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Matrix Metalloproteinases and Their Role in Pancreatic Cancer:
A Review of Preclinical Studies and Clinical Trials

Mark Bloomston, MD, Emmanuel E. Zervos, MD, and Alexander S. Rosemurgy I, MD

Abstract: Matrix metalloproteinases (MMPs) have received much attention in recent years for
their role in avariety of malignancies. Pancreatic cancer is no exception; MMP-2 and MM P-9 show
high levels of expression in clinical and experimental models. Inhibition of MM Ps has shown great
promise with synthetic inhibitors, such as BB-94, as tumorostatic agents in preclinical models,
particularly when these are combined with gemcitabine. These findings have led to several clinical
trials using the MMP inhibitors Marimastat and BAY 12-9566. Herein, we discuss the roles of
MMPs and their inhibition in pancreatic cancer.

Key Words: Pancreatic cancer—Matrix metall oproteinass—MMP—TIMP.

The hallmarks of pancreatic cancer are growth of
tumor into surrounding vascular and visceral structures
and distant tumor spread that precludes operative extir=
pation. These processes occur relatively early in the
biological behavior of pancreatic cancer, making it the
fifth most common cause of cancer-related deaths in the
United States.* These phenomena require.degradation of
the surrounding extracellular matrix. Matrix metallopro-
teinases (MMPs) are a family of zinc-dependent proteo-
Iytic enzymes capable of degrading the extracellular ma-
trix. To date, 18 different subtypes have been identified,
and these are divided into 5 groups: stromelysins, colla-
genases, gelatinases, membrane types, and others (Table
1).2-5

MMPs occur naturally and have normal physiologic
roles, including, but not limited to, organogenesis, fer-
tilization, wound healing, and inflammation.6-8 Re-
cently, MMPs have been investigated for their role in
tumorigenesis and cancer progression.%10
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MMP EXPRESSION

MMP_expression is regulated at the transcriptional
level and can be induced by a variety of growth factors,
oncogenes, hormones, and cytokines.211.12 Recent stud-
ies have shown that transcriptional activation is depen-
dent on the hinding of heterodimers of c-fos and c-jun
proto-oncogene products to the activator protein-1
(AP-1) site1314 This association alows for maximal
activation of the promoters of the inducible MMPs
(MMP-1, MMP-3, MMP-7, MMP-9, MMP-10, MMP-
12, and MMP-13).1516 As such, studies using gene co-
transfection to overexpress c-jun and c-fos have shown
enhancement of MMP-1 promoter activity while anti-
sense messenger RNA expression for c-jun attenuates
MMP-1 expression.1317.18

Mitogen-activated protein kinases (MAPKS) are intri-
cately involved in the expression of the components
involved in MMP promoter induction via AP-1 and its
association with c-jun and c-fos. In particular, three spe-
cific MAPK classes have been implicated: extracellular
signal-regulated kinase, stress-activated protein kinase/
Jun N-terminal kinases, and p38 MAPK.19-21 |t is gen-
erally thought that the balance between these MAPK
pathways regulates cell growth, differentiation, survival,
and death. In tumorigenesis, however, these pathways act
synergistically to upregulate MMP expression in re-
sponse to a variety of stimuli (e.g., cytokines, growth
factors, and cellular stress).22
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TABLE 1. Family of matrix metalloproteinases (MMPs)

Stromelysins Membrane-type MMPs
MMP-3 MMP-14 (MT-MMP1)
MMP-7 (Matrilysin) MMP-15 (MT-MMP2)
MMP-10 MMP-16 (MT-MMP3)
MMP-11 MMP-17 (MT-MMP4)
MMP-12 (Metalloel astase) MMP-24 (MT-MMP5)

Collagenases Other MMPs
MMP-1 MMP-18 (Xenopus MMP)
MMP-8 MMP-19
MMP-13 MMP-20 (Enamelysin)

