non-fat dry milk in Tris–buffered saline (150 mM
NaCl, 20 mM Tris–HCl, pH 7.5) containing 0.3%
Tween-20 (TBST). Membranes were further washed in
TBST and incubated with the primary antibodies
(1/1000 dilution) in TBST containing 3% bovine serum

albumin, followed by a 1 h incubation with horseradish
peroxidase-conjugated anti-rabbit IgG (1/10,000 dilu-
tion for MT1-MMP detection) or anti-mouse IgG (1/
5000 dilution for RhoA, MMP-9 and CD44 detection)
in TBST containing 5% non-fat dry milk. Immunore-
active material was visualized by enhanced chemilumi-
nescence (Amersham Biosciences, Baie d’Urfée, QC).

TCA/acetone precipitation

Trichloroacetic acid (TCA)/acetone precipitation of
secreted soluble MMP-9 or shed CD44 was performed
as follows. Equal volumes (300 ll) of conditioned media
was mixed with 20% TCA/80% ice-cold acetone and
incubated at )20 �C for 1 h. Protein pellet was precip-
itated following centrifugation at 11,500 rpm
(18,000� g) for 15 min at 4 �C in a microcentrifuge. The
supernatant was discarded, protein pellet washed with
1 ml ice-cold acetone and centrifuged as above. Acetone
was drived-off by heating the dry pellet at 95 �C for 5–
10 min.

Flow cytometry analysis

For assessment of cell surface CD44 and MMP-9
expression, cells were detached from plates, as previously
described by us [13], and resuspended in 10% FBS/
DMEM at a concentration of 106 cells/ml, washed twice
and blocked for 15 min at room temperature in PBS
containing 5% inactivated fetal calf serum (FCS/PBS).
The cells were then incubated in 0.5% FCS/PBS with
0.5 lg/ml of the CD44 mAb, MMP-9 mAb or mouse
IgG2bj at room temperature for 30 min, washed once
and resuspended in 0.5%FCS/PBS. Flow cytometry data
was analyzed on a FACS Calibur flow cytometer with
CellQuestPro software (BD Biosciences, Mississauga,
ON).

Cell migration assay

Migration/invasion of cancer cells is a key event in tumor
metastasis. In vitro, this process can be reconstituted by
plating cells onto ECM-coated filters inserted in modified
Boyden chemotactic chambers. Cells were dislodged after
brief trypsinization, washed extensively and resuspended
in MEM at a concentration of 106 cells/ml [13]. Cells
(5� 104) were then dispersed onto 1 mg/ml HA/PBS-
coated chemotaxis filters (Costar; 8)lm pore size) within
Boyden chamber inserts. Migration proceeded for 3 h at
37 �C in 5% CO2. Cells that had migrated to the lower
surface of the filters were fixed with 10% formalin phos-
phate, colored with 0.1% crystal violet/20% methanol
and counted by microscopic examination. The average
number of migrating cells per field was assessed by
counting at least four random fields per filter using
Northern Eclipse software.Data points indicate themean
obtained from three separate chambers within one rep-
resentative experiment. The migration was quantified
using computer-assisted imaging and data are expressed
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as the average density of migrated cells per four fields
(magnification �50).

Cell adhesion assays

Adhesion assays were performed as previously described
[22]. Briefly, adhesion wells were coated with 10 lg/ml
purified ECM protein solutions for 2 h at 37 �C, then
blocked by adding a solution of PBS/BSA 0.5%. Cells
were harvested as a single cell suspension by treatment
with 0.53 mM EDTA in PBS pH 7.2, added to pre-
coated wells and allowed to adhere to the substrata for
4 h at 37 �C. After washing, adherent cells were stained
with a solution of 0.1% crystal violet/20% (v/v) meth-
anol and lysed with 1% SDS. Spectrophotometric
absorbance was then measured at 600 nm.

Statistical data analysis

Data are representative of three or more independent
experiments. Statistical significance was assessed using
Student’s unpaired t-test and was used to compare the
PCK3145 effect to vehicle treated cells. Probability
values of less than 0.05 were considered significant, and
an asterisk (*) identifies such significance in each figure.

