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ABSTRACT

THE INFLUENCE OF A SINGLE NUCLEOTIDE POLYMORPHISM IN THE MATRIX
METALLOPROTEINASE-1 PROMOTER ON GLIOMA BIOLOGY

Jessica McCready

A dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University

Virginia Commonwealth University, 2006

Director: Helen L. Fillmore, Ph.D. Assistant Professor Department of Neurosurgery,
Adjunct Assistant Professor Department of Anatomy and Neurobiology

Glioblastomas are an incurable type of brain tumor with a mean survival time of
9-12 months following diagnosis. One of the reasons for this poor prognosis is the
ability of tumor cells to invade the surrounding normal brain tissue. Enzymes
responsible for this invasive nature include the matrix metalloproteinase family. MMP-
1 is a member of this family which has been well studied in many types of invasive
tumors, with gliomas being an exception. We studied a single nucleotide
polymorphism (SNP) in the MMP-1 promoter that may influence glioma biology. This
SNP consists of the presence (2G) or absence (1G) of a guanine nucleotide at position
-1607. The additional guanine nucleotide creates a binding site for ETS transcription
factors and combined with the AP-1 binding site at position -1602 creates a Ras
Responsive Element. We determined that the distribution of the MMP-1 genotype
differed significantly between the healthy population and the glioblastoma patient
population, with the 2G/2G genotype more prevalent in the glioblastoma patients. In
addition, MMP-1 mRNA and protein examined in a select group of patient tissue had
significantly higher levels when compared to normal brain controls, however, there was

no correlation with genotype. Promoter reporter assays indicated that the 2G promoter



was approximately three times more active than the 1G promoter in three different
glioma cell lines.

We investigated potential signaling mechanisms responsible for increases in
MMP-1 transcription due to the presence of the RAS responsive element. Treatment
of glioma cell lines with hepatocyte growth factor/scatter factor (HGF/SF) led to
significant increases in MMP-1 transcription, via the MAP kinase ERK pathway. AP-1
transcription factor proteins, cJun and cFos were increased in response to HGF
treatment but not Ets-1 and ETV-1. HGF/SF treatment of glioma cell lines differing in
their MMP-1 genotype affected binding of ETS and AP-1 proteins to the endogenous
MMP-1 distal promoter. Using chromatin immunoprecipitation assays, we identified
these differentially DNA-bound AP-1 and ETS proteins.

The data presented indicate that the MMP-1 SNP (-1607) is important in glioma
biology and may contribute to tumor function and future investigations into its role in

glioma biology is warranted.



Chapter 1

Introduction



1.1 Brain Tumors
1.1.1 Overview of Brain Tumors

This section will present a general overview of adult cancers, with a focus on
gliomas, which account for approximately 86% of all malignant brain tumors. These
include the astrocytoma, oligodendroglioma and glioblastoma. Malignant brain tumors
make up 2% of all cancers in adults. This number is much higher for children as brain
tumors are the second most common cancer and the most common solid tumor in
childhood'. The incidences of brain tumors in both children under the age of 14 and in
the elderly over the age of 70° are increasing and unfortunately these tumors, in most
cases, remain incurable.

In the general population of the United States, gliomas occur at a rate of 5-10
per 100,000%. The incidence of gliomas increases, as in other cancers, in individuals
older than 30 years of age. In general, males are more likely than females to have a
brain tumor, with a male to female ratio of 1.5:1. Most brain tumors occur in the
supratentorial region of the brain, in the frontal, temporal or parietal lobes, specifically’.
Currently, little is known about the risk factors for gliomas. Many studies have been
conducted, investigating such items as cell phones or head trauma for possible roles in
the etiology of brain tumors, but none has been found to consistently associate with
their incidence. Gliomas are thought to arise as a result of an accumulation of genetic
alterations resulting in the ability of the cells to escape checkpoints designed to prevent
uncontrolled cell growth. Therefore any agent that damages DNA, such as a chemical,
physical or biological agent, can be considered to be a neurocarcinogen. One
environmental agent that has been associated with increases in brain tumors in adults

is ionizing radiation used as a treatment for childhood tumors and leukemia’.



In 1926, Bailey and Cushing began a classification system that is still used, in a
modified form, today. They named the tumors after the type of cell that the tumor most
resembled histologically, either in the developing embryo or in the adult’. In certain
tumor types the cells may be so atypical in appearance, with similarities to multiple
mature cell types, that they were difficult to name; an example is the glioblastoma,
named for a theoretical glial precursor cell that is not actually seen in embryogenesis.
In an attempt to address and reduce some of the confusion, the World Health
Organization has added and modified the systems started by Bailey and Cushing as
well as other prominent neuropathologists. They identified four malignancy grades and
named them I-IV. The biologically benign pilocytic astrocytoma was classified as a
Grade | astrocytoma. Diffuse astrocytomas, a low grade malignancy, were designated
as Grade Il. The high grade gliomas, anaplastic astrocytoma and glioblastoma
multiforme (GBM), were designated Grades Il and IV respectively®®. There are four
main features that neuropathologists use to determine tumor grade: 1) nuclear atypia
2) mitoses 3) microvascular proliferation and 4) necrosis®*. In certain tumors,
immunocytochemistry can aid in the classification if the tumor cells express an antigen
that a particular cell type typically expresses®.

There are four main symptoms of brain tumors. Partial or generalized seizures
usually indicate cortical impingement by a neoplasm that is often slow growing. Raised
intracranial pressure in the unyielding skull can lead to displacement of either
cerebrospinal fluid or intracranial blood volume. This presents itself clinically as
headaches, nausea, vomiting, drowsiness, or visual abnormalities. Focal neurological
deficits are another symptom of brain tumors. They can be motor or sensory in nature

if the tumor is supratentorial. Cranial nerve palsies or cerebellar dysfunction tend to



occur if the tumor is located in the posterior fossa. The fourth main symptom of brain
tumors is cognitive dysfunction , a symptom usually due to supratentorial tumors or
posterior fossa tumors that cause osbstructive hydrocephalus®.

If the physician suspects that a brain tumor is the cause of the patient’s
symptoms, an MRI with and without the contrast agent, gadolinium, is currently the
best method to define the characteristics of the tumor. MR spectroscopy can be useful
to distinguish a tumor from a non-neoplastic mass®. The diagnosis must be confirmed
by a histological examination of a biopsy sample and is based on the most malignant
portion of the tumor?>.

The survival rate for patients with brain tumors has been gradually increasing
over the past thirty years, with the exception of the GBM. This tumor has the poorest
survival rate of all brain tumors with a median survival of 9-12 months irrespective of

treatment modalities’>*°.

There are several factors that affect patient survival. The
Karnofsky Performance Scale (0-100) rates the patient’s overall functioning level. A
higher score can be related to a better prognosis. In adults, a younger patient has a
better chance of survival than an older patient. Females have a higher rate of survival
than males. The location of the tumor and the extent to which the neurosurgeon can
resect the tumor also affect patient survival'. Gliomas rarely spread beyond the central
nervous system (CNS), thus the primary determinant of clinical outcome is tumor
grade. The biologically benign grade | tumor, if in a location allowing complete surgical
resection, is curable. Grade Il astrocytomas are low grade malignancies that have

relatively long survival rates but are not curable by surgery alone. A patient with a

grade lll astrocytoma will likely succumb to the tumor within a few years and the grade



IV astrocytoma, which are commonly resistant to any type of therapy leads to patient

death within 9-12 months following diagnosis*.

1.1.2 Therapy for Gliomas

After reading the above information, it is clear that the diagnosis of a high grade
glioma is tantamount to a death sentence. Currently there are no treatment options
that are curative, with the median survival rate between nine and twelve months and
only 3.3% of patients surviving to the 5 year point®. The standard treatment for patients
with these tumors consists of surgery followed by radiation and, in some cases,
chemotherapy. This treatment regimen only confers modest benefit to the patient, but
without any treatment the median survival time is reduced to three months. This
section will describe, in detail, each of these treatment modalities and the benefit
realized by the patient.

Although surgery is the usual first line of treatment for high grade glioma
patients, it, by itself, is not curative due to the invasive nature of these tumors. By the
time the diagnosis has been made, the tumor cells have usually invaded into the
normal CNS and cannot all be removed by surgery®. Following the imaging of the
tumor with an MRI, the neurosurgeon will analyze the patient to see if he or she is a
good candidate for surgery. A common way to judge this is to analyze the response of
the patient to cqrticosteroid treatment, such as dexamethasone, which reduces
inflammation and edema in the brain. If the patient is in good condition while receiving
16 mg per day of dexamethasone, extensive surgical debulking may be of some
benefit, but if the patient is in poor condition and the dexamethasone does little to

alleviate the symptoms, surgery is unlikely to achieve any further benefit’. There are



benefits to the patient if he or she is a candidate for surgery. Surgical debulking of the
tumor can immediately alleviate the symptoms caused by the tumor mass, namely the
intracranial pressure likely to cause headache, vomiting and decreased cognition®’.
Surgery may also help alleviate the onset of seizures that are not responsive to drug
therapy and it is thought to facilitate the effectiveness of the other therapies because
the hypoxic and necrotic core tends to be highly resistant to radiation and
chemotherapy®. One of the causes of death from these tumors is from the raised
intracranial pressure, therefore extensive resection of the tumor can prolong the
patient’s life. However, if the patient lives long enough, almost all high grade gliomas
will spread throughout the brain and begin to involve vital structures and this cannot be
changed or cured by surgery.