Gelatinases
MMP-2
MMP-9

MMP ACTIVATION

MMPs are produced and secreted in latent forms that
reguire extracellular activation. This regulatory step can
be accomplished in avariety of ways. Organomercurials,
such as p-aminophenylmercuric acetate, can be used in
vitro to bind to the conserved cysteine in the propeptide,
releasing its covalent bond to the catalytic zine.ion and
thus promote autocatalytic cleavage of the proform of
MMP to form active MMP.2324 |n vivo, the propeptide
can be cleaved in a similar fashion by a host of extra-
cellular proteinases (e.g., plasmin, serine proteases, and
other MMPs). Pro-MMP-11, for example, can also be
activated intracellularly by the Golgi-associated protein-
ase, furin.s

Another example of MMP Jactivity induction is the
complex activation of MMP-2; which involves mem-
brane-bound MMP type 1 (MT-MMP1) a the cell sur-
face. Thisinteraction requires atissue inhibitor of MMP,
TIMP-2, to bind to and inactivate MT-MMP1; this al-
lows pro-MMP-2 to bind and form a complex on the cell
surface which acts as a substrate for asecond MT-MMP1
molecule. The result is cleavage of the:propeptide of
MMP-2 to produce the active form.26-28 This complex
formation intimately associates MMP-2 with the cell

surface, potentially involving it in the process of cell
invasion.

MMPs IN PANCREATIC CANCER

MMP expression is upregulated in a variety of malig-
nancies and correlates with the invasive and metastatic
potential of thyroid, prostate, ovarian, gastric, lung, head
and neck, and colorectal carcinomas.3* MMPs aso seem
to play an important role in the progression of pancreatic
cancer. Bramhall et al.2° evaluated the resected tumors of
17 patients with pancreatic cancer for MMP-2, MMP-3,
MMP-7, and MMP-11 by Northern blot analysis and in
situ hybridization. MM P-2 messenger RNA was the most
commonly expressed MMP in tumor specimens (93%)
but was not seen in normal pancreas from 17 transplant
donor patients. It is clear that MMPs, particularly
MMP-2 and, to a lesser extent, MMP-9, play an impor-
tant role.in the pathogenesis of pancreatic cancer,30-32
but their exact role and correlation with clinicopatho-
logic characteristics and patient outcomes is yet to be
fully elucidated (Table 2). The high degree of MMP
expression in pancregtic cancer, along with universally
poor survival associated with even relatively early dis-
ease, makes such clinicopathologic correlations very
difficult.

TISSUE-INHIBITORS OF
METALLOPROTEINASES

TIMPs are smaller (22—30 kDa), naturally occurring
proteins capable of binding and inactivating MM Ps. Four
TIMPs have been identified (TIMP-1, TIMP-2, TIMP-3,
and TIMP-4), each with its own physiologic role.3334
The common.thread within this family of enzymes is
their ability to form noncovalent bonds with the latent
and active forms of MMPs with a 1:1 stoichiometry.

TABLE 2. MMP expression in pancreatic cancer

y Study No. Patients MMP Findings

1995 Gress et al.3t 8 2,9 Correlation with degree of desmoplasia

1998 Koshiba et a.32 33 2,9 Correlation with tumor extent, nodal status, metastases, and
recurrence rate (MMP-2 only)

1999 Kuniyasu et & .58 22 2,9 No correlations

1999 Ito et a.%° 46 1 Correlation with survival

2000 Gong et al.5° 15 2,9 Correlation with nodal status

2000 Maatta et al .6t 35 2,9, MT1 No correlations

2000 Ellenrieder et a.62 18 2, MT1, MT2, MT3 Correlation with degree of desmoplasia

2001 Fukushima et al.e3 70 7 Correlation with tumor extent, nodal status, and TNM
classification

2001 Y amamoto et al.64 70 7 Correlation with tumor extent, nodal status, TNM classification,
and survival

MMP, matrix metalloproteinase; MT, membrane-bound; TNM, tumor, node, metastasis.
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Once bound to the latent form of MMP, TIMP delays its
activation but does not permanently inhibit it.3> TIMP
can aso bind to the active site of activated MMP, thus
inhibiting matrix degradation.36.37

The exact of role of TIMPs in cancer progression
remains poorly understood. Although TIMPs, by defini-
tion, are involved in the inhibition of MMPs, thereby
imparting an antitumoral effect, they are also involved in
the activation of MMPs, thus potentially promoting tu-
mor progression. The literature is replete with studies
attempting to correlate TIMP expression, particularly
TIMP-1 and TIMP-2, with clinicopathologic character-
istics (Table 3). Nonetheless, the exact role of TIMPs in
tumorigenesis is not completely understood.