Results

PCK3145 inhibits MMP-9 secretion from HT-1080 cells

In the recent phase IIa clinical trial in HRPC,
PCK3145 was shown to reduce the levels of circulating
MMP-9 plasma levels ranging from 34 to 90% in pa-
tients having elevated level of MMP-9 (above 100 lg/l)
at study entry [6, 7]. In order to investigate the effect of
PCK3145 on MMP-9 secretion in vitro, we treated
serum-starved HT-1080 fibrosarcoma cells with
increasing doses of PCK3145 for 24 and 48 h. Doses of
PCK3145 were found not to be cytotoxic as assessed
by the measurement of the pro-apoptotic caspase-3
activity (not shown). MMP-9 extracellular levels were
then assessed by Western blotting and immunodetec-
tion. While MMP-9 extracellular levels continued to
increase from 24 to 48 h in untreated cells, those from
PCK3145-treatments decreased in a dose-dependent
manner (Figure 1a). Interestingly, a 24 h treatment
with PCK3145 decreased MMP-9 by 20%, while a
treatment of 48 h was needed to inhibit by approxi-
mately 80% the extracellular levels of MMP-9 (Fig-
ure 1b). This result confirms those observed in the
phase IIa clinical trial on the efficacy of PCK3145 to
decrease MMP-9 levels up to 90%. Finally, no change
in GAPDH and MMP-9 gene expression was observed
upon treatment of the cells for 48 h with PCK3145 as
assessed by RT-PCR (Figure 1c). Gene expression of
two potential MMP-9 cell surface receptors, CD44 and
RECK (reversion inducing cysteine-rich protein with

Kazal motifs), was also found not to vary upon
PCK3145 treatment (Figure 1c). This suggests that
PCK3145 inhibits intracellular signal transduction
mechanisms that regulate MMP-9 secretion.

PCK3145 inhibits PMA- and TNF-induced MMP-9
secretion from HT-1080 cells

In order to evaluate the capacity of PCK3145 to inhibit
signal transduction leading toMMP-9 secretion, we have
treated HT-1080 cells with two extremely potent MMP-9
inducers in the presence of PCK3145. Gelatin zymogra-
phy confirmed the inhibitory effect of PCK3145 on
MMP-9 secretion (Figure 2a), and was used to monitor
the effects of PCK3145 on phorbol-myristate-acetate
(PMA)- and tumor necrosis factor (TNF)-inducedMMP-
9 secretion as described in the Methods Section. This
resulted in low levels of detectable basal MMP-9 gela-
tinolytic activity (Figure 2b). In contrast, while PCK3145
was able to inhibit basalMMP-9 secretion (Figures 1 and
2a), we show that PMA as well as TNF induced high
MMP-9 secretion (Figure 2b). Interestingly, this PMA-
and cytokine-mediated effect on MMP-9 was also sig-
nificantly inhibited by PCK3145 (Figure 2c). This result
suggests that PCK3145 may efficiently inhibit intracellu-
lar transduction mediated by serine/threonine protein
kinase (PKC, PMA being an analog of diacylglycerol) or
that signaling triggered by cytokines.

PCK3145 specifically inhibits cell adhesion to laminin,
type-I collagen and hyaluronic acid

ECM recognition is a crucial event in the cell adhesion
process involved in tumor progression. This process is
mediated and regulated through specialized cell surface
receptors and integrins. Recent evidence suggests that
a potential crosstalk between soluble MMP and cell
surface integrins may regulate the cell’s ability to rec-
ognize and adhere to its ECM environment [23]. We
tested whether PCK3145 potentially downregulated
HT-1080 cell adhesion. HT-1080 fibrosarcoma cells
were treated with 300 lg/ml PCK3145 for 48 h, then
dislodged and seeded onto purified ECM proteins-
coated dishes as described in the Methods Section. We
observed that cells pre-treated with PCK3145 had their
adhesion significantly diminished by 31% on type-I
collagen, 23% on laminin, and by 46% on hyaluronic
acid (hyaluronan, HA) (Figure 3). Cell adhesion was
unaffected on the other ECM proteins tested (fibro-
nectin, vitronectin, elastin, and fibrin) (Figure 3).
These results suggest that the expression or the func-
tion of specific cell surface receptors either from the
integrin or non-integrin family is regulated by
PCK3145. One common cell surface receptor that may
recognize all three ECM proteins, that are HA, lami-
nin, and collagen, is CD44, which has recently been
shown to also regulate prostate cell adhesion to
extracellular HA [24–26].