There have been several reports that evaluated the effect of surgery on
survival, and aside from the increase in the quality of life, no long-term survival benefits
have been found. It is known that a wider resection margin taken during surgery will
delay the time to recurrence and that more extensive resection is associated with a
longer survival but it is still only a modest benefit of approximately six months survival.
If the patient is over 65 years at the time of surgery that survival benefit drops to only
three months’. These reports must be viewed with caution because surgeons may
tend to select healthier patients or those with more accessible tumors for more
aggressive surgery, i.e. wider resection margin. The factors associated with a healthier
patient include high Karnofsky rating, young age, minor, if any, neurological deficits,
and location in a non-eloquent area.

There have been major advancements in technology that have aided the

neurosurgeon over the last twenty years. Conventional surgery debulks the tumor and



is stopped when normal brain is reached either visually or by tissue consistency. This
can be difficult and unreliable, especially in the GBM which has no clear tumor margin.
Image guided neurosurgery using preoperative imaging data is now commonly used to
identify the extent of the tumor. Functional MRI data can also be used to define the
eloquent areas of the brain, such as motor, speech, visual and sensory tracts. Certain
operating rooms use imaging techniques including ultrasound, CT and MRI, during the
operation to help increase the area of resection while leaving normal brain intact. A
newer technology currently in a Phase lll clinical trial boasts a one to eight month
survival benefit. 5-aminolevulinic acid is taken preoperatively by the patient. This
compound is taken up by the glioma cells and converted to the fluorescent
protoporphyrin IX which is visible through a standard illuminating operating
microscope’. This greatly enhances the surgeon’s ability to see and therefore remove
the tumor mass and to be able to distinguish normal brain from tumor.

Surgery is usually followed by radiotherapy in most patients with a high grade
glioma. A typical dose of conventional radiation consists of a total of 60 Gy delivered
at 2 Gy per fraction to the tumor mass plus a two to three centimeter margin
surrounding the tumor®. The Brain Tumor Study Group conducted a study in 1978 and
the results from that study make it clear that radiation therapy is the best adjuvant
therapy for GBM patients; however, the maximum tolerated dose is well below the
dose required for long term tumor control®®. As a therapy for GBMs, radiation only
confers a modest improvement in median survival, from three months, with no
treatment, to nine to twelve months.

There have been attempts to improve the efficacy of radiation treatment by both

technical and biological means. Brachytherapy is one example of the technical



improvements to conventional radiotherapy. Brachytherapy is radiotherapy delivered
by placing a radioactive source directly into the tumor®. It has shown little added
benefit in terms of either tumor recurrence or patient survival although it may confer
modest increases in quality of life for patients who have an inoperable deep seated
tumor®. One pitfall of brachytherapy is that only 10-30% of tumor patients are eligible
to undergo this treatment and 50-80% of patients that received brachytherapy had a
local recurrence of a malignant glioma within 2 cm of the original tumor mass. This
statistic illustrates that a therapy that offers local treatment for a disease that infiltrates
the brain should be used in combination with other therapies targeting infiltrative tumor
cells®.

There have been over thirty years of clinical trials designed to test the efficacy
of systemic chemotherapy on high grade gliomas. All of them have had disappointing
results in both their impact on recurrence and patient survival. These studies tested
the most commonly used agents, either nitrosourea based compounds such as BCNU
(carmustine) or the combination therapy of procarbazine, carmustine and vincristine,
commonly called PCV. A modest increase of 6% in the one year survival was reported
regardless of the chemotherapeutic agent used®. A pitfall with the PCV therapy is the
severe side effects experienced by the patients. They include prolonged
myelosuppression, skin reactions and hepatotoxicity, sometimes so troublesome that
the patient must stop the therapy®. A newer chemotherapeutic agent, temozolomide
(TMZ) is at least as effective as the nitrosoureas but appears to have less of the side
effects associated with PCV. It is an oral cytotoxic alkylating agent that is able to cross
the blood brain barrier and prevent the replication of rapidly dividing cells®. It adds a

methyl group to a guanine base that must be removed by methyl guanine



methyltransferase. Once the methyl guanine methyltransferase enzyme is depleted,
the methyl group can not be excised, cell cycle checkpoints are activated and cells with
intact p53 will undergo apoptosis. A phase Il clinical trial conducted by the European
Organization for Research in the Treatment of Cancer and the National Cancer
Institute of Canada compared adjuvant chemotherapy with TMZ plus radiation therapy
to radiation alone in patients with newly diagnosed GBMs®. The median survival was
12 months for patients receiving radiation alone compared with 15 months for the
patients receiving the combination therapy. There was also an improvement in two
year survival from 10% to 26%. The results from this study indicate that TMZ is well
tolerated and is at least as effective as the often used nitrosoureas but with fewer of
the harmful side effects®.

Other therapeutic options that have been investigated include the design of
drug delivery systems intended to circumvent problems with reagents crossing the
blood brain barrier, thereby permitting delivery of high concentrations of drug without
the systemic toxicities seen with the standard therapies. These include polymer wafer
implants and catheters directly implanted into the brain through the skull’. The wafers
contain BCNU and have been shown to increase survival by two months without any
significant changes in toxicity to the patient. Phase | clinical trials are currently being
conducted to test the effect of CpG oligonucleotides on recurrent GBMs' via
convection enhanced delivery. The side effects were not serious and included
worsening of neurological deficits and fever. There have been other studies evaluating
convection enhanced delivery conducted as clinical trials that indicate convection
enhanced delivery is a viable treatment option in the future. Examples include the

evaluation of transferrin conjugated to a genetically modified diphtheria toxin'’,



10

interleukin-13 conjugated with a truncated Pseudomonas exotoxin'?, paclitaxel'® and a
chimeric protein composed of TGF alpha and mutated Pseudomonas exotoxin'*.
Scientists have been researching this disease for decades with very little, if any,
improvements in patient survival. With a better understanding of the biological basis of
gliomas, therapies based on the molecular profile of the tumor might allow at least a

modest success in the treatment of these tumors.

1.1.3 Glioma Biology

Glioblastoma can arise in one of two ways**'®

. A primary, or de novo, GBM
usually presents itself in older patients without any evidence of prior clinical disease. It
is a highly aggressive, invasive tumor. A secondary GBM is usually seen in younger
patients who have been treated or are presumed to have had (on the basis of history
and imaging studies) a low grade astrocytoma (grade Il) that transforms into a GBM.
70% of low grade gliomas will progress to a GBM within 5-10 years of the original
diagnosis regardless of prior treatments®. The primary GBM is much more common
than the secondary GBM thus the secondary GBM is not as well studied. A patient
with a secondary GBM will frequently have been treated with either radiotherapy,
cytotoxic drugs or a combination of the two®. Primary and secondary GBMs are two
distinct clinical entities that develop along different genetic pathways but have very
similar clinical, genetic and biological similarities. Once the low grade glioma has
progressed to the high grade glioma and is then called the secondary GBM, it is
clinically indistinguishable from the primary GBM. There is no distinction between the

two types in regards to neuropathologic identification, proliferation, invasion and

resistance to all of the available treatment methods®. It is now known that the same
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genetic pathways appear to be targeted in both primary and secondary GBMs, but the
components of the pathway such as the proteins or genes involved may not be
identical. The relevant pathways have been reviewed previously and therefore will not
be discussed herein. Examples of the most well characterized pathways that are

altered in GBMs include PDGF, p53, RB, EGFR and PTEN**"°,

1.2 Matrix Metalloproteinases
1.2.1 Members

The Matrix Metalloproteinase (MMP) family of proteins consists of 25 members
(Table 1) that degrade components in the extracellular matrix (ECM). MMP-1, the
founding member was discovered 46 years ago by Jerome Gross and colleagues who
described the degradation of the tadpole tail during morphogenesis'®. Since that
discovery, MMPs have gotten much attention not only in cancer research but also in
embryonic development, tissue morphogenesis, wound repair, and inflammatory
diseases. MMPs received their name because of their dependence on metal ions for
catalytic activity and their ability to degrade components in the ECM. They also have
similar evolutionary paths that distinguish them from other metalloproteinases. Each
member of the MMP family is generated by a distinct gene'’. They are proteolytic
enzymes that cleave internal peptide bonds and as such are classified as
endopeptidases. MMPs can be referred to by either the numeric nomenclature (i.e.
MMP-1) or by the common name (i.e. Collagenase-1). Historically the MMPs were
divided into four groups on the basis of substrate specificity. They were grouped into
the collagenases, gelatinases, stromelysins and matrilysins. The collagenases

degrade structural collagens such as collagen types |, Il, and Il while the gelatinases
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degrade type IV collagen and have a limited ability to degrade stromal collagens.
Stromelysins degrade non collagen matrix molecules such as proteoglycans, laminin,
fibronectin, and can also activate latent MMP family members'®. The list of proteins
belonging to this family grew so large that the classification system had to be modified.
The new system groups them according to protein structure. The nomenclature
changed at this time as well, and was switched to naming them sequentially. Eight
structural classes were formed: five for the secreted proteins and three for the
membrane type'®. Table 1 lists the structural class for each MMP. A more in depth

discussion of the structure of these proteins follows in the next section.