MMP INHIBITION IN PANCREATIC CANCER

Preclinical Studies

There has been much interest in the utility of MMP
inhibition as antitumoral therapy in several malignancies,
particularly in pancreatic cancer. The synthetic MMP
inhibitor BB-94 (Batimastat, British Biotech, Oxford,
United Kingdom) has been shown to inhibit MM P ac-
tivity in a pancreatic cancer cell line in two ways: by
preventing the activation of pro-MMP and by directly
binding the catalytic site of activated MMP.38 These
findings translated into a decrease in pancreatic' cancer
cell invasion through a reconstituted matrix'in a’'dose-
dependent fashion without-affecting cell proliferation in
Vvitro.3940 |n an orthotopic nude mouse madel in which
tumor cells were injected directly into the ‘head of the
pancreas after celiotomy, fewer tumor implantations and
metastases were seen, ultimately imparting a survival
advantage in the treated animals.#* The protective effect

of BB-94 seems to be the result of preferential MMP-2
(vs. MMP-9) inhibition.42 The surviva benefit of MMP
inhibition is enhanced by the addition of the cytocidal
agent gemcitabine compared with either agent alone,
even after tumor implantation.*3

Clinical Trials

The encouraging preclinical benefits of MMP inhibi-
tion have given rise to severa clinical pancreatic cancer
trials using the orally bioactive synthetic MMP inhibitors
BB-2516 (Marimastat, British Biotech, Oxford, United
Kingdom) and BAY12-9566. In a phase | study in
healthy male volunteers, Marimastat was determined to
be safe at doses as high as 100 mg twice daily (BID),
with few side effects, which were similar to those with
placebo.4* Because Marimastat is tumorostatic rather
than tumoricidal, it was predicted that chronic dosing
would be necessary and that reductive tumor responses
in patients with advanced disease would be subtle and
difficult to detect. For this reason, in a series of six
subsequent disease-specific phase /11 trials for pancre-
atic, prostate, ovarian, and colorectal cancers, changesin
measurements of tumor markers (cancer antigen [CA]
19-9, prostate-specific antigen, CA 125, and carcinoem-
bryonic antigen, respectively) were used as determinants
of tumar response.*s Specifically, patients with a =25%
increase in serum tumor markers over the preceding
4-week screening period were eligible for enrollment.
The end paint oftumar.response was determined as a
decrease in the rate-of 'tumor  marker increase over the
28-day treatment period.*> The combined results of these
studies demonstrated a dose-dependent decrease in the
rate of rise of serum tumor markers. This trandated into

TABLE 3. Expression of tissue inhibitors of matrix metalloproteinase (TIMP) in various malignancies

y Study Cancer type No. Patients TIMP Findings

1997 Ree et al.% Breast 34 1,2 Positive correlation with nodal status (TIMP-1 only),
metastases (TIMP-1,2); negative correlation with
surviva (TIMP-2 only)

2002 Nakopoulou et al.t Breast 136 2 Positive correlation with differentiation and survival

1998 Ko et al.67 Gastric 45 2 Negative correlation with nodal status

2000 Joo et al.%8 Gastric 65 1,2 Positive correlation with tumor extent and TNM
classification (TIMP-1 only); negative correlation with
survival (TIMP-1 only)

1999 Moser et al.5° Cervica 154 2 No correlations

1999 Davidson et al.™ Cervica 49 2 Positive correlation with TNM classification; Negative
correlation with survival

1999 Joo et al.™ Colorectal 54 1,2 Positive correlation with nodal status and TNM
classification (TIMP-1 only); negative correlation with
survival (TIMP-1 only)

