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ABSTRACT

Chondrosarcoma is a unique type of bone cancer in that it does not respond to
chemotherapy or radiation therapy, and therefore many affected patients die from
metastatic disease. Metastasis has been correlated to upregulation of the matrix
metalloproteinase (MMP) family of proteases, which can degrade a wide range of
extracellular components. MMP2 is an enzyme secreted from the cell and
degrades extracellular gelatin, as denatured collagen. ETVS is a transcription
factor which has shown to be overexpressed in multiple types of invasive
tumours. The regulatory relationship between ETV5 and MMP2 has not been
studied in chondrosarcoma. We hypothesized that ETV5 regulates MMP2 in
human chondrosarcoma with the protease acting as a downstream effector. We
have determined that both ETV5 and MMP2 are upregulated in the KC human
chondrosarcoma cell line. Gene knockdown of ETV5 in KC cells resulted in a
reduction in MMP2 mRNA expression as well as decreased protein production,
and significantly decreased MMP2 gelatinase activity. When ETVS is
overexpressed, MMP2 expression is upregulated at the RNA and protein levels.
Data from our bone resorption studies revealed that when a matrix
metalloproteinase 2 inhibitor is added to the KC cell growth media, collagen
released from bone chips decreased significantly. Upon histological examination,
bone chips incubated with KC cells and the MMP2 inhibitor showed less bone
resorption. Analyses of patient cell lines show similar expression profiles of

ETVS and MMP2 as the KC cell line. ETV5 knockdown (KD) in the patient cell
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lines also showed a decrease in MMP2 expression, similar to the KC cells,
suggesting that the ETV5-MMP2 pathway has clinical importance. This data
advocates that ETV5 has a significant role in regulating MMP2 expression and
activity, and bone resorption in human chondrosarcoma, and thus may be a

targetable effector of the metastatic cascade in this cancer.
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CHAPTER ONE: INTRODUCTION

1.1 Bone

Anatomy

Bone tissue is composed of multiple layers providing strength and
protection to the body (Figure 1.1). The periosteum is a layer of fibrous
connective tissue which encompasses the bone. Compact and trabecular bones
form the main portions of the bone; compact bone comprises the outer portion,
while trabecular bone is found closest to the bone cavity. Osteons within
compact bone are made up of osteocytes and arranged as circular columns
running the length of the bone, containing Haversian canaliculi. These tunnels
allow for the vasculature, lymphatic system and nerves to run along the bone and

across to neighboring osteons.
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Lamellae

Osteons of
.~ compact bone
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osteocytes

Canaliculi Trabeculae of
) spongy bone
Cortical bone .
Haversian
canals
Periosteum

Figure 1.1: Anatomy of the layers of bone, taken from Apatech [1].

Collagen

Ninety percent of organic bone matrix is built of type | collagen [2, 3]. This

gives bone its tensile strength to act as a scaffold for the tissues [4]. Collagen is

formed from three helical a chain forming homotrimeric or heterotrimeric peptides

wrapped together to create a microfibril. These combine with others to form a

collagen fibril. Many of these fibrils together aggregate to make a bundle (Figure

1.2).

Collagen Fibers

D 2
.....
at

Collagen

Collagen Fibril Microfibril

Figure 1.2: Formation of collagen bundles, taken from Sigma-Aldrich [5].
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There are over 40 types of a collagen peptides which aggregate in
different combinations to create over 25 types of collagen [4]. These types are
clustered depending on their triple helix structure, homology and function [4] (See
Supplemental Table A for the grouping of collagen forms). Type | collagen is
the most abundant protein in the body and the majority is found in the bone, skin
and tendons [6]. Collagen synthesized and secreted by chondrocytes in the
cartilage include types Il and IX [4, 7], whilst type IV collagen is produced by
fibroblasts as part of the basement membrane in a “chicken wire” two-
dimensional framework [8]. This provides the network for other extracellular
matrix (ECM) components to build upon to strengthen the basement membrane,

endowing it with more functional diversity.

Cartilage

Cartilage is a dynamic connective tissue composed of two main
substances, type Il collagen, giving cartilage its strength, and hydrophilic
proteoglycans which draw water into the tissue to retain moisture and provide
resistance against compression forces [9-11]. Cartilage serves many roles in the
body; it provides a template for developing bones, gives flexibility to joints, repairs
damaged bones and offers structural support [7]. As cartilage is a poorly
vascularized tissue, it largely depends on mechanical forces for signal
transduction [12] as well as signals passed through the matrix and across

Haversian canaliculi within the bone [13].