432 B. Annabi et al.



PCK3145 regulates the expression of CD44 functional
regulators RhoA and MT1-MMP, and inhibits cell
migration on hyaluronic acid

Since CD44 gene expression was not affected by
PCK3145 (Figure 1c), we sought to evaluate whether
CD44 functional regulation would be affected by
PCK3145. Recent evidence suggests that GTPase RhoA
and MT1-MMP, two of the main CD44 functional

regulators that also play an important role in number of
processes related to metastasis, decreased cell migration
and adhesion to HA [14]. Serum-starved HT-1080 cells
were thus incubated with PCK3145 in conditions that
significantly antagonize MMP-9 secretion (Figure 1a
and b). Total RNA as well as cell lysates was isolated in
order to specifically monitor RhoA and MT1-MMP
respective gene and protein expression. We found that
PCK3145-treated cells had their protein levels of RhoA

Figure 1. Extracellular MMP-9 levels are decreased in PCK3145-treated HT-1080 cells. (a) HT-1080 fibrosarcoma cells were treated with
increasing PCK3145 concentrations for either 24 or 48 h in serum-free media. Equal volumes (300 ll) of the conditioned media were TCA/
acetone-precipitated and MMP-9 protein levels assessed by Western blotting and immunodetection with anti-MMP-9 antibody. (b) Quantifi-
cation of the combined latent proMMP-9 and active MMP-9 immunoreactive bands was performed by scan densitometry from a representa-
tive experiment. (c) Total RNA was isolated from 48 h PCK3145-treated cells and RT-PCR performed. Amplified cDNA fragments of
MMP-9, CD44, RECK, and GAPDH were run on 1.8% agarose gels containing ethidium bromide.
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and MT1-MMP significantly increased (Figure 4a, left
panel). This increase was correlated with increased gene
expression when RT-PCR was performed with specific
RhoA and MT1-MMP primers (Figure 4a, right panel).
GAPDH protein and gene expression were used as
internal control and found not to vary upon PCK3145
treatment. Densitometry quantification of both protein
(black bars) and gene (gray bars) expression of RhoA
and MT1-MMP is provided in Figure 4b. These results
highlight the potential role of RhoA/MT1-MMP sig-
naling axis as being critical for CD44 functions in
binding HA and that would be inhibited by PCK3145.
Next, we transfected cells with the MT1-MMP cDNA
and subjected them to PCK3145 treatment. Conditioned
media from the respective conditions was TCA/acetone-
precipitated and Western blotting followed by anti-
CD44 immunodetection performed. We show that cells
submitted to PCK3145 treatment induced endogenous
MT1-MMP expression (Figure 4c), and that transfec-
tion with MT1-MMP resulted in the appearance of a
recombinant immunoreactive MT1-MMP protein (Fig-
ure 4c). Total extracellular signal-regulated kinase
(ERK) protein expression is used as an internal loading

Figure 3. PCK3145 specifically inhibits HT-1080 cell adhesion to
laminin, hyaluronic acid and to type-I collagen. HT-1080 fibrosar-
coma cells were treated (black bars) or not (white bars) with 300 lg/
ml PCK3145 for 48 h. Cells were then trypsinized and seeded on
10 lg/ml purified extracellular matrix proteins (BSA, bovine serum
albumin; Coll, type-I collagen; Elast, elastin; Fb, fibrin; Fn, fibronec-
tin; HA, hyaluronic acid; Lam, laminin-1; Vn, vitronectin) as de-
scribed in the Methods Section. Cell adhesion was left to proceed for
4 h. Probability values of less than 0.05 were considered significant,
and an asterisk (*) identifies such significance against the respective
value of untreated cells that adhered to the specific ECM protein.