2000 Holten-Andersen et a.”2 Colorecta 588 (serum) 1 Negative correlation with survival

1995 Gress et al.3t Pancreatic 8 1,2 Positive correlation with degree of desmoplasia

2000 Gong et al.%° Pancreatic 15 1 Negative correlation with nodal status and differentiation

TNM, tumor, node, metastasis.
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a survival benefit in responders compared with nonre-
sponders, although survival was not a specific end point
of the studies. Side effects of therapy were predomi-
nantly musculoskeletal in nature, with 4% of patients
experiencing dose-limiting events, particularly at doses
>50 mg BID. These dose-dependent muscul oskeletal
side effects were dependent on duration, because 21% of
patients continuing therapy beyond 28 days developed
dose-limiting musculoskeletal side effects. 4> In the 64
patients in the study with advanced pancreatic cancer, no
dose-limiting musculoskeletal side effects occurred dur-
ing the 28-day treatment period.4¢ In the 30 patients with
pancreatic cancer who elected to continue therapy be-
yond 28 days, however, significant musculoskeletal side
effects were noted in 10 (33%), 5 of whom (17%) re-
quired dose reduction or discontinuation.46

In a recent phase Il study of 113 patients with ad-
vanced pancreatic cancer that used radiological (comput-
ed tomography) response to therapy in addition to the
changes in serum CA 19-9 levels, 30% showed stabili-
zation or decrease in serum CA 19-9 levels, and 49% had
stable disease by computed tomography over the initial
28-day study period.4” Also, 51% of patients had a de-
crease or stabilization of pain, mobility, and analgesia
scores. Patients who showed a serologic response (i.e.,
decreased CA 19-9) to treatment had a significantly.
improved survival compared with nonresponders (245
vs. 128 days). No difference in survival was seen in
patients with or without radiological response to therapy:
Musculoskeletal side effects were noted in 18% of pa-
tients during the 28-day treatment period and in 68% of
patients who continued treatment beyond 28 days. These
side effects were dose limiting in 27%.

On the basis of the findings of phase | and I trials for
Marimastat in advanced pancreatic cancer-alarge multi-
institutional prospective randomized trial was under-
taken that compared three different doses of Marimastat
with gemcitabine.#® This study randomized 414 patients
with unresectabl e pancreatic cancer due to local invasion
or distant metastases to one of three different doses of
Marimastat (5, 10, or 25 mg BID) or gemcitabine; the
primary end point was survival. Survival was not signif-
icantly different between patients who received Mari-
mastat at 25 or 10 mg BID and those who received
gemcitabine, although the median survival was dightly
longer for patients who received gemcitabine. The 1-year
survival for patients who received gemcitabine was 19%,
which was not statistically different from that of patients
who received Marimastat 25 mg BID (19%), 10 mg BID
(14%), or 5 mg BID (14%). Survival time in patients
with metastatic disease who received gemcitabine was
similar to that of patients with nonmetastatic disease who

received gemcitabine (160 vs. 169 days). Patients with
nonmetastatic disease who received Marimastat, how-
ever, lived significantly longer than patients with metas-
tases who received Marimastat (200 vs. 89 days). Al-
though there was a dlightly improved 1-year survival in
patients with nonmetastatic disease who received Mari-
mastat compared with gemcitabine (30% vs. 25%), this
was not statistically significant. Secondary end points of
improvement in pain, mood, and performance status
tended to favor patients treated with gemcitabine. Severe
nonlaboratory toxicities were more common in patients
who received gemcitabine (22%) than Marimastat
(13%). Overal, musculoskeletal side effects were the
most common reported side effects in patients who re-
ceived Marimastat, occurring in 44%. These were gen-
erally reported as joint pain and resolved with discontin-
uation of the drug. Dupuytren’s contracture developed in
one patient.

A similar trial sponsored by the National Cancer In-
stitute of Canada compared gemcitabine with a selective
orall MMP inhibitor, BAY 12-9566, in patients with ad-
vanced pancreatic cancer.#® This study was designed
with two interim analysis points to allow for early ter-
mination. The first interim analysis was after 30 patients
were randomized to each arm, with plansto terminate the
study-if-response to MMP inhibition was not seen in at
least six patients after 2 months of therapy. Continuation
of the trial was recommended at that point. The second
interim analysis:wasito. be after the deaths of 140 pa-
tients. At the time.of this.second analysis, 277 patients
had been enrolled. A significant overall survival disad-
vantage was seen in patients who received the MMP
inhibitor (median, 3.2 months) compared with those who
received gemcitabine (median, 6.4 months), and the trial
was terminated before reaching its intended accruement
goal of 350 patients. The median progression-free sur-
vival for _patients who received gemcitabine was 3.5
months,” compared with 1.8 months for patients who
received BAY 12-9566 (P = .01).