1.2.2 Structure

There are eight structural c]asses of MMPs (Figure 1). Five of these classes
are secreted proteins and three are membrane type. All members of the MMP family
contain a conserved zinc binding motif HEXXHXXGXXH and have a fairly conserved
overall structure. There are four main domains that compose the proteins of the MMP
family. All MMPs contain an N terminal pre domain, also known as the signal domain,
which is responsible for directing the synthesis of the protein at the endoplasmic
reticulum. This domain is removed after the synthesis. The propeptide prodomain is
responsible for maintaining enzyme latency until it is either removed or disrupted. The
conserved cysteine within the pro domain bridges the zinc within the catalytic domain
thus preventing enzymatic activity. The linkage can be chemically disrupted by amino
phenyl mercuric acid (APMA) or through proteolytic cleavage. The removal or

disruption of the cysteine is referred to as the cysteine switch?®. Certain MMPs contain



TABLE 1. Members of the MMP family.

MMP Common Name Structural Class
MMP-1 Collagenase-1 Simple hemopexin domain
MMP-2 Gelatinase A Gelatin-binding
MMP-3 Stromelysin-1 Simple hemopexin domain
MMP-7 Matrilysin Minimal domain
MMP-8 Collagenase-2 Simple hemopexin domain
MMP-9 Gelatinase B Gelatin-binding
MMP-10 Stromelysin-2 Simple hemopexin domain
MMP-11 Stromelysin-3 Furin-activated and secreted
MMP-12 Macrophage metalloelastase  Simple hemopexin domain
MMP-13 Collagenase-3 Simple hemopexin domain
MMP-14 MT1-MMP Transmembrane
MMP-15 MT2-MMP Transmembrane
MMP-16 MT3-MMP Transmembrane
MMP-17 MT4-MMP GPI-linked
MMP-18  Collagenase-4 (Xenopus) Simple hemopexin domain
MMP-19 RASI-1 Simple hemopexin domain
MMP-20 Enamelysin Simple hemopexin domain
MMP-21 XMMP (Xenopus) Vitronectin-like insert
MMP-22 CMMP (chicken) Simple hemopexin domain
MMP-23 Type Il transmembrane
MMP-24 MT5-MMP Transmembrane
MMP-25 MT6-MMP GPI-linked
MMP-26 Matrilysin-2 Minimal domain
MMP-27 Simple hemopexin domain
MMP28 Epilysin Furin-activated and secreted

13
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a basic insert in the propeptide domain that is cleaved by furin-like proprotein
convertase proteases'’.

The catalytic domain contains the conserved zinc binding region. This domain
dictates cleavage site specificity through its active site cleft and through secondary
substrate binding sites located outside the active site itself. MMP2 and MMP9 have an
insertion of three head to tail cysteine rich repeats within the catalytic domain that are
required to bind to and cleave collagen and elastin. The hemopexin domain is
connected to the catalytic domain by a hinge or linker region. This domain influences
tissue inhibitor of metalloproteinase (TIMP) binding and the binding of certain
substrates, membrane activation and some proteolytic activities. The hinge region
varies in length and composition among the MMPs and it can influence substrate
specificity. MMP9 has a unique type V collagen like insert of unknown importance at
the end of the hinge region. Certain membrane type MMPs have a single pass
transmembrane domain and a short cytoplasmic C terminal tail and others are linked to

the membrane via a GPI anchoring domain®'.

1.2.3 Physiological and Pathological Roles

As stated above, MMP-1 was first discovered as the enzyme necessary to
break down collagen in the tail of a tadpole during tissue morphogenesis some forty
years ago. Since this discovery, not only have other MMPs been discovered but the
many roles they play in both normal physiological states and in diseased pathological
states have become clearer. Currently it is known that MMPs are important in cell
migration, invasion, proliferation, apoptosis and developmental processes. These

processes are needed in both physiologic and pathologic states.
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Figure 1. Schematic of the structure of the MMP family members. MMPs are
divided into eight structural groups, five of which are secreted and three of which are
membrane type. Pre. amino terminal signal sequence; Pro, propeptide; SH, thiol
group; Zn, zinc binding site; H, hinge; S-S, disulfide bond; Fi, fibronectin; Fu,
intracellular furin like serine proteases; Vn, vitronectin like insert; TM, transmembrane
domain; Cy, cytoplasmic domain; GPI, glycosylphosphatidylinositol anchored; SA,
amino terminal signal anchor; CA, cysteine array; Ig, immunoglobulin. This figure was

adapted from Egeblad and Werb Nature Reviews Cancer 2002 2:161-174
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There are three main activities in which MMPs are necessary in physiologic
states. These include the degradation of ECM molecules to allow cell migration,
alteration of the ECM microenvironment resulting in changes in cellular behavior, and
modulating the activity of biologically active molecules. This last function can occur in
one of two ways, either by directly cleaving molecules resulting in their activation or by
modulating the activity of their inhibitors and releasing bound substrates from their
stores®. Since MMPs degrade a variety of substrates in the ECM it is not surprising
that they function as “clearing” enzymes during cellular migration. They modulate the
function of many biologically active molecules that function in chemoattraction during
migration. For example, the migration of epithelial, mesenchymal and neuronal cells
can be affected by MMPs. During »embryo implantation, trophoblasts must invade the
maternal decidua. The invading cells express high levels of MMP-9 and inhibitors to
this MMP prevent invasion into the decidua®.

MMPs are necessary for cellular migration in a variety of organ systems. For
example, MMPs are required for endothelial cell migration into the surrounding ECM
during angiogenesis®*. The migration of osteoclasts, the cells that remove existing
bone and cartilage, during bone remodeling is dependent upon MMPs. Inhibition of
MMPs prevents movement of osteoclasts into cartilage during early long bone
development®. In order for keratinocytes to migrate during epithelial morphogenesis,
cleavage of type | collagen is required, a function of MMP-1. Migration on laminin 5 by
breast epithelial cells correlates with expression of both MT1-MMP and MMP-2%.

MMPs also function in the alteration of cellular behavior. There is evidence that

MMPs affect cellular proliferation, survival, apoptosis, differentiation and cellular
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organization. For example, adipocytes and pancreatic epithelial cells form into three-
dimensional structures. If MMP-2 is inhibited, the cells will differentiate, but in the case
of the pancreatic cells, islets do not form, thereby modifying the behavior of the cell®’.
One of the main functions of MMPs is the cleavage of molecules in the ECM.
This cleavage can have many results, one of which, discussed above, creates space
for cells to move through the cleared ECM. Cleavage of a molecule in the ECM can
generate biologically active fragments. For example, the cleavage of plasminogen by
MMP-3,-7,-9-and MMP-12 results in an active molecule called angiostatin. Angiostatin
is an angiogenic inhibitor. Other angiogenic inhibitors are generated as fragments from
the cleavage of ECM molecules. Endostatin is a fragment of the cleavage of collagen
type XVIII and the cleavage of antithrombin Il results in a molecule that is an inhibitor
of angiogenesis. MMPs can also regulate the bioavailability of molecules by releasing
proteins bound to ECM proteins. Specific examples of this include the cleavage of the
proteoglycan perlecan into smaller inactive fragments by MMP-1 and MMP-3 to release
active FGF?8, cleavage of decorin by MMP-2,-3,-7 to release TGF-B, and cleavage of
IGF binding proteins to release active IGF. MMP-9 cleaves IGF-BP3 which releases
IGF-1 and results in the regulation of cellular proliferation via an autocrine response®.
Cellular proliferation is also controlled by cleavage of IGF-BP1 by MMP-3%. This
cleavage releases IGF1 which then binds to the IGF-1 receptor resulting in increased
cellular proliferation. Cleavage of molecules by MMPs in the ECM can also regulate
activity of the molecule by proteolytically activating or inactivating the molecule. For
example, cleavage of the IL-1B precursor by MMP-2,-3,-9 results in an active form of
the molecule and cleavage of endothelin-1 by MMP-2 results in greater activity as a

vasoconstrictor than before the cleavage®.
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Another function of MMPs in the normal physiologic state is aiding in wound
healing through keratinocyte migration and dermal contraction. MMP-1 has been
implicated in keratinocyte migration and MMP-3 has been implicated in dermal
contraction. MMP-3 null mice do not form a contractile ring of actin that is necessary to
contract the wound. This leads to a delayed healing response in those mice®.