Figure 2. PCK3145 inhibits PMA- and TNF-induced MMP-9 secretion in HT-1080 cells. (a) Serum-starved HT-1080 fibrosarcoma cells were
treated with increasing PCK3145 concentrations for 48 h in the absence or (b) presence of PMA (50 lg/ml) or TNF (10 lg/ml). Conditioned
media was collected and 20 ll used to perform gelatin zymography as described in the Methods Section. (c) Densitometric quantification of
the total extracellular levels of MMP-9 (combined latent proMMP-9 and active MMP-9) was performed from three independent experiments.
Values are expressed as the percent of either untreated cells (white bars, values taken from Figure 2a), PMA-treated cells (black bars, values
taken from Figure 2b), or TNF-treated cells (gray bars, values taken from Figure 2b).
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control and did not show change in all conditions
(Figure 4c). Interestingly, a proteolytic fragment of
75-kDa with CD44-immunoreactivity was detected in
the conditioned media of both PCK3145-treated and
MT1-MMP transfected cells (Figure 4c). This increase
in CD44 shedding into the conditioned media was
increased in PCK3145-treated MT1-MMP-transfected
cells, but was not consistently induced suggesting a po-
tential additive effect. Such effect has been already
reported by many groups and is established as one of the
MT1-MMP endpoint-mediated functions, together with
the activation of proMMP-2, in the regulation of the
ECM adhesion. The potential implication of decreased
CD44 function thus prompted us to finally test the effect
of PCK3145 on the migration of cells on top of
HA-coated filters. The results show that PCK3145 pre-
treatment decreased basal HT-1080 cell migration by
approximately 50% (Figure 4d). As expected, decreased
cell migration on HA was similarly observed in RhoA-
and MT1-MMP-transfected cells (Figure 4d). Collec-
tively, the inhibitory action of PCK3145 on HA
recognition and subsequent cell adhesion/migration
processes suggests that the expression of HA cell surface
receptors such as those from the CD44 family could be

targeted. Moreover, it is tempting to further suggest that
this may also be a secondary regulation by PCK3145 of
potential diminished cell surface docking of MMP-9 to
CD44.

MMP-9 cell surface binding is downregulated
in PCK3145-treated cells

In order to test the impact of the above forwarded
hypothesis that PCK3145 triggers CD44 cell surface
shedding, HT-1080 fibrosarcoma cells were treated with
PCK3145. Cells were then subjected to immunopheno-
typing with either anti-CD44 or anti-MMP-9 antibodies
as described in the Method Section. Flow cytometry was
then performed to assess the respective cell surface levels
of CD44 and membrane-bound MMP-9. In accordance
with the capacity of PCK3145 to trigger the release of a
CD44 immunoreactive fragment into the media, we
show that the basal levels of CD44 and membrane-
bound MMP-9 (Figure 5a, upper panels) were decreased
in PCK3145-treated cells (Figure 5a, lower panels). This
was quantified and shown to represent a 26% decrease
in CD44 cell surface expression, and a 52% decrease in

Figure 4. PCK3145 induces RhoA and MT1-MMP gene and protein expression that leads to CD44 cell surface shedding and decreased cell
migration on hyaluronic acid. (a) HT-1080 fibrosarcoma cells were treated or not with 300 lg/ml PCK3145 for 48 h. Cell lysates and total
RNA was isolated in order to perform Western blotting or RT-PCR as described in the Methods Section. (b) Densitometry was performed in
order to quantify the extent of protein (black bars) and gene expression (gray bars) induction by PCK3145 of RhoA and MT1-MMP. Data
are expressed as the ratio of protein/gene expression over that of GAPDH. (c) HT-1080 cells were cultured on plastic dishes and subse-
quently transfected with empty vector (Mock) or with a cDNA plasmid encoding MT1-MMP. Thirty-six hours post-transfection, cells were
starved in serum-free media containing or not 300 lg/ml PCK3145 for 18 h. Cell lysates were used to monitor MT1-MMP endogenous and
recombinant MT1-MMP. Conditioned media was then collected and centrifuged to eliminate any floating cells. Equal volumes (600 ll) of the
conditioned media were TCA/acetone-precipitated and subjected to Western blotting and immunodetection of CD44. (d) Alternatively, 36 h
post-transfection, cells were harvested by brief trypsinization and 5� 104 cells seeded on hyaluronic acid-coated filters. Migration was allowed
to proceed as described in the Methods Section. Probability values of less than 0.05 were considered significant, and an asterisk (*) identifies
such significance against control (untreated or Mock cells). A representative immunodetection of the recombinant RhoA protein is shown.
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membrane-bound MMP-9. This effect of PCK3145 on
CD44 cell surface expression may in part explain the
decreased adhesion to HA, collagen, and laminin which
all represent ligands of CD44 extracellular domain [27].
More importantly, this also suggests a potential
secondary level of regulation of PCK3145 on mem-
brane-bound MMP-9 functions that could complement
its primary inhibition on MMP-9 secretion.