The failure to show the superiority of Marimastat over
gemcitabine in improving survival in patients with ad-
vanced pancreatic cancer48 or the early termination of the
Canadian trial4® should not suggest that MMP inhibition
isineffective against pancreatic cancer. These trials have
a common design flaw in that they include a large
number of patients with metastatic disease (65% in the
Marimastat trial and 82% in the BAY 12-9566 trial). The
tumorostatic nature of MMP inhibitors suggests that pa-
tients with extrapancreatic disease, where the metastatic
process is already established, may not derive the same
benefit as those with localized disease. Thisis suggested
in the data from the Marimastat trial that compared

Ann Surg Oncol, Vol. 9, No. 7, 2002
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survival in patients with metastatic versus nonmetastatic
disease who took Marimastat.#® This opens the door for
future studies that focus on patients with localized non-
resectable disease or adjuvant therapy trials. As such,
patient accrual onto a Marimastat adjuvant therapy trial
is complete, and results should be forthcoming in the
near future. This trial (British Biotech Study 183) was
recently evaluated, and it was decided to continue be-
cause “we cannot rule out some potential benefit of
Marimastat in this setting” (British Biotech press release,
May 2, 2001; available at http://www.britishbiotech.
com/news/173,183analysis.txt). Continued research us-
ing these novel agents is warranted and anticipated.

TIMP GENE THERAPY

Although the side effect profiles of the synthetic MMP
inhibitors remain an issue in clinical trials for pancreatic
cancer, the encouraging preclinical data associated with
MMP inhibition have focused some investigators on
manipulating the TIMP activity in various cancers.3® To
use such novel therapy, it isimportant to know the source
of MMP and TIMP in cancers (i.e., tumor- vs. host-
derived). We have seen that when the poorly differenti-
ated human pancreatic adenocarcinoma cancer line
PANC-1 is implanted into the pancreata of nude mice,
the vast magjority of MMP-2 and TIMP-1 expression in
the resultant tumors and surrounding stroma is human
(i.e., tumor-derived).5°

Gene transfections have been undertaken in a variety
of cancersto produce cell linesthat overexpress TIMP-1,
-2, -3, or -4. Such gene transfections have been shown to
decrease the malignant potential of colorectal,5! breast,52
gastric,53 and melanoma cell lines.>* In pancreatic can-
cer, we have shown that overexpression-of TIMP-L.in
transfected PANC-1 cells resulted in decreased cell in-
vasion in vitro without affecting cell proliferation, im-
plying that TIMP-1 activity is important in limiting-the
invasive potential of malignant cells.5> Also, tumor im-
plantation, growth, and metastasis were attenuated by
TIMP-1 overexpression in a nude mouse model. Finaly,
angiogenesis was decreased in tumors overexpressing
TIMP-1 relative to wild-type PANC-1 cells.5¢

Although TIMP-1 overexpression favorably affects
the malignant potential of pancreatic cancer, we have
seen that underexpression of TIMP-1 has even a more
profound effect on tumor growth.5” Using the same pan-
creatic cancer cell line as previously (PANC-1), we
undertook full-length TIMP-1 antisense gene transfec-
tions to produce cell lines that underexpress TIMP-1.
These cells showed decreased invasion in vitro and at-
tenuated tumor growth in vivo compared with both wild-
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type PANC-1 cells and TIMP-1 transfected cells (i.e.,
TIMP-1-overexpressing cells).5”

CONCLUDING REMARKS

The involvement of MMPs in various malignancies,
including pancreatic cancer, makes them attractive as
potential pharmacological or genetic targets for antitu-
moral therapies. Although the jury is still out on whether
MMP inhibition will prove to be more effective than
traditional cytocidal agents, it seems to show clinical
activity in pancreatic cancer. Y et, the attractiveness of an
orally bioavailable cancer therapeutic agent such as Ma-
rimastat is undeniable. It does seem that the disruption of
the MMP/TIMP balance, at least in early preclinical
work, is effective in limiting pancreatic cancer aggres-
siveness. Although the leap to clinical practice of TIMP
transfections in the face of established tumor remains
elusive, gene therapy targeting TIMP is attractive and
warrants further investigation.
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