MMPs are also involved in development of the bone and mammary tissue.
MMP-9 is necessary for vascular invasion into the hypertrophic cartilage zone during
endochondral bone formation?'. MT1-MMP deficient mice have craniofacial
dysmorphisms due to impaired intramembraneous bone formation. MMPs are an
important part of mammary development because a significant amount of ECM
remodeling must take place for virgin development, lactation and weaning®.

The many beneficial roles of MMPs just described are due to their proteolysis
function. The cleavage of proteins can also have detrimental affects as MMPs are
known to be involved in certain diseases. The dermatological disease, bullous
pemphigoid, is an autoimmune disease which causes blisters to form on the entire
body. MMP-9 is upregulated in individuals with this disease and mice that do not have
MMP-9 are resistant to blistering. It is now known that the initiation of blistering is
caused by the recognition of collagen type XVII (BP180) by antbodies. Neutrophil
elastase is the enzyme responsible for cleaving BP180. Its endogenous inhibitor, a1-
Pl, can be inactivated by MMP-9. Since MMP-9 inactivates a1-Pl the neutrophil
elastase is no longer inhibited and this permits the neutrophil elastase to cleave the
BP180 and initiate blistering on the skin?'.

MMPs are also implicated in pulmonary emphysema. 90% of the inflammatory

cells in patients with this disease are macrophages which secrete MMP-2,-7,-9,-12.
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These MMPs can degrade elastin and inactivate a1-Pl. In this instance, smokers
lacking a1-Pl are predisposed to get emphysema. One of the main causes of
emphysema is the irreversible enlargement of peripheral air spaces. This occurs as a
result of the degradation of interstitial elastic fibers by MMPs?'.

MMPs are thought to play a role in the development of intracranial and aortic
aneurysms through the cleavage of elastin or fibrillin in the walls of the blood vessels
leading to a breakdown in the vessel wall. MMP-2,-9,-12 are highly expressed within
aortic aneurysms; MMP-12 specifically localizes to residual elastic fiber fragments. A
bone marrow transplant from MMP-9 deficient donors to wild type hosts can confer a
resistance to aneurysm in mice. This resistance can be reversed if the donor has wild
type MMP-9 and the host is deficient for the enzyme®'.

The disease that MMPs are probably most associated with is cancer, notably
cancer progression, invasion and metastasis. MMPs are usually present in greater
amounts in malignant cancers, their highest expression being in the area involved in
active invasion. This is not surprising as cancer cells must cross multiple ECM barriers
to cross the epithelial basement membrane to enter the blood or lymph vessels and
metastasize to a distant site?’. One example of MMP involvement in invasion is the
cleavage of CD44 by MT1-MMP. This releases the cell not only from neighboring cells
but also from the matrix it was entwined with. MT1-MMP also helps localize MMP-9
and MMP-2 to the cell surface which is required for tumor invasion and angiogenesis'®.

MMPs are involved in other areas of cancer development and progression apart
from its role in cell motility. They are responsible, in part, for the regulation of
apoptosis in tumors. It is known that MMP-3 is responsible for the induction of

apoptosis in mammary epithelial cells however the mechanism is still under study®.
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MMP-7 releases FASL, a protein that stimulates the death receptor FAS, from the cell
surface in splenocytes®. Once released FAS induces apoptosis in neighboring cells.
MMP-7 can also inhibit apoptosis by cleaving pro heparin binding EGF to generate
mature heparin binding EGF'***. This stimulates the ERBB4 receptor tyrosine kinase
thereby promoting cell survival. As mentioned above MMPs can also regulate
angiogenesis through the cleavage of certain proteins to release fragments that are

angiogenic inhibitors.

1.2.4 Regulation

MMPs are synthesized as zymogens, secreted inactive precursor enzymes that
must be cleaved for activation. The zymogen is kept inactive by the interaction of a
cysteine sulfhydryl group in the propeptide domain with a zinc ion in the catalytic
domain. Disruption of this bond either through chemical or proteolytic cleavage results
in the removal of the propeptide domain (cysteine switch) and ultimately enzyme
activation. Most MMPs are activated outside the cell either by other activated MMPs or
by serine proteases. MMPs are regulated at three main levels: the transcriptional and
post transcriptional levels, the protein level via enzyme activation and by inhibitors and
cell surface localization. Most MMPs are tightly regulated at the transcriptional level,
the exception being MMP2. It is constitutively expressed and is controlled through
enzyme activation. The expression of the MMP genes is regulated by many
stimulatory or suppressive factors that can affect signal transduction pathways®'. It can
also be regulated by UV radiation, inflammatory cytokines and growth factors®®?'. A
common way cytokines and growth factors regulate MMP transcription is through the

induction of c-Jun and c-Fos which then bind to AP1 sites within many MMP
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promoters. There are many cis regulatory elements that regulate MMPs with AP1
being the most important. It is present in many MMP genes allowing the induction of
MMP promoters by phorbol esters. The AP1 element has been shown to acts
synergistically with adjacent ETS binding sites in many MMP promoters®’. Gene
expression may also be regulated by single nucleotide polymorphisms (SNP) present
in many MMP promoters such as MMP-1,-2,-3,-9,-12, The effect of a SNP in the MMP-
1 promoter will be discussed in a subsequent section. MMPs can be regulated via post
transcriptional methods as well, for example, MMP-1 and MMP-3 mRNA is stablilized
by both phorbol esters and EGF?'.

Most MMPs are constitutively secreted once they become translated as
zymogens at the endoplasmic reticulum. The next level of regulation is the level of
zymogen activation. The latency of the enzyme is maintained by the interaction
between the cysteine sulfhydryl group in the propetide domain and the zinc in the
catalytic domain. The sulfhydryl group is the fourth ligand for the zinc ion in the active
site. Enzyme activation is achieved by disruption of the cysteine-zinc interaction
caused by removal of the propeptide domain. The displaced thiol group is then
replaced by a water molecule that can attack a peptide bond of the MMP substrates®'.

There are three endogenous inhibitors that tightly control MMP activity, a2
macroglobulin, TIMPs, and reversion inducing cysteine rich protein with kazal motifs
(RECK)'®'%?' " The main inhibitor of MMPs in tissue fluids is a2 macroglobulin and it is
produced by hepatocytes and macrophages. It is an irreversible inhibitor that binds the
MMP to form a complex that then binds to a scavenger receptor, located on the low
density lipoprotein receptor related protein®. The internalization of this MMP-inhibitor-

receptor complex resuits in MMP degradation and is then cleared from the cell by
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endocytosis. The TIMPs are reversible inhibitors with a molecular weight between 20
and 29 kDa that bind to the activated catalytic site of MMPs in a 1:1 stoichiometric
fashion. The activity of TIMPs varies because they are not expressed equally in all
tissues and because certain TIMPs can only inhibit certain MMPs'®. The third inhibitor

of MMPs is RECK. This protein is the only known membrane bound MMP inhibitor'.

1.3 Matrix Metalloproteinase-1
1.3.1 MMP-1 and the Central Nervous System

MMP-1 is the founding member of the MMP family'®. It has other names such
as collagenase-1, fibroblast collagenase and interstitial collagenase. This final name is
the official EC name and its EC number is EC3.4.24.7. It belongs to the simple
hemopexin domain structural group which was described above. Like all other non-
membrane type MMPs it is synthesized and secreted as a proenzyme or zymogen. In
its unglycosylated form, which is the major form of the enzyme, it is 57 kDa. The MMP-
1 gene contains 10 exons and is located chromosome at 11g22.2-22.3%., The
_regulation of the protein will be discussed in a subsequent section.

MMP-1 is involved in certain disease states in the CNS. For many of the
diseases, the contribution of MMP-1 to either the development or progression of the
disease is currently unclear. This section will focus on the expression of MMP-1 in the
CNS.

Multiple sclerosis (MS) is characterized by repetitive disruptions of the blood
brain barrier thereby allowing infiltration of mononuclear cells as well as leakage of
plasma proteins into the CNS. It is thought that MS is initiated through the activation of

autoreactive T cells in the periphery which migrate to the CNS because the early MS
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lesion has a large number of activated T cell Iymphocytes and
monocytes/macrophages. These cells have been implicated as potential mediators in
the breakdown of the blood brain barrier and in the formation of the inflammatory

demyelinating lesions®"%

. One of the key functions for MMPs in multiple sclerosis and
experimental autoimmune encephalomyelitis (EAE, an animal model for studying MS)
could be to facilitate leukocyte entry into the CNS. An examination of the expression
levels of MMP-1 in the blood of patients with MS reveals that MMP-1 mRNA is
increased in the monocyte population but not in the B cells or the T cells*’. Evaluation
of the movement of these cells indicates that a significantly higher number of
monocytes are able to cross the blood brain barrier when compared to T cells®. This
data suggests that MMP-1 is associated with the movement of monocytes across the
blood brain barrier into the CNS. Once across this barrier the monocyte becomes a
macrophage and is a prominent contributor to the neuroinflammation seen in MS®,
MMP-1 has been shown to be elevated in classical inflammatory states in the
CNS such as MS. There is also evidence to suggest that there is an ongoing
inflammatory process involved in the biology of Alzheimer’s disease. This led Leake et
al® to investigate the possible connection between Alzheimers and MMP-1
expression. The authors determined through ELISA on postmortem brain that the
levels of MMP-1 were increased 50% in the diseased group when compared to the
control group. MMP-1 was found in the parietal, frontal and occipital lobes of the brain
but not in the temporal lobe. The authors looked to one of the pathologies of the
disease to explain this increase in MMP-1. In Alzheimer’s disease there are abnormal

deposits of collagen along the blood vessel wall leading to thickened vessels in the

cerebrum.  The proposed mechanism for the increase in MMP-1 in Alzheimer’'s
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disease is the increase in collagen since contact with type | collagen will stimulate
MMP-1 transcription*® and therefore causes an increase in MMP-1 mRNA.

Another disease of the CNS that contains elevated MMP-1 levels is progressive
supranuclear palsy (PSP). It is characterized by the appearance of supranuclear gaze
palsy in addition to postural instability, truncal dystonia, parkinsonism and dementia.
There are neurofibrillary filaments and tau positive tangles leading to extensive
neuronal degeneration and gliosis in multiple nuclei in the basal ganglia, forebrain and
the brainstem*'. Evaluation of tissue samples from patients with PSP indicates that
MMP-1 protein levels are increased in the area of the substantia nigra but not in the
frontal cortex. The authors offered this data as an observation and currently there is no
explanation as to the stimulus or possible function related to the increased MMP-1
protein levels.

The addition of MMP-1 to organotypic spinal cord cultures, which contain a
relatively intact/similar ECM as the CNS, increases cellular death in those cultures. |f
MMP-1 is added to dissociated cultures of human neurons, neuronal death is also
increased when compared to controls. Interestingly, the addition of MMP-1 does not
significantly affect cell death in cultured human fetal astrocytes*?. The authors suggest
two possible explanations for MMP-1 mediated cell death: 1) MMP-1 could be
targeting one or more of proteins within the ECM that are critical to neuronal survival
and their release from the ECM could result in cellular death or 2) MMP-1 could be
toxic through its ability to break down type | collagen®’.  In a subsequent publication,
the authors investigated the mechanism responsible for MMP-1 induced neuronal cell
death. The data suggests that MMP-1 is affecting integrin signaling in a manner

independent of MMP-1’s proteolytic activity*>. MMP-1 is bound to the a2B1 integrin
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receptor which leads to dephosphorylation of Akt, a kinase that, when inactive, has
been implicated in apoptosis. The authors propose that the complex composed of the
a2B1 integrin receptor and MMP-1 begins a signaling pathway that dephosphorylates
Akt thereby initiating a caspase mediated apoptosis cascade resulting in neuronal cell
death.

Lastly, MMP-1 has been shown to be overexpressed in brain tumors*“¢. This
overexpression can be correlated to tumor grade. Analysis by immunohistochemistry
indicates that neither neuronal cells nor glial cells express MMP-1 in normal brain,
grade | or grade Il astrocytomas. Analysis of the high grade tumors reveals a higher
level of expression in the grade IV astrocytomas than in the grade Il tumors. The role
of MMP-1 in brain tumors has yet to be evaluated let alone elucidated. The research
presented in this dissertation will hopefully begin a discussion on possible roles for this

protein in GBMs.

1.3.2 Single Nucleotide Polymorphism

A polymorphism discovered in the MMP-1 promoter region affects the
regulation of MMP-1. This section will be devoted to a literature review of the pertinent
papers that have evaluated the polymorphism in various cancers and normal cells.
Constance Brinckerhoff’s research group was the first to identify the MMP-1 SNP¥. Of
the cell lines they routinely used for experiments, one expressed very low levels of
MMP-1 mRNA and one expressed very high levels of MMP-1 mRNA and was very
aggressive in culture. Analysis of the differences between these two cell lines revealed
that they contained a different MMP-1 promoter. The highly expressing, aggressive

melanoma cell line, A2058, contained an additional guanine base at position -1607 in
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the promoter region. The cell line derived from human foreskin fibroblasts did not have
this additional base at that position. The promoter that contained the additional
guanine base at position -1607 was designated the 2G allele because there is a
guanine base at position -1606. The promoter that did not contain the additional
guanine base at position -1607, was designated the 1G allele (Figure 2). Upon further
examination of the sequence around this guanine base, the group realized that this
additional guanine base combined with the bases flanking it created a theoretical
binding site for the ETS family of transcription factors. This intrigued Rutter and
colleagues because adjacent to the additional ETS binding site was a binding site for
the AP-1 family of transcription factors. Many MMP promoters, including MMP-1 are
regulated by adjacent ETS and AP-1 binding sites®’. This was mentioned in the
general MMP regulation section and will be discussed more thoroughly in the MMP-1
transcriptional regulation section. Both the ETS and AP-1 transcription factor families
will be discussed in greater detail in a subsequent section.

To determine if the cell line with the 2G allele was more aggressive and expressed
more MMP-1 mRNA as a result of this polymorphism, the group needed to determine if
this introduced ETS site was indeed bona fide, for example bound transcription factors,
and not just theoretical. The authors conducted an electrophoretic mobility shift assay
(EMSA) to determine the binding pattern to this promoter. There was no difference in
the binding pattern between the probe mimicking the 1G promoter and the probe
mimicking the 2G promoter. The proteins seemed to bind to the 2G probe with a
higher affinity than to the 1G probe suggesting that the 2G site was a “better” binding
site for the proteins. Supershift EMSAs for ETS family members were unsuccessful,

however recombinant Ets-1 and cJun were able to bind to the 2G probe. The authors
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also conducted luciferase promoter assays with both promoters and discovered that
the promoter construct with the 2G allele was much more active than the promoter
construct containing the 1G allele. This increase in transcription from the 2G promoter
could be one possible explanation for the increase in MMP-1 in the A2058 cell line.

Given this information, other research groups wanted to know if the
polymorphism was important in the disease or area of their interest. Since its
discovery, this polymorphism has been studied in many types of cancer and in a few
non-neoplastic cell types. The remainder of this section will give a brief review of each
of these studies and the findings of the authors.

Hirata el al.*®

evaluated the distribution of the SNP in patients with renal cell
carcinoma and compared it to healthy controls. There was a statistically significant
increase in the percentage of patients containing the 2G/2G genotype, that is, the
patient contains two 2G alleles. Interestingly, the increase in patients with the 2G/2G
genotype was found only in men; women with this disease did not have an increase in
the 2G/2G genotype when compared to the control population. This group also
investigated a possible loss of heterozygosity (LOH). That would occur if a patient who
contained the 1G/2G genotype lost one of the two alleles and then contained either the
1G/- or -/2G genotype. LOH is not uncommon in cancer cells because of genome wide
instability. In this type of cancer however, the authors did not find any evidence of
LOH.

The study of endometrial carcinomas also did not reveal any LOH®. In the
analysis of the distribution of the alleles in comparison to control populations, there was

a significantly higher level of 1G/2G and 2G/2G in the patient population. MMP-1

immunohistochemistry indicated a higher level of MMP-1 expression in the cells with
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Figure 2. Schematic of the single nucleotide polymorphism in the MMP-1
promoter. The presence of a guanine nucleotide at position -1607 in the MMP-1
promoter creates a binding site for the ETS family of transcription factors. The 2G

allele is more transcriptionally active than the 1G allele.
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either 1G/2G or 2G/2G than the cells containing a 1G/1G genotype. The genotype
however did not correlate with any clinicopathological factors.

In an analysis of LOH in 61 metastatic melanoma patients, 39% of these
patients did have an LOH®. In this case, the patients with the 1G/2G genotype lost
one of the alleles. In 83% of the cases the 2G allele was retained, indicating that the
1G allele was lost and in 17% of the cases the 1G allele was retained, indicating that
the 2G allele was lost.

Chondrosarcoma is another cancer that the MMP-1 SNP has been evaluated
in®".  This group identified a chondrosarcoma cell line with a high level of MMP-1
mRNA and a cell line with low level expression of MMP-1 mRNA. Similar to Rutter’s
findings*’, the high expressing cell line contained a 2G/2G genotype and the low
expressing cell line contained a 1G/1G genotype.

There is no significant difference in the distribution of the MMP-1 SNP in oral
squamous cell carcinoma, buccal squamous cell carcinoma and oral submucous
fibrosis®®. There is an increase in the number of 2G/2G patients with non-buccal
squamous cell carcinoma however. Interestingly, the controls used in this study were
from Taiwan and the general population in that control group had a high percentage of
2G/2G healthy individuals. If one compares the Taiwanese patient group using the
Caucasian population as a control group then it is likely that there would be a
significantly different distribution in these diseases but this has not been evaluated.

Another group that used Japanese individuals for the control population also did
not find any statistically significant difference between the control and Japanese patient

distributions®®. The authors did uncover a difference in behavior in cutaneous
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malignant melanoma. The tumors with a 2G allele were more deeply invasive than
those with a 1G allele.

There are conflicting reports about the SNP in ovarian cancer. Wenham et al.**
could not find a link between either the distribution of the MMP-1 genotype in
comparison with controls or in any clinical findings. This data is in conflict with the
evidence presented by Kanamori et al>®. They discovered a statistically significant
difference between patients with ovarian cancer and controls when the 1G/2G and
2G/2G genotypes were combined. Results from immunohistochemistry also indicate
that the cells containing a 2G allele express more MMP-1 than those that do not
contain the 2G allele.

The MMP-1 SNP has also been studied in lung cancer®. There is an increase
in the 2G/2G genotype in lung cancer patients when compared to controls. This
increase in the 2G/2G genotype is higher in men than in women, similar to the Hirata
study®. The genotype of the patient was not associated with smoking status however,
if a person smoked and they contain the 2G/2G MMP-1 promoter genotype they had a
three fold higher risk of developing lung cancer. In moderate smokers, men had the
highest risk of developing lung cancer but in heavy smokers, men and women had
equal chances of developing the disease. Patients with the 2G/2G genotype also had
a statistically significant reduction in the age of onset of the disease.

Ghilardi et al® studied this polymorphism in colorectal cancer. They
discovered an increase in the 2G/2G genotype in patients when compared to the
control group. There was also a correlation between the 2G/2G genotype and

increased metastasis.
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Although there is no significant difference in the distribution of the SNP between
controls and patients with breast cancer, there is evidence that the SNP contributes to
lymph node metastasis®. Patients with a 2G/2G genotype were more likely to have
lymph nodes positive for breast cancer indicating a metastatic event to the node from
the breast tissue.

Cervical cancer is another example of a cancer that does not differ with respect
to the distribution of the genotype relative to controls but there is a phenotypic
difference in cells with the 2G allele®®. The immunohistochemical staining of these
tissues reveals similar levels of MMP-1 in both the 1G/2G and the 2G/2G cells but
these are both higher than the 1G/1G containing cells. The cells with the 2G promoter
are correlated with higher stages of cervical cancer implicating the SNP in the
progression of the disease.

This polymorphism has been studied in non-neoplastic tissues as well as

cancer tissue. Fujimoto ef al.?’

investigated the role of the SNP in premature rupture of
fetal membranes. There was a moderate but significant increase in risk for preterm
premature rupture of fetal membranes in African American women with a 2G allele.
This study was also the first to find a link between the SNP and ethnic status.

Whyatt et al. investigated the distribution of the MMP-1 SNP in human foreskin
fibroblasts®'. They found a distribution similar to the published results for the healthy
population. The MMP-1 expression level did not correlate with the polymorphism
however if a growth factor or stimulant was added, such as EGF, FGF or IL-1, the
transcription from the 2G promoter was stimulated more than transcription from the 1G

promoter. Chapter 4 will go into detail into the results of my data regarding HGF

stimulation of the 1G and 2G alleles. This polymorphism has also been studied in
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brain tumors**, but this work was conducted as a part of this thesis and so is discussed

in Chapter 3.

1.3.3 MMP-1 Regulation
MMP-1 is normally found in low levels in healthy adult tissues and becomes
elevated during normal remodeling processes and during pathological conditions®. As
with other MMPs, this enzyme is secreted as a proenzyme. The latency of this enzyme
is maintained by the interaction of the cysteine and the zinc ion which prevents the
formation of the water and zinc complex that is necessary for enzyme activation. Full
length pro-MMP-1 has a molecular weight of approximately 57 kDa. This is converted
to an active enzyme in one of two ways. The cysteine-zinc bond can be chemically
disrupted by agents such as APMA (this is usually done in the context of in vitro
studies) or it can be proteolytically disrupted by other enzymes®. Serine proteases
attack pro-MMP-1 at the middle of the propeptide domain, between the Glu-Lys-Arg-
Arg-Asp amino acid residues. This initial cleavage generates a short-lived 46 kDa
protein that is rapidly cleaved at a Val-Met bond. This new species (43 kDa) is
relatively stable but only contains about 25% of the total collagenolytic activity.
Conversion to the fully active 41 kDa enzyme is carried out by other MMPs, notably
MMP-3,-7,-10, at a GIn-Phe bond. Autolysis of this form of MMP-1 results in the loss of
the C terminal portion of the enzyme which can no longer cleave collagen. It does
retain some ability to cleave gelatin and casein however®.
The majority of MMP-1 regulation occurs at the level of transcription. MMP-1
has a low level of basal transcription therefore the levels of steady state mRNA are

often undetectable in normal adult tissues®>. The human MMP-1 promoter contains a
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TATA box at position -30, an AP-1 binding site at position -77 and an ETS binding site
at position -83%%  Mutation of the AP-1 site dramatically reduces the basal
transcription level suggesting that this site is necessary for basal levels of MMP-1
promoter activity®>. A promoter with both the ETS and AP-1 sites is slightly more active
than a promoter containing the AP-1 site alone. This suggests that ETS proteins
contribute in some way to basal transcription of the MMP-1 promoter but it is not as
important as AP-1.  Overexpression of Ets-1 increases the level of MMP-1
transcription®, again suggesting a role for Ets-1 in MMP-1 basal transcription.

MMP-1 transcription can be regulated by several factors and different
mechanisms are responsible in different cells and tissues. Growth factors, hormones,
and cytokines are a few examples of agents capable of controlling MMP-1 promoter
activity. Phorbol myristic acetate (PMA) mimics many of the signal transduction
pathways and phosphorylation events stimulated by inflammatory cytokines through
activation of protein kinase C. Induction of the MMP-1 promoter by PMA requires three
regulatory elements: the AP-1 binding site (-77 bp) , the ETS binding site (-83 bp) and
a TTCA motif present at position -109%. Physical stress from mechanical trauma, heat
and solar radiation increase MMP-1 promoter activity. This is most likely due to
activation of AP-1 protein members. This is the proposed mechanism of action for the
induction of MMP-1 by cytokines as well. Another molecule that can activate MMP-1
transcription is the very molecule that it cleaves in many tissues. As type | collagen
levels increase in a cell or if the cell is growing on type | collagen, MMP-1 promoter

40,65

activity increases Lastly, as previously discussed, MMP-1 transcription can be

affected by a polymorphism at position -1607.
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MMP-1 transcription can be inhibited as well. TGF, glucocorticoid hormones,
retinoids, p53 and doxorubicin can all repress MMP-1 promoter activity. Treatment
with retinoic acid will inhibit MMP-1 transcription and mRNA levels®. Retinoic acid
receptors work in one of two ways. They most often bind directly to AP-1 proteins
which prevents them from binding to the DNA in the promoter, but they can also form a
complex at the AP-1 binding site which will prevent AP-1 from binding to this site and
activating transcription®?. The MMP-1 promoter does not contain a consensus binding
site for p53 yet this protein can also repress MMP-1 transcription. Wild type p53 down-
regulates MMP-1 promoter activity in both unstimulated and stimulated cells. This
repressive effect is lost if the p53 is mutated. Use of the p53 mutants commonly found
in many cancers does not inhibit MMP-1 transcription®”®. p53 works in a similar
fashion to the retinoic acid receptor in that it binds to AP-1 and thus prevents AP-1
from binding to the binding site in the promoter and activating transcription®. This
occurs in both basal and stimulated transcription. Treatment with doxorubicin in
clinically relevant doses will also repress MMP-1 mRNA and protein but this
mechanism has not yet been elucidated”"".

Once MMP-1 mRNA is transcribed it is very unstable in resting cells. Certain
agents regulate MMP-1 by increasing the mRNA stability. Naturally occurring agents
such as IL-1 and EGF will increase MMP-1 mRNA stability which can then be detected
by experimental means®.

The last method to discuss related to MMP-1 regulation is enzyme inhibition.
MMP-1 can be inhibited by TIMP-1 or by chelating agents such as EDTA and
tetracyclines® but the major inhibitor of MMP-1 is a2-macroglobulin. a2-macroglobulin

is composed of four subunits which have a total molecular weight of 725 kDa. This
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molecule, which accounts for over 95% of MMP-1 inhibition, binds to the MMP-1 active

site and irreversibly inhibits the enzyme by targeting it for clearance from the cell®®.

1.3.4 ETS Transcription Factors

The polymorphism in the MMP-1 promoter creates an additional binding site for
the ETS family of transcription factors. They are so named after the founding member,
Ets-1, which was originally identified as a fusion oncogene of the avian transforming
retrovirus E26. This virus induced erythroblastic and myeloblastic leukemias in

72-75

chickens There is some discrepancy as to what the initials stand for. Certain

72,73

groups say it stands for E26 transformation specific’>’®, while others say it stands for E

twenty six"*"°.

Regardless of the history on the naming of the protein, there is no
disagreement as to the classification, structure, function or importance of these
molecules in human biology.

There are over thirty members of the ETS family of transcription factors (Table
2). They encode nuclear transcription factors that regulate gene expression. ETS
transcription factors share an evolutionarily conserved ETS domain of approximately
85 amino acid residues that facilitate binding to purine rich DNA sequences with a
central GGAA/T core’®’®. This ETS binding domain is the unifying feature of the
protein family. They can be further classified into subfamilies based upon structural
composition (Figure 3) and similarities in the DNA binding domain’>. DNA binding
affinity is affected by two things: 1) the ETS domain and 2) flanking sequences both on
the ETS protein itself and on the DNA sequence flanking the GGAA/T binding motif. In

addition to directing protein-DNA interactions the ETS binding domain may also be a

target for protein-protein interactions. It can have important regulatory consequences



TABLE 2. Members of the ETS family of transcription factors

Sub-family

Biological Role

Ets
Ets-1
Ets-2

TCF
Elk-1
SAP-1
SAP-2/Net
Lin-1

Erg
Fli-1
Erg

PEA3
PEA3
ERM
ER81

GABP
GABPa

Elf
Elf-1
NERF-1/-2
MEF

Spi
PU.1
SpiB
SpiC

Yan

Erf
ERF
PE-1

extracellular matrix remodeling,
multiple developmental roles

immediate early gene regulation,
neuronal differentiation, T cell
differentiation

megakaryocyte differentiation

neuronal pathfinding, sensory to
motor neuron connections, muscle
differentiation

muscular synapse function

myeloid and lymphoid differentiation
B cell function

seweral developmental roles
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extracts isolated from HGF/SF treated cells to determine if the growth factor stimulation
causes increased binding or changes the binding pattern in any way. Based on the
data from the ChIP assay | would suspect that there would be additional bands
corresponding to either cFos alone or cFos as a part of a protein complex. It would be
interesting to see if the proteins need intact chromatin for binding. This could implicate
histone modifications such as acetylation and perhaps other necessary proteins such

as CBP/p300 as a requirement for MMP-1 promoter activation.

| think it would be valuable to determine if the addition of HGF/SF increases the
amount of active MMP-1 in the glioma cells that contain the 2G/2G promoter. |
demonstrated that the promoter activity increases and the mRNA levels increase after
HGF/SF treatment and that the cells with a 2G/2G promoter have a more robust
response to HGF/SF but never tésted the effect on increases in protein or active
enzyme. | acknowledge that | addressed this point of increased promoter activity
leading to increases in active enzyme in the beginning of this discussion section but |
think it is very important to distinguish between an active promoter which may not have
any effect on the cell and active enzyme in the cell which may contribute to tumor
invasion, recurrence or both. Since there are many growth factors present in the tumor
environment it would be important to study this phenomenon in the presence of the

growth factor as well.

Addition of the HGF/SF causes an increase in protein levels of cJun and cFos,
while the protein levels of the ETS members did not change in response to HGF/SF. It
could be that the HGF/SF activated the MAP kinase cascade which causes the

phosphorylation of the ETS proteins. | investigated this possibility with three different
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methods but each experiment gave results that were inconclusive. Initially | tried
immunoprecipitation of Ets-1 protein from HGF/SF stimulated cells. | then ran the
protein that was removed from the beads on a western blot and probed with an
antibody specific for phospho-threonine. The secondary antibody used to detect the
phospho-threonine antibody cross-reacted with the Ets-1 antibody used in the
immunoprecipitation step because they were both raised in a rabbit. Since the heavy
chain of the IgG is 55 kDa and the Ets-1 protein is 54 kDa this cross reaction prevented
me from seeing if there was a band in the lane corresponding to the HGF/SF treated
cells because the heavy chain was quite a substantial size. To circumvent this
problem, we tried using a new product from Molecular Probes that stained the gel itself
so there is no need for secondary antibody. In this experiment, the results between the
stimulated and unstimulated samples were the same indicating to us that Ets-1 was not
phosphorylated as a result of the HGF/SF treatment. We lacked a convincing positive
control so we were not sure if the method was working and the samples were indeed

phosphorylated.

The question of whether or not Ets-1 is phosphorylated should be addressed.
The literature contains data suggesting that Ets-1 is phosphorylated as a result of
HGF/SF treatment however the data was based on in vitro kinase assays. This
indicates that Ets-1 contains the phosphoacceptor site and therefore could be
phosphorylated but no one has tried to immunoprecipitate Ets-1 from cells and
determine the phosphorylation status. | recommend using an Ets-1 antibody that has
been commercially biotinylated to prevent any ambiguity about the biotinylation
efficiency. This method would cost more, but this would, in theory, prevent the cross

reaction between the Ets-1 antibody used in the immunoprecipitation step and the
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secondary antibody heavy chain used on the western blot. The problem of the positive
control still remains, but there are a few imperfect controls one could use. One would
be to use an antibody for phosphoERK on an additional sample since, based on the
evidence presented in chapter 4, we know ERK is phosphorylated in response to
HGF/SF treatment. One problem with that control is that if there is a problem with the
Ets-1 antibody we would not know so one wil have to show that the
immunoprecipitation is working each time. This, combined with the phosphoERK
control would control for both the HGF/SF treatment working properly and control for
the Ets-1 immunoprecipitation. Another potential control would be to stimulate cells
with a different growth factor known to phosphorylate Ets-1. This would test the
phosphorylation detection method used. | would also test various timepoints to see
when the protein is phosphorylated and how this correlates with increases in cFos and
cdun protein levels and MMP-1 promoter activity. The genotype of the cell should not
have any influence on the phosphorylation status of Ets-1, so it will not matter which

cell line one uses.

ETV1 was the other ETS member we investigated with respect to protein levels
after HGF/SF stimulation and binding capability. The data from the Western blots on
extracts stimulated with HGF/SF is similar to that of Ets-1; there is no increase in
protein levels following HGF/SF at any of the timepoints we tested. It is unlikely that
ETV1 is phosphorylated in response to HGF/SF, as we propose Ets-1 is, because
ETV1 does not contain the same structural element, the pointed domain, needed for
phosphorylation by MAP kinase. Data from the ChIP assay indicates that ETV1 is
bound only to the 1G/1G promoter. This could indicate that when ETV1 is bound to the

promoter it is somehow repressing promoter activity either by interfering with binding of
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Ets-1 or perhaps interfering with AP-1 proteins binding to the promoter. One could
perform experiments to address these possibilities. | would clone the cDNA for ETV1
into an expression vector, transfect the vector into glioma cells and then perform
luciferase promoter assays with the MMP-1 reporter constructs. If the promoter activity
of the cells with the additional ETV1 decreased in comparison with those cells lacking
the additional ETV1 it could indicate a potential repressive activity. | would follow up
that experiment with one in which the ETV1 is removed from the cell with either siRNA
or antisense technology. In this case the promoter in the cells with the lesser amount
of ETV1 should have a higher level of MMP-1 1G promoter activity if the ETV1 is
indeed repressing MMP-1 transcription. To determine if ETV1 is somehow interfering
with AP-1 protein binding | would use the same approach as | just described but
instead perform a ChIP assay to see if the cells with the overexpressed ETV1 have
less AP-1 binding. | would also perform co-immunoprecipitation studies to determine if

ETV1 is directly bound to the AP-1 proteins.

In addition, co-immunoprecipitation studies performed with Ets-1 and AP-1
proteins as well, could provide information on the physical interactions of those two
proteins. If the results from the co-immunoprecipiation studies indicate there is no
physical interaction, it does not mean that they are not interacting on the promoter
DNA. If they do interact in solution however, it would be powerful data to support my
hypothesis that cooperation between ETS and AP-1 is one possible mechanism
responsible for the increase in the 2G MMP-1 promoter in response to HGF/SF

treatment.
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Prior to HGF/SF treatment, cFos is not present in the glioma cell lines. HGF/SF
treatment causes an increase in the levels of the cFos protein and also causes an
increase in MMP-1 promoter activity and mRNA levels. One of our hypotheses is that
the presence of cFos, as a result of the HGF/SF treatment, creates an AP-1 dimer,
composed of cJun and cFos, which represents the protein with the highest capability to
stimulate MMP-1 transcription. The MMP-1 promoter with the highest level of activity
is the promoter that has Ets-1 bound in cooperation with cJun and cFos. To test this
hypothesis, one could knockdown the cFos in the glioma cells with either siRNA or
antisense treatments. After performing the necessary experiments to determine that
the knockdown is working | would repeat the ChIP assay and determine if cFos is still
binding. The ChIP assay would also help determine if cFos is necessary for the other
proteins to bind. | would repeat the promoter studies to determine if the cFos is
necessary for increases in MMP-1 transcription. If the cooperation between AP-1 and
Ets-1 is necessary for promoter stimulation, then the difference in activity levels
between the 1G and the 2G construct should diminish. If the cooperation is

unnecessary, then both promoters should decrease similarly.

In the long term it will be important to link this polymorphism with a functional
role in gliomas. | think that by first studying the role of MMP-1 in gliomas, the possible
roles can be narrowed down. Based on the function of MMP-1 in other pathological
states, potential roles for this polymorphism could include: 1) a contributor to treatment
resistance, 2) increased susceptibility to gliomas 3) increased aggressiveness of the
tumor and 4) increased inflammatory response. Preliminary data from our laboratory
suggests that the overexpression of MMP-1 in one glioma cell line results in not only

invasion but also cell growth as measured by colony forming assays. Members of our
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laboratory have also begun invasion assays on two glioma cell lines with different
MMP-1 promoter genotype. It will be interesting to determine if the invasiveness of the
glioma cell lines can be correlated to the MMP-1 promoter status. There is evidence
that MMP-1 is involved in apoptosis, both pro and anti-apoptotic as mentioned in the
introduction. | would perform experiments to evaluate this role of MMP-1 with respect

to the polymorphism status in the distal promoter.

One last thing | would look at to evaluate a functional role for this polymorphism
is the possible relationship between the MMP-1 genotype and treatment resistance.
There is data in the literature linking p53 to decreases in MMP-1 transcription through a

mechanism that interferes with AP-1 binding to the proximal promoter®”®,

It is well
known that irradiation treatment stabilizes the half life of wild type p53. In cells with
intact p53, irradiation will theoretically decrease the levels of MMP-1 transcription.
Perhaps, in cells with a 2G/2G promoter, because they have higher basal and
stimulated levels of MMP-1, the p53 cannot repress the promoter as well as in cells
with a 1G/1G promoter. The effect of irradiation in cells with a 2G/2G promoter may
not be as great as on cells with a 1G/1G promoter and this will lead to differences in
response to treatment and ultimately patient outcome. This is just one example of a

potential functional consequence of the polymorphism in the MMP-1 promoter. It has

not been analyzed in any detail and therefore is purely speculative.

It is clear that the distribution of the polymorphism in the MMP-1 promoter is
different in glioma patients than in controls suggesting an importance in glioma biology.
Through experiments presented in this discussion and thoughtful discussion of the

results from these experiments, we may have a clearer understanding of not only the
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mechanism behind the increase in MMP-1 transcription resulting from the 2G promoter
but we may also begin to understand the role of this polymorphism in gliomas. It is this
understanding that will be necessary for researchers to design therapeutics to combat

this deadly disease.
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Appendix |.i DNA-Protein Affinity Pull Down Assay Protocol

This assay determines the ability of proteins to bind to a piece of DNA
mimicking the MMP-1 promoter. Before beginning the assay we performed PCR to
prepare the double stranded biotin labeled probe. The primer sequences were as
follows: forward 5- biotinCCCTCTTGAACTCACATGTTATG-3; reverse 5'-
GCGTCAAGACTGATATCT-TACTC-3. The forward primer was aliquoted upon
receipt from the company and only thawed one time. This ensured that each PCR
began with a fresh aliquot of biotinylated primer. We used 100 ng of genomic DNA
isolated from either T98 glioma cells (1G probe) or U251 glioma cells (2G probe). The
PCR conditions were as follows: 0.6 uM each primer, 200 uM dNTPs, 1.5 mM MgCl,,
1x PCR Buffer w/o MgCl,, 1 unit Platinum Tagq in a total volume of 25 uL. The PCR
annealing temperature was 62°C and there were a total of 35 cycles. The PCR product
was run on a 2% agarose gel to ensure the expected size piece of 110bp. The product
must be purified by ethanol precipitation and resuspended in 60uL of TE pH 8.0. The
purified probe was run on an agarose gel to quantify the amount relative to the DNA
ladder. Two rounds of PCR were necessary to obtain enough probe for the assay.

2 x 10°U251 cells were plated in 10 % DMEM. 24 hours post plating the cells
were rinsed with PBS and starved from serum overnight. 30ng/mL of HGF was added
to 3 mLs of fresh serum free media the following morning. At the desired timepoint the
media was removed from the plate, the plates were washed once with PBS and the
cells were scraped to the bottom of the plate and transferred to an eppendorf tube with
1.5 mL ice cold PBS. Samples were spun for 10 minutes at maximum speed in a table

top centrifuge at 4° C. The cell pellet was either used immediately or frozen at -80°C
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for use in the future. Nuclei were extracted following the method described in chapter
2 of this document and nuclear lysates were quantitated with the Coomassie Plus
Protein Assay. 60-100 pg of nuclear protein was added to an eppendorf tube to a final
volume of 500 pL Lysis Buffer (20 mM HEPES, 10% glycerol, 50mM KCL, 0.2 mM
EDTA, 1.5 mM MgCl,, 20 pM ZnCl,, 1 mM DTT, and 0.25% Triton X-100). Protease
and phosphatase inhibitors were added just before use. Nuclear extract was
precleared with 20 pL Streptavidin-Paramagentic particles (SA-PMP, Pierce) in a
rotating wheel at 4°C. [The SA-PMPs must be washed three times with 1 mL lysis
buffer and collected in a magnetic stand 15 minutes prior to use.] Following the pre-
clearing step the SA-PMPs were recovered in a magnetic stand. 1pg of the
biotinylated oligonucleotide and 4 pg testes DNA were added to the pre-cleared
supernatant and allowed to rotate at 4°C for 30 minutes after which 20 uL of washed
SA-PMPs was added and the samples continued rotating for 2 hours at 4°C. The SA-
PMP-DNA complexes were washed three times with 1 mL lysis buffer. After each
wash the supernatant was discarded. After the final wash, 20 pL of Laemmli Sample
Buffer:BME (950:50) was added to each sample. The samples were boiled for 5
minutes and loaded into a Tris-Gly Gel (Invitrogen). The gel was run at 125 V for two

hours and transferred at 25 V for two hours.
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5 hr 12 hr

Appendix |.ii DNA-Protein Affinity Pull Down Assay cFos

The AP-1 protein cFos is able to bind to a biotinylated probe mimicking the 2G
promoter following HGF/SF treatment for 5 hours. These results are in agreement with
the ChIP assay that also indicated that cFos bound to the endogenous 2G promoter at
5 hours. Results from the ChIP assay also suggest that cFos is bound to the 1G
promoter. There is a slight band in both the 5 hour and 12 hour lane that may
correspond to cFos bound to the 1G promoter.
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Labeled MMP-1 probe T + + + + |I+ + + + +I I+ + + + +|
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10x cold MMP-1 probe T T S
10x cold Ets-1 probe - - -+ - - - - 4+ - - - -

10x cold NFkB probe

Appendix l.iv Electromobility Shift Assay -- 1G probe

We performed an EMSA with a double stranded radionucleotide labeled probe
mimicking the distal 1G MMP-1 promoter to determine if there was a difference in the
banding pattern between the 1G and the 2G promoter probes. The data seems to
suggest that there are similar proteins bound to both promoters however further
experiments would be needed to confirm this initial observation.



160

us7
Labeled MMP-1 probe | + + + + + + + |
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+
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Appendix Liii Electromobility Shift Assay — Supershift.

We performed an EMSA with antibodies to both Ets-1 and Ets-2 to determine if these
are possible proteins bound to a probe mimicking the distal 2G promoter. Neither
antibody formed a complex with the DNA-probe complex as indicated by the lack of a
supershift of the band shift. This does not rule out these proteins as candidates of

proteins bound to the probe because it could be a limitation of the antibody that is
interfering with the protein-DNA-probe complex formation.



161

120 -

100 -

—

80

: |

Lo mum|

Relative Luciferase Units

+ ‘
40
Il il
1 I
20 - . o I‘L I
-+ -+ -+ -+ - 4+ -+ -+
3hr 4hr 5hr 6hr Shr 12hr 24hr

Appendix Il.i Promoter Activation 1G Promoter -/+ HGF/SF

We peformed a luciferase reporter assay with the full length MMP-1 1G promoter
construct (obtained from Constance Brinckerhoff, PhD) to determine the response of
the 1G promter to HGF/SF treatment in glioma cells. The 1G promoter responds to the
HGF/SF beginning at approximately three hours and continues at least for 24 hours. It
is not surprising that the 1G promoter responds to HGF/SF since it contains many
binding sites that may be responsive to the growth factor including the necessary ETS
element located at position -87 in the proximal promoter.
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Appendix |l.ii Promoter Activation 2G Promoter -/+ HGF/SF

We peformed a luciferase reporter assay with the full length MMP-1 2G promoter
construct (obtained from Constance Brinckerhoff, PhD) to determine the response of
the 2G promter to HGF/SF treatment in glioma cells. The peak of 2G promoter activity
is 12 hours after HGF/SF treatment but the promoter activity begins at three hours in
response to the growth factor and continues for at least 24 hours.
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