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Abstract of the original article

Protease-activated receptors (PARs) are a unique class of G protein-coupled receptors that play critical roles in
thrombosis, inflammation, and vascular biology. PAR1 is proposed to be involved in the invasive and metastatic
processes of various cancers. However, the protease responsible for activating the proinvasive functions of PAR1
remains to be identified. Here, we show that expression of PAR1 is both required and sufficient to promote growth
and invasion of breast carcinoma cells in a xenograft model. Further, we show that the matrix metalloprotease,
MMP-1, functions as a protease agonist of PAR1 cleaving the receptor at the proper site to generate PAR1-
dependent Ca?" signals and migration. MMP-1 activity is derived from fibroblasts and is absent from the breast
cancer cells. These results demonstrate that MMP-1 in the stromal-tumor microenvironment can alter the

behavior of cancer cells through PAR1 to promote cell migration and invasion.

Review

Matrix metalloproteinases (MMPs) represent a family
of zinc- and calcium-dependent proteolytic enzymes.
To date 26 structurally related MMPs have been identi-
fied and between them they are responsible for the
degradation of extracellular matrix (ECM) proteins such
as: collagens, proteoglycans, elastins, but also a grow-
ing number of important non-structural proteins such
as growth factors, cytokines, chemokines, matricellu-
lar proteins and cell surface receptors for each of these
(reviewed in refs [1] and [2]). MMPs remain largely
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responsible for normal tissue remodelling and are
also associated with pathological conditions such
as inflammation, arthritis, diabetic nephropathy, ath-
erosclerosis, angiogenesis and tumour invasion and
metastasis. While the traditional view has been that
MMPs play a pivotal role in tumour growth and inva-
sion through structural clearance [3,4], a much
broader gamut of activities has emerged with the rev-
elation of their rather specific and potent additional
effects in either activating or inactivating a host of
important cellular pathways. Numerous in vivo studies
provide evidence that enhanced production of MMPs
or their inhibitors is associated with a more aggressive
growth and poor clinical outcome in breast carcino-
mas (reviewed in ref. [2]).

The novel study by Boire and colleagues [5],
reviewed here, extends the repertoire of non-structural
cleavage associated with MMPs to the activation
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of protease-activated receptor 1 (PAR1) by a matrix
metalloproteinase, MMP-1. MMP-1 cleavage also
allowed PAR1 to retain its Ca?* influx functionality. To
date four different PARs have been identified, PAR1,
PAR2, PAR3 and PAR4, and until now their activation
by MMPs has not been reported. Soluble proteases
can cleave PARs to expose a tethered ligand that
binds and activates the cleaved receptor. Previously
identified activating proteases include the serine
proteases thrombin, plasmin, trypsin, and factor Xa,
as well as activated protein C (APC), Granzyme-A and
Gingipains-R (reviewed in ref. [6]). The current work is
an exciting finding since the authors previously
showed that PAR1 expression levels correlated with
the degree of invasiveness in both primary breast tis-
sue specimens and established cancer cell lines [7].
Furthermore, high levels of PAR1 messenger RNA
(mRNA) were found in infiltrating ductal carcinoma
and very low amounts in normal and pre-malignant
atypical intraductal hyperplasia [8].

MMP-1, identified here as the activating ligand for
PAR1, was also recently launched into the limelight as
a potential marker for progression from atypical duc-
tal hyperplasis (ADH), a common benign breast dis-
ease, to breast malignancy [9]. Of 540 gene products
associated with this progression, MMP-1 showed the
highest (~35-fold) increase in ADH associated with
cancer over ADH with no evidence of cancer within
5 years of ADH diagnosis. MMP-1 has also received
attention through the discovery of promoter polymor-
phisms which lead to its increased expression [10],
although there appears to be differing opinions. There
is some correlative evidence in cell lines [11], however
this has been buffered by studies showing no
evidence of increased allelic frequencies in breast
cancers [12,13].

The issue of which cells express MMP-1 in breast
lesions remains somewhat controversial. The under-
lying principle for the current study is that the breast
cancer cells require stromal fibroblast-derived MMP-1
to activate PAR1, which in turn promotes cell migra-
tion towards the stroma. Boire and colleagues [5]
concluded that MMP-1 from the fibroblastic stroma
promoted growth and invasion of breast carcinoma
cells, as the MDA-MB-231 cells they used clearly
lacked MMP-1 expression in vitro. Indeed, our recent
studies on host and tumoural contributions to MMPs
produced in xenografts, including the MDA-MB-231
cells as well as other better differentiated and patient
proximal xenografts, showed very limited expression
of tumoural MMPs, and strong expression of stromal
(mouse) MMPs. Unfortunately MMP-1 was not
tested, but MMP-2, -9, -11, -13 and MT1-, MT2- and
MT3-MMP (MT, membrane type) human mRNA levels
were generally low in contrast to strong inductions of
the murine counterparts of all except MT2-MMP [14].
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We would anticipate that MMP-1 would behave the
same way, with predominantly stromal expression,
and induction over the resting mammary stroma.
Certainly, in studies of clinical material, high levels of
MMP-1 expression have been associated with the
fibroblastic stromal cells adjacent to the tumour cells
[15-18]. However a recent immunohistochemical
study by Bachmeier and colleagues [19] demon-
strated that the majority of positive labelling for MMP-
1 (and -3, -2 and -9) in 12 tumour samples was in the
tumour cells, rather than the peri-tumoural stroma
cells. They showed a significantly higher proportion
of MMP-positive tumour cells at the tumour periph-
ery rather than the more solid tumour centre.
Although Poola and colleagues [9] did find immunore-
activity in both the parenchymal and stromal tissue,
they detected intensely higher levels in the stromal
tissues. Induction of stromal MMP-1 may be regu-
lated by the production of extracellular matrix metal-
loproteinase inducer (EMMPRIN) by the tumour cells
[20]. EMMPRIN not only induces a range of MMPs in
stromal cells, but also induces itself [21], and its over-
expression in MDA-MB-436 human breast cancer
cells makes them highly invasive and metastatic
[22,23]. Further studies will be required both in model
systems and clinical material to address the source
of MMP-1, and the possibility of autocrine activation
of PAR1 by MMP-1, although, since MMP-1 is a
soluble enzyme, it may be able to activate PAR1
whether produced by the tumour or stroma.