M.Sc. Thesis ~ PF Power; McMaster University
Health Science; Medical Sciences; Cancer and Genetics

Chondrocytes are the only cells that reside within the cartilage [9, 14].
They are slow growing cells which secrete matrix around themselves which form
the cartilage [12]. The secreted matrix causes separation from adjacent cells;
therefore any cell-cell contact is mediated through changes in the secreted matrix
and diffused signals [12]. Chondrocytes can undergo neoplastic changes and

cause chondrosarcoma [12].

1.2 Chondrosarcoma

Physiology

Chondrosarcoma is characterized as a hyaline cartilage matrix-producing
tumour [12, 15-18]. Chondrosarcoma, a type of malignant cartilage, represents
approximately 25% of all primary bone cancers [18, 19], and succeeds
osteosarcoma as the second most common malignancy of the skeletal system
[16, 20-23]. Most chondrosarcomas (80-90%) are primary (conventional)
chondrosarcomas, which occur in the medullar cavity (central chondrosarcoma)

(Figure 1.3) or at the bone surface (peripheral chondrosarcoma) [16, 17].
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Figure 1.3: Magnetic Resonance Imaging image showing central
chondrosarcoma of the proximal humerus. Infiltration of the marrow and invasion

of the adjacent soft tissue is clearly seen.

Chondrosarcoma is divided into six categories; primary, dedifferentiated,
mesenchymal, clear cell, secondary and periosteal, based on the site of the
tumour as well as the histological presentation [13]. The incidence and

differences in these subtypes are outlined below in Table 1.1.
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INCIDENCE RATES OF THE SUBTYPES OF CHONDROSARCOMA

iDncaman of
Lnwwociinian ce

Periosteai
{Juxtacorticai)

et |

Table 1.1: Incidence and descriptions of the chondrosarcoma subtypes

Chondrosarcoma normally arises de novo from the cartilage of healthy
bone (the primary subtype) in adulthood [11, 23, 24]. Chondrosarcoma most
often presents in the long bones such as the femur [19, 23, 25-27] but has also
been found in the ribs, spine [22], pelvis and scapula [25]. Chondrosarcoma

mostly affects individuals in their fourth to fifth decades of life [20, 24, 25],
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however in rare cases, patients younger than 20 years of age have been reported
[17, 28]. The most common symptoms reported by patients with
chondrosarcoma are on-going local bone pain, swelling at the tumour site [25] as
well as pathologic fracture [26, 29], and can present years before the diagnosis is
made [25]. Chondrosarcoma incidence shows a male prevalence [17] but no

preference over ethnicity [13].

Cellular Biology

As chondrosarcoma can originate through different means, the cellular
changes observed in chondrosarcoma are quite diverse. Benign cartilage
masses of enchondroma and osteochondroma can undergo malignant
transformation to become central or peripheral chondrosarcoma, respectively
[30]. Enchondroma is the most common type of benign cartilage tumour [30] and
is usually located at one bone site [31]. It characteristically shows hyaline
cartilage tissue and occurs most often in the medullary of the bone [31]. Surgical
resection is the common method of removal and local recurrences or
transformations into a low grade chondrosarcoma are rare events [31].
Osteochondromas develop into malignant chondrosarcoma in 1-5% of cases [30].
These tumours normally found at the metaphyseal region of long bones [30] act
as a growth plate that grows off an angle to the original bone during puberty
before the cartilage cap has closed. Both of these benign bone tumours are

caused by irregular development of chondrocytes adjacent to the growth plate
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[30]. Both enchondromas and osteochondromas are difficult to diagnose as
some of their features are perceived as low grade chondrosarcoma [30].
Chondrosarcoma as a whole affects 1 out of 200,000 individuals per year, which

accounts for 20-30% of all bone malignancies [26].

As with many neoplasms, the specific details of how cartilage transforms
into malignant chondrosarcoma are still unknown [21]. Some hypotheses include
the dysregulation of signaling pathways, as well as changes in vascularization of
the tissue and to the rates of proliferation [30]. Loss of heterozygosity is a
common finding among chondrosarcoma tumours, caused either by deletion or
uniparental disomy [21, 32], which may explain their susceptibility to
carcinogenesis. Chondrosarcoma shows various genetic changes from single
nucleotide polymorphisms, to larger deletions, which can influence the neoplastic
nature of the cells [21]. One group determined that of the 138 altered
chondrosarcoma tumour karyotypes included losses and gains of chromosomal
material, diploidy, hyperhaploidy as well as hyperhexaploidy [32]. The commonly
affect genes being p53, pRB and other tumour suppressor genes [21]. Less than
46 chromosomes were found in 49 tumours and 89 tumours showed more than

46 chromosomes 27 of these having translocations [32].

Chondrosarcoma can be diagnosed and graded by radiographic

presentation [23], although, chondrosarcoma is primarily graded based on the
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histological presentation, which assists in determining the course of action for

treatment, estimation of aggressiveness, [33] and prognosis [12, 18, 19, 23, 34].

The general changes that occur throughout tumourigenesis are interpreted in

Figure 1.4. Not all chondrosarcomas follow this rubric [26] however, which

presents further challenges for a proper grading of the tumour.

Cellularity
Chondroid matrix
Myxoid change
Nuclear atypia
Cellular spindling

Mitosis, necrosis

R

e
I . L e
;Grade 1555908

Figure 1.4: Schematic of the cellular differences between grades of

chondrosarcoma cells, taken from Kim et al., 2011 [26].
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Many grades may be seen within one tumour [12, 16], compounding the
challenge of making accurate diagnoses and estimation of prognoses.
Additionally, local recurrences often appear, requiring further surgical
interventions [20]. Grade | chondrosarcomas shows a 10-year survival rate of

80-90%, Grade Il, 65-80% and Grade lll, 30-40% [16].

Due to the non-responsive nature of chemotherapy and radiation therapy,
chondrosarcoma has a high metastatic potential, especially at higher grades [24,
35], and secondary tumours most commonly metastasizes to the lungs (as seen

in Figure 1.5), causing a 50% 5-year survival likelihood [18].

Figure 1.5: CT scan showing chondrosarcoma of the humerus with several

secondary lung metastatic tumours.

10
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Metastases are usually unresectable [36], causing lethal disease [30]. Itis
noteworthy, that of recurrent tumours, 10-13% display higher grades than the

original tumour [18].

Current Treatments

Chondrosarcoma is a unique type of bone cancer, as it is unresponsive to
chemotherapy (CT) or radiation therapy (RT) [15, 20, 23, 30, 35].
Chondrosarcoma is classically poorly vascularized, which causes difficulty in
delivering drugs to the core of the tumour [12, 30, 37]. Many believe that the
presence of the transmembrane ATP-mediated p-glycoprotein pump (encoded by
the Multiple Drug Resistance gene; MDR-1) within the chondrosarcoma cell
causes delivered drugs to be evacuated from the cell [19, 20, 30, 35, 38]. Ninety
percent of malignant chondrosarcoma cells have shown to express this protein
on their cell membrane [27, 35] and studies have determined that drugs including
vinblastine and taxol are all shuttled out of the chondrosarcoma cell [39].
Interestingly, Kim et al. showed that the p-glycoprotein is also expressed by
healthy chondrocytes, speculating that they too are chemotherapy (CT) resistant
[35]. Through the inhibition of anti-apoptotic proteins Bcl-2, XIAP and p-
glycoprotein, chemosensitivity increased over 4-fold across numerous
chondrosarcoma cell lines [35], suggesting a possible mechanism to overcome

this issue.

11
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Chondrosarcoma has been used to study evasion mechanisms of
radiation therapy (RT), and many target genes and proteins have been
discovered to play a role in this process [19, 22]. RT works on the premise that
the gamma radiation causes cellular damage by the production of reactive
oxygen species (ROS), causing cytotoxicity [19]. ROS cause damage to cells
through single and double stranded DNA breaks, inducing repair, apoptosis,
senescence or necrosis of the cells [19, 38]. However, this situation only exists if
the repair mechanisms are in proper functioning order, which is not always the

case in many cancer types [19].

Doxorubicin is currently being investigated for the treatment of
chondrosarcoma, as it a cytotoxic agent [40] which interchelates within the DNA,
obstructing replication [19]. After dosing JJ012 chondrosarcoma and swarm rat
chondrosarcoma cell lines with varying concentrations of doxorubicin,
distinguishable amounts of the drug were found within the cells [35]. This lead
the authors to hypothesize those anti-apoptotic genes are differentially expressed

and protecting against CT in these cells [35].

Research on the pro- and anti-apoptotic factors in chondrosarcoma is on-
going. Studies of endogenous Bcl-2 and XIAP protein levels were detected in
healthy chondrocytes as well as chondrosarcoma in approximately even amounts

[22]. Interestingly, articular cartilage cells are also RT resistant, which prompted

12
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the authors to suggest that anti-apoptotic proteins may be linked to RT resistance
in chondrosarcoma [22]. When RT damages the cells, they compensate by
overexpressing their anti-apoptotic proteins to prevent death [22]. After radiating
the chondrosarcoma cells, Bcl-2, Bcl-xL and XIAP became overexpressed, and in
result, apoptosis levels decreased, as detected by histology [22]. When Kim et
al. silenced Bcl-2 and Bcl-XL with small interfereing RNA (siRNA), apoptosis was
restored [22], proposing that with pharmacological intervention aimed at down-
regulating anti-apoptotic proteins in chondrosarcoma, the cells would become
more sensitive to RT [19] and the tumour would shrink. Pro-apoptotic genes and
their statuses in chondrosarcoma have not yet been characterized; however, pro-
apoptotic drugs are currently in use to attempt to destroy chondrosarcoma cells in

vitro [19, 35].

As chondrosarcoma is poorly vascularized, hypoxia is an important issue
to consider [30, 37]. When radiation produces ROS, the low levels of oxygen
within the tumour core yielded insignificant results [19, 38]. Acridine orange (a
dye), is often used in conjunction with RT in chondrosarcoma cases, as the

chemical can produce ROS in low oxygen supply environments

Onishi et al. review many possibilities as to why chondrosarcoma may be

resistant to CT and RT [19]. Mutations in the p16 tumour suppressor gene are

one such possibility [19]. p16 functions in G1 progression as a cyclin-dependent
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kinase inhibitor to control apoptosis when irreparable DNA damage occurs [38].
When it is mutated, the rate of apoptosis decreases [19], causing changes in
cellular populations. Chondrosarcoma commonly shows high numbers of p16
mutations, [38] while benign cells do not [41]. In vitro, p16-deficient
chondrosarcoma cells showed more sensitivity to RT than healthy chondrocytes
[41]. Being able to target chondrosarcoma cells specifically and to introduce
functional p16 may show promise as adjuvant therapy to radiation or a method to

overcome anti-apoptotic protein expression.

Wide surgical resection of the affected bone and surrounding soft tissue
areas remains the standard treatment for chondrosarcoma [15, 18, 23, 34].
Unfortunately, resection is not always possible depending on patient
comorbidities and the anatomic extent of the tumour within the skeleton and
surrounding soft tissue [19, 20, 42]. The lack of available treatment may resort to
amputation [19]. Without resection, chondrosarcoma will likely lead to local and
metastatic recurrences [12]. Recurrence rates range between 10-70%,
depending on the grade of the primary tumour [16], often requiring future surgical
intervention. High-grade chondrosarcomas show a 50% 5-year survival rate,
which declines to 29% by 10 years [15, 19, 30]. There is no known universal

treatment for chondrosarcoma [22, 30, 35].
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1.3 Matrix Metalloproteinases

The Matrix Metalloproteinase Family

The matrix metalloproteinase (MMP) family of proteins is comprised of
over 20 known members in humans as well as in other species. This family is
characterized by their zinc binding site within the catalytic domain of the enzyme
and are capable of degrading extracellular matrix target proteins (See
Supplemental Table B) [43-45]. These proteases are implicated in ranges of
biological functions including wound healing, angiogenesis [46, 47], vascular
remodeling [48], activation of downstream cellular signaling [49], as well as in
correlation to cancer [50-55]. MMPs are differentially located; in the cytoplasm,

tethered to the cell membrane or secreted, depending on its function [48].

Matrix Metalloproteinase 2 Protein Structure

Matrix metalloproteinase 2 (MMP2) is encoded by the MMP2 gene on
chromosome 16 yielding a 72kDA pre-protein and a 62kDa active form (see
Supplemental Table C for more MMP2 information). Matrix metalloproteinases
are highly conserved across species; MMP2 has over 95% protein homology to

the rhesus monkey, chimpanzee, grey wolf, mouse, rat and cow (Figure 1.6).
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Pairwise Alignment Scores

Gene Identity (%)
Species Symbol Protein DNA
H.sapiens MMP2
vs. P.troglodytes MMP2 99.5 99.2
vs. M.mulatta MMP2 99.7 974
vs. C.lupus MMP2 971 91.6
vs. B.taurus MMP2 95.0 90.7
vs. M.musculus Mmp2 95.9 89.4
vs. R.norvegicus Mmp2 95.5 88.4
vs. G.gallus MMP2 85.0 76.0
vs. D.rerio mmp2 75.2 722

Figure 1.6: Homology analysis of MMP2 protein and DNA sequences in various

species (NCBI HomoloGene search, Gene #3329).

MMP2 is composed of seven main sections; 1) a pre-domain and 2) a pro-
domain, which are cleaved off to make up the active enzyme, 3) a catalytic
region, which is responsible for the breakdown of various ECM proteins, 4) three
collagen-fibronectin binding sites (Il), 5) the zinc motif (Zn), 6) a hinge region (H)
supplying flexibility linking the zinc motif, and finally 7) the hemopexin section
containing a disulphide bridge, which assists in substrate binding (See Figure
1.7). The pro-domain encompasses a cysteine residue which binds the zinc
atom in the proteins’ inactive conformation [14]. Upon cleavage of the pro-
domains, the sulphate bridge is broken, causing a conformational change of the

protein, activating the zymogen [14].
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SH H Hemopexin
Pre[Pro | Catalytic I1 IT) Zn

Figure 1.7: Schematic of MMP2 protein motifs, taken from Sternlicht and Werb,
2001 [48]. Pre: pre-domain, Pro: pro-domain, SH: sulfhydryl group, (ID(I)(I1):
fibronecting-binding domain, Zn: zinc atom, H: hinge region, S-S: disulphide

bridge.

Tissue Inhibitors of Matrix Metalloproteinases

The tissue inhibitors of metalloproteinase (TIMP) group of four
extracellular proteins can exert their forces either as activators or inhibitors of
MMPs, depending on the surrounding conditions [56]. TIMPs are competitive
inhibitors of MMPs, which bind the hemopexin domain of the MMP, preventing
activation [56]. TIMPs contain regions that bind the catalytic pocket of the pro-
MMP2 preventing their ability to become activated [45, 56]. TIMPs are also
capable of binding membrane-type MMPs (MT-MMP), obstructing their binding to
MMPs [56]. TIMP2 is the most common effector of MMP2, and functions in both

as an activator and as an inhibitor [56].
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Activation of MMP2

The MMP2 promoter stretches from position -1704 to +1 [57], and contains
binding sites for many transcription factors (TF), including AP-1 [56], sp1 and
STAT [57]. The AP-1 TF is implicated in many signaling pathways, as well as in
some cancers [58], and could contribute to the overexpressive nature of MMP2.
The sp1 TF is capable of binding many different promoters. Like many TFs sp1,
is involved with multiple signaling cascades, mostly relating to cell growth and
maintenance (NCBI Gene ID: 6667). STATG6 (signal transducer and activator of
transcription 6) cooperates with the MMP2 promoter in the lung [59]. ETS TF
binding sites are also present on the MMP2 promoter [60] and will be discussed
in later sections. As numerous TF binding sites are on the MMP2 promoter, it is
understandable that the resultant protein can have various roles within and

external to the cells.

Once transcribed and shuttled to the cell membrane, the C-terminal end of
the MMP2 zymogen is tethered to the exterior of the cell membrane via a533
integrin [45, 48], which allows activation to begin. Included in the MMP family,
are the membrane-type MMPs (MT-MMP), containing a transmembrane portion
and many are capable of activating MMP2 [48, 61]. MT1-MMP (also known as
MMP14) protrudes through to the extracellular side of the cell which binds TIMP2
[11, 48]. Pro-MMP2 then binds TIMP2 through the hemopexin domain. The 37

amino acid pre-domain of pro-MMP2 is cleaved off [62-64] by a second MT1-
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MMP [14, 45, 48]. This signals the auto-cleavage of the pro-domain between the
Asn80-Tyr81 residues, causing a conformational change in the protein, revealing
the catalytic region to produce a fully active MMP2 protein released into the ECM
[14, 65, 66]. These processes are well illustrated by Sternlicht and Werb, 2001
[48] in Figure 1.8. A positive feedback loop exists; if the concentration of TIMP2
is too high, TIMP2 will return to acting as an inhibitor blocking MT1-MMP and

MMP2, arresting the activation of MMP2 [67].
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ProMMP2 MT-MMP

MMP2
Activation Membrane-

DAL AR LA AL AL L kg

MT-MMP MMP2 Receptor

Figure 1.8: Activation of MMP2 taken from Sternlicht and Werb, 2001 [48]. (A)
MT-MMP is tethered to the exterior of the cell membrane when it is (B) recruited

to TIMP2 and inhibited via the hemopexin domain. (C) Pro-MMP2 bound by a
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free MT-MMP becomes bound by TIMP2 at the c-terminal end creating a
trimolecular intermediate. (D) The pre-domain of pro-MMP2 is cleaved off by a
second MT-MMP then an active MMP2 removed the pro-domain (E) resulting in a
free floating activated MMP2 protein. This process can also occur in the ECM

with soluble TIMP2 (F).

Once activated, MMP2 is free in the extracellular space, where it can act

on other targets, or dock at the membrane by an MMP2 receptor [48].

Wang et al. and others have shown that in TIMP2 deficient mice, pro-
MMP2 activation occurs weakly, postulating that TIMP2 is necessary for efficient
MMP2 activation. [66, 68, 69]. In MMP14 (MT1-MMP) null mice, MMP2
expression was greatly reduced, also suggesting, that MMP14 is not required for
the production of active MMP2 but plays a role in the stabilization of the MMP2

protein [14].

Growth factors (GF) also activate MMP2; vascular endothelial GF, [50, 56,
70] hepatocyte GF [71], fibroblast GF (FGF) family members [72] and many
interleukins [56, 61, 67] have all shown to cause changes to MMP2 expression in
various cell types including chondrocytes [11, 72], melanocytes [71], and
endothelial cells [50]. Pro-MMP2 can also be activated by pancreatic trypsin [73],

and many members of the blood coagulation pathway [43, 67, 74].
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Normal Physiological Functions of MMP2
The MMP family members are essential for cellular remodeling processes

to developmental and protective roles within the cells and tissues.

Mammary glands branch out during various times of growth; at puberty,
during pregnancy and lactation, in hormone-dependent manners [75]. This is
known to be caused by changes in the basement membrane by particular MMPs.
MMP2 functions alongside MMP3 to regulate mammary gland development in
mammals [14]. Immunohistochemistry of mouse mammary tissues showed that
MMP2 is mostly localized to the stromal section of the developing mammary
ducts [75]. Upon observation of MMP2-/- mice, they lacked terminal end buds of
the ducts, and showed shorter branching, causing phenotypic changes in the

ductal network [14].

Angiogenesis is a crucial course for embryogenesis, however, deleterious
in cancer. In healthy individuals, it has been suggested that MMP2 helps
mediate neovascularization during embryogenesis [14, 57], as MMP2 mutant
mice had reduced neoangiogenesis [46]. Interestingly, Kato et al. also found that
in MT-MMP1 deficient mice, angiogenesis was perturbed, theorizing that the

resultant change in phenotype was due to lower levels of active MMP2 [46]. This
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was supported by evidence in other studies that also saw a decrease in blood

vessel formation in MMP2 double knock-out (KO) mice [49, 76, 77].

Apart from matrix degradation, MMPs can play dual roles in inflammation;
anti and pro, depending on the needs of the cells and tissues [14], for instance in
cell-to-cell communication by processing GFs and cytokines [78, 79]. MMP2 and
MMP9 (also a gelatinase), regulate anti-inflammatory signals caused by allergens
in the airways, as well as in asthma [14, 80]. MMP2-/- mice show losses in
communication with eosinophils, causing the cells to remain in the interstitum of
the airways, rather than migrate into the airways in the lungs for excretion
through the mucus [80]. This can perpetuate difficulties breathing, as observed in
asthmatic individuals [14]. MMP2 has been shown to offer a protective role
against inflammation of the brain and spinal cord in cases of encephalomyelitis
[49]. Furthermore, MMPs are also known to be overexpressed in the spinal cord
as well as the brain in multiple sclerosis patients [81], suggesting that the
overexpression of MMPs do not solely relate to cancer, but other physiological

diseases in other body systems as well.

MMP2 has varied roles in bone development; it is secreted from both
osteoblasts and osteoclasts [3, 78, 82, 83]. In mouse studies, MMP2 KO mice
show ranges of phenotypes due to defects in osteoblasts and osteoclast-

mediated activities [84]. When MMP2 is mutated in humans, they are at risk to
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develop osteolytic “vanishing bone” disease caused by excessive bone
degradation, as well as arthritis [14]. Other MMP2 mutations can cause bone
erosion, loss of bone mineralization, skeletal deformations, arthritis [84] and
decelerated skeletal growth [48], causing multifaceted issues surrounding this

one gene.

Targets of MMP2

Of the entire MMP family, MMP2 has one of the largest ranges of ECM
target molecules; it can digest over 30 different ECM proteins [48] (See
Supplemental Table D for examples). As MMP2 is able to affect the integrity of
many extracellular structural proteins within the matrix, it is understandable that
downstream effects of its action are also quite diverse. More specifically, MMPs
demonstrates the strongest affinity towards gelatin, and type | and IV collagens.
MMP2 and MMP9 gelatinases are the only MMPs to have fibronectin-binding
motifs within their catalytic domain [48], allowing them to bind to gelatin (or

degraded type IV collagen), and cleaving them [45, 56].

MMP2 Inhibitors

There are two main classes of MMP2 inhibitors; biological and synthetic.
The biological inhibitors are comprised of the TIMPs, as previously described,
certain MMPs and other proteins naturally synthesized by the cell. RECK, a

membrane glycoprotein, is a biological inhibitor of MMPs, MT-MMPs as well as
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some TIMPs [20, 56, 61]. It functions by targeting MT1-MMP which is involved
activation pathway of MMP2 [56]. Interestingly, RECK exhibits down-regulation

in certain cancers [20, 56, 85].

Synthetic MMP inhibitors are typically chemicals, which Chaudhary et al.
break down into four main classes: peptidomemetic, non-peptidic, natural matrix
metalloproteinase inhibitors (MMIs) and tetracycline derivatives [61].
Peptidomemetic MMIs, are synthesized peptide-like molecules which act as
collagen fibrils and combine with the zinc ion in the MMP catalytic site, impeding
MMP activation [61]. Non-peptidic MMIs have superior specificity to the zinc
binding site than the non-petidomemetic inhibitors which show more precise
structure [61]. Natural MMIs, like neovastat work by inhibiting multiple stages in
the angiogenesis pathway, including MMPs, and VEGF, causing apoptosis of the
endothelial cells [86]. Prinomastat, a non-peptidic collagen-like MMP2 inhibitor
was developed in the 1990s and reached phase Il/lll clinical trials [44].
Unfortunately, it did not progress from phase Il clinical trials, as the outcome was
not as favorable as expected, and the compound also caused unwanted
musculoskeletal issues [44]. Finally, tetracycline derivatives are modified to no
longer have antibacterial properties; instead they have been shown to inhibit
bone resorption by inducing apoptosis of osteoclasts by binding to calcium, as

well as acting as an MMP inhibitor [87].
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As there is a great deal of crosstalk within the MMP family, certain MMPs
can influence each other. It has been documented that MMP2 is able to activate
MMP9 gelatinase and MMP13 collagenase [43], therefore, when attempting to
target solely MMP2, there is the inherent risk of targeting many of the relatives,

reducing the specificity of the inhibitor.

MMP2 and Cancer

Pro-MMP2 is secreted by several cell types including neurons,
cardiomyocytes [57], endothelial [11, 57, 70], fibroblasts [11, 57, 62], epithelial
[56, 62] and immune cells [11, 48, 88], then activated as previously described.
MMP2 has been observed in a multitude of studies to be overexpressed in
invasive [20, 54, 70], metastatic [85, 89] and/or migratory [67] cancers, including
osteosarcoma [90], prostate [91], breast [92] and ovarian cancers [53].
Furthermore, tumours with high levels of MMP2 show a more malignant
phenotype and metastatic profile [62], contributing to a worse prognosis [89].
This concept has now been taken a step further, and relative levels of MMP2
expression are being studied to correlate with higher prognosis for metastasis of

colorectal cancer [85].

MMP2 and Chondrosarcoma
MMP2 is expressed in healthy cartilage [93], as well as in chondrosarcoma

[18, 52, 94]. The link between MMP2 and chondrosarcoma has not been
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extensively studied. Soderstrom et al. analyzed patient chondrosarcoma cell
samples to ascertain any trends of MMP2 expression versus the grading of the
tumour [11]. They recognized that MMP2 is more highly expressed in
chondrosarcoma than in enchondroma, adult cartilage, as well as fetal cartilage
[11], which may assist in defining the invasiveness of the tumour as well as the
grade. This information is quite helpful for determining treatment options and

prognosis.

A set of studies performed by Lai et al, used alendronate, a
bisphosphonate drug able to decelerate bone resorption, to determine the effects
of MMP2 expression and activity in JJ012 chondrosarcoma cell line [94]. The
groups deduced that the effect of MMP2 inhibition by the drug decreased the
invasion ability of the cells [94], and supported the concept that MMP2 may be an

important mediator of metastasis in chondrosarcoma.

1.4 ETS Translocation Variant 5

ETS Family of Transcription Factors
The first member of the ETS family of transcription factors (TF) ETS-1 was
named after a viral protein (v-ets) [95] three decades ago [96]. The v-ets was

found in the E26 Avian Erythroblastosis virus which produced v-ets with
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homology to the human ETS family of proteins [95]. ETS was given the same
name as E Twenty Six (ETS) protein [95]. The ETS family of TFs is composed of
over 20 members in humans having a conserved 85 amino acid DNA binding
domain (DBD) [97] named the ETS domain [98, 99]. As well as being
homologous to one another, ETS TFs also exist among the mouse, Drosophila
and C. elegans [100]. Homology within and between the ETS domains vary, and
the human ETS family has been divided into smaller groups based on their ETS

sequences [101] (Figure 1.9).
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Figure 1.9: Phylogenetic tree illustrating the separation of the ETS family
members, based on the homology of the ETS domain. The PEA3 subgoup is

highlighted in the blue box. Taken from Oikawa and Yamada, 2003 [101].

The ETS domain recognizes a core 5-GGA(A/T)-3' region on the target
gene promoter [97-99, 102]. The ETS TF binds the promoter and depending on
many pretenses, can activate or repress the expression of that gene [99]. Key
determinants in dictating the TF functionality are the sequences flanking the core
binding motif [99] as well as the presence of repression zones [97, 100]. The
flanking sequences on the target promoter also influence binding capability; if one
amino acid is mutated, the binding affinity can change [101]. Most ETS factors

are activators; there are only a small number of repressors [97].

As TFs, the ETS family controls the expression of many genes of wide
cellular function. The diverse functionality of the ETS group of TFs include cell
proliferation, cellular differentiation, cell-cell and cell-matrix interactions,
apoptosis [99, 101], as well as angiogenesis, invasion and metastasis, tumour
suppression [103]. Among these functions, the main target genes for the ETS

group of TFs are proteases of the extracellular matrix [104].
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Polyomavirus Enhancer-Binding Activator (PEA3) Transcription Factors
The ETS family is divided into smaller groups based on the ETS domain
homology to each other, functional motif configurations, and location of the DNA

binding domain (DBD), which are illustrated in Figure 1.10 [97, 103, 105].

Subfamily (member)

Pointed domain Ets domain
ETS (Ets-1, Ets-2) [ ap_ [HLH] 1D
ERG (Erg, Fli-1/ErgB, FEV) [ ap  [HtH]

GABP( bindin
ELG (GABPw) | AD [HLH] ﬁj

mSin3A N-CoR binding

TEL(TEUEVGTEL) [ fuimol - [EEE ]
PEA3 (PEA3/E1AF, ER71, = 0 [ER] o |
ER81/ETV1, ERM etc))
ELF (Elf-1, Elf-2, EIf-3/ERT/ [ ap =2 I
ESX/ESE-1, MEF etc.)
SPI (PU.1/Spi-1, Spi-B, Spi-C etc.) [ AD [ Eis] |
ERF (PE1/METS, PE2/ERF) [ = [CRo ] ]

SRF bindin:
TCF (Elk-1, Sap-1, Net, Netb) | |:E::] | | ID |AD (RD) ID|

Figure 1.10: Schematics of ETS transcription family members, sorted by
subgrouping. lllustrates various