Discussion

Prostate cancer metastasis is a dynamic process involv-
ing adhesive interactions between cancer cells and ECM,
and is an inevitable evolution in prostate carcinogenesis
in HRPC patients [28]. New therapies that specifically
target molecular entities regulating metastatic processes
must be developed and mechanism of action under-

Figure 5. PCK3145-treated cells inhibits CD44 cell surface expression and MMP-9 cell surface binding. (a) HT-1080 fibrosarcoma cells were
treated or not with 300 ug/ml PCK3145. Cells were then harvested and immunophenotyping performed for cell surface expression of CD44
(left panels) and MMP-9 (right panels). Flow cytometry was used to monitor CD44 cell surface protein expression in untreated (upper pan-
els) or PCK3145-treated cells (lower panels). White tracings represent immunofluorescence using the isotype control IgG. (b) Flow cytometric
results were quantified and the ratio of relative geometric mean values calculated. The effect of PCK3145 (black bars for CD44, gray bars for
MMP-9) on the relative expression of cell surface CD44 or MMP-9 is expressed in percent of untreated cells (white bars) and are representa-
tive of three independent experiments.

436 B. Annabi et al.



stood. The discovery of PCK3145 as a novel potential
anti-metastatic agent against HRPC provides a viable
alternative among traditional cytotoxic therapies. In
fact, the recently conducted phase IIa dose escalating
clinical trial demonstrated that PCK3145 was safe and
well tolerated in all doses (from 5 to 80 mg/m2) in
patients with metastatic HRPC. A downregulation in
levels of circulating plasma MMP-9 ranging from 34 to
90% in patients having an elevated level of MMP-9
(above 100 lg/l) at study entry was also observed after
the treatment with PCK3145 [6, 7]. This in vivo
PCK3145 activity suggests a biological effect possibly
related to the control of MMP-9 mediated metastasis
and prompted us to further explore the PCK3145
mechanism of action.

In the present study, we provide the first molecular
basis for the action of PCK3145 against tumor growth
and metastasis. The use of HT-1080 fibrosarcoma cells
enabled us to model certain steps of the metastatic
cascade that may relate to MMP-9-mediated ECM
hydrolysis. Since we have tested a prostate secretory
protein (PSP)94-derived peptide, our current data, in
turn, generate hypotheses that can be eventually evalu-
ated in prostate cancer. PCK3145 can indeed inhibit
cell–ECM interaction, and more specifically interaction
towards laminin, type-I collagen, and HA. Among these
ECM proteins, insoluble laminin-rich ECM is one of the
major components of the surrounding stroma from
which the primary tumor site-derived prostate cancer
cells will have to escape [28, 29]. Once cancer cells
metastasize and reach the bone, they must then utilize
the bone microenvironment to survive and propagate.
Since the main component of bone ECM is type I col-
lagen [30], the PCK3145 inhibitory effect of cell adhe-
sion to that particular ECM protein becomes extremely
relevant and supports its use as a potential antimetastic
agent. Interestingly, while binding to both laminin and
type-I collagen can be mediated through integrin cell
surface receptors such as a3b1 [31], recent evidence also
suggests that another transmembrane protein, CD44,
which acts as a cell surface receptor for HA and as a
docking receptor for MMP-9 [11], potentiated the
adherence of metastatic prostate cancer cells to bone
marrow endothelial cells [24]. Accordingly, we show that
PCK3145, in conjunction with its inhibitory effect on
cell adhesion to type-I collagen and to laminin, also
inhibited cell adhesion and migration onto HA. More-
over, we show that PCK3145 triggers CD44 cell surface
shedding as a potential secondary mechanism of regu-
lation of MMP-9 functions. PCK3145 may thus effi-
ciently inhibit MMP-9-mediated metastatic processes
through both MMP-9 secretion and its subsequent
binding to the cell surface.

Association of MMP-9 with the cell surface is med-
iated by a distinct array of surface proteins that serve to
regulate multiple aspects of the enzyme function
including localization, inhibition and internalization
[32]. Together with its inhibitory effect on MMP-9
secretion, our study specifically provides molecular

evidence for an additional effect of PCK3145 on the cell
surface association of MMP-9. Our observations suggest
alternate new and unexpected conceptual considerations
of this therapeutic peptide in targeting cancer cells
metastasis processes. For instance, MMP-9 bound to the
CD44 receptor is thought to process latent transforming
growth factor (TGF)-b to its active form and to pro-
mote a degradative phenotype [11, 33, 34]. It becomes
tempting to suggest that one of the PCK3145 biological
consequences in inhibiting MMP-9 secretion and sub-
sequent cell surface binding in metastatic processes may
thus potentially impact on TGF-b ability to promote
malignant progression and metastasis in inflammatory
processes [35], bone metastatic tumor cells [36] and in
prostate cancer cells [37].

The signal transducing events that lead to CD44
releasing process is also of particular interest in the
PCK3145 action. Such proteolytic shedding from cells
has been documented to involve intracellular signaling
triggered by phorbol esters as well as cytokines [38, 39],
two very potent inducers of MMP-9 in invading cells
[40]. Interestingly, our results highlight the PCK3145
ability to efficiently inhibit PMA- and TNF-induced
signaling. The latter pro-inflammatory cytokine being
highly expressed in the serum of metastatic prostate
cancer patients [41]. Moreover, while we show that
PCK3145 was able to inhibit PMA- and TNF-induced
MMP-9 secretion, PCK3145 also led to MT1-MMP
activation and subsequent MT1-MMP-mediated CD44
proteolytic shedding. PCK3145-induced MT1-MMP-
mediated CD44 shedding is supported by recent
structure–function analysis demonstrating that the
hemopexin-like domain of MT1-MMP was responsible
for the binding and subsequent shedding of the standard
haematopoietic form of CD44 [42]. This observation,
however, suggests that several possible intracellular
transduction pathways, besides that triggered by PMA
and TNF, may be involved and regulated by PCK3145
action.

Interactions of prostate cancer cells within their
microenvironment involve activation of cell surface
receptors of integrin and non-integrin family, and this is
reflected by the multiple downstream intracellular sig-
naling triggered. Among these, intracellular Rho family
GTPases play an important role in a number of pro-
cesses related to metastasis, such as assembly of filopo-
dia, lamellipodia and stress fibres [43]. Interestingly,
RhoA-mediated signaling was also shown to regulate
CD44 functions [44–46], and this mode of action is
compatible with the induction of RhoA by PCK3145.
Signaling that leads to the shedding of CD44 thus ap-
pears to regulate cell adhesion and migration involved in
metastasis. Altogether, this published evidence further
provides an interesting PCK3145-mediated intracellular
crosstalk linking RhoA to the cell surface proteolytic
activity and expression of MT1-MMP, which in turn
regulates CD44 shedding and impairs MMP-9 cell sur-
face docking. Accordingly, a crucial RhoA/MT1-MMP
signaling axis that regulated the cell surface shedding of
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CD44 was recently highlighted [14]. Noteworthy, cell
fractionation data suggest that RhoA, CD44, MT1-
MMP, and MMP-9 have the potential to co-localize at
common cell surface Triton X-100-insoluble and cho-
lesterol-enriched membrane domains termed caveolae
[19, 47–49]. Interestingly, we show that PCK3145 targets
all of these caveolae-associated proteins. Since caveolae
also function as regulators of signal transduction in the
pathogenesis of oncogenic cell transformation, tumori-
genesis, and metastasis [50], it is tempting to suggest that
PCK3145 acts as an inhibitor of caveolae-mediated
intracellular transduction pathways that control MMP-
9 secretion and cell–ECM interaction. As such, caveolin-
1-mediated inhibition of invasion and metastasis was
recently reported to occur partly through inhibition of
MMP-2 and MMP-9 secretion [51], while genetic abla-
tion of caveolin-1 delayed advanced prostate tumor
development [52]. Whether PCK3145 regulates caveolin
expression and/or functions is currently under investi-
gation.

In conclusion, our current study shows that PCK3145
may target MMP-9-mediated cancer cells metastatic
processes through the suppression of MMP-9 secretion
and binding to the cell surface. This process, may in part
involve the proteolytic shedding of CD44 through a
RhoA/MT1-MMP-mediated mechanism. Moreover, we
show that PCK3145 can potentially inhibit cytokines-
and PMA-induced MMP-9 secretion suggesting a role as
a signal transduction inhibitor. The implications of such
pleiotropic mode of action of PCK3145 on MMP-9
functions may make an impact, not only in cancer, but
also on pathological processes in which MMP-9
expression is upregulated such as inflammatory, degen-
erative, vascular, and infectious diseases.
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