It bears noting that while the MDA-MB-231 cells
used in the current study do not produce any MMP-1
(in agreement with our own studies [24]), others have
shown by reverse transcription polymerase chain
reaction (RT-PCR) [25,26] and by Western blot and
casein-zymography [27] that these cells can have
high levels of MMP-1. Moreover, Brinkerhoff and co-
workers have shown that the MMP-1 produced by
their MDA-MB-231 cells is important for their inva-
sive capacity [28]. It would be interesting to use an
alternative source of MDA-MB-231 cells that has
MMP-1, establish whether PAR1 becomes constitu-
tively activated, and examine how that would affect
the siRNA results. It is surprising, in fact, that MDA-
MB-231 cells do not express MMP-1, because they
constitutively express a number of mesenchymal
transcription factors such as c-ets-1 typically found
in mesenchymal cells, and typically associated with
MMP-1 expression [24,29]. Such indications are
supportive of an epithelial-to-mesenchymal transition
(EMT) as a mode of progression in all carcinomas,
including breast, and MMP expression is closely
associated with the EMT [30].

The choice of oestrogen-dependent MCF-7
breast cancer cells for transfection with PAR1 or
the non-functional mutant (F43A) opens the door to
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speculation about the potential role of the
PAR1/MMP-1 axis in progression to hormone inde-
pendence. The PAR1 transfected MCF-7 cells
showed increased migration and invasion through
Matrigel, and increased tumour growth was seen in
mice injected with the PAR1/N55 clone. Although not
specified, one assumes that Matrigel was not used,
and in our hands MCF-7 take very poorly in nude
mice without Matrigel enhancement [31]. Similarly, it
appears that the experiments were performed in intact
(i.e. non-ovariectomized) mice without additional
oestrogen supplementation, and again, this would
be essential for most MCF-7 isolates. Thus, the
paper hints at an oestrogen-independent effect of
PAR1, and this very exciting suggestion should be
followed up with formal studies in ovariectomized
mice [32].

The lower frequency of MMP-1 expression in
human breast cancer compared to other MMPs [18]
is intriguing, and is perhaps consistent with the low
expression in cancer-unassociated ADH [9]. Unfor-
tunately, no clinical follow up data were available in
the Okada study. It begs the question as to whether
MMP-1 is solely responsible for PAR1 activation
in vivo. Admittedly, extensive comparative testing
with a number of other MMPs by the authors, as well
as parallel results with MMP-inhibitors and PAR1
inhibitors, suggest this could be the case, but these
were limited by the availability of recombinant
MMPs. Certainly, we have also seen considerable inhi-
bition of tumour growth in the MDA-MB-231 mam-
mary fat pad model with Prinomastat/AG 3340 [33].
This agent selectively avoids MMP-1 (Ki = 8.3nM)
compared to MMP-2 and -9 (Ki = 0.05nM), and MT1-
MMP (Ki = 0.33nM) [34]. It does, however, show
substantial inhibition of MMP-13 (Ki = 0.03 nM) [34],
another interstitial collagenase [35]. It will be interest-
ing to determine whether MMP-13 may also have
PAR1 activating activity. Although limited information
exists on the expression of MMP-13 in clinical breast
cancers, it has shown a compelling expression distri-
bution close to disturbances in the basement mem-
brane of ductal carnicoma in situ (DCIS) [36], and we
found it strongly induced in the host tissue associated
with all breast cancer xenografts we studied [14].

Thus, the work under review builds on a substantial
history of MMP-1 in human breast cancer from the
perspectives of promoter polymorphism, paracrine
induction and production, epithelial-to-mesenchymal
transition, and most recently, a predictive role in pro-
gression from ADH. As asserted by both the authors
and the comments of Pei [37], given the problems
encountered with MMP-inhibition clinically [3,38] the
potential for targeting a downstream mediator such
as PAR1 for blocking the progression and angiogen-
esis of invasive and metastatic breast cancers is
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highly attractive. The work under review is an excit-
ing development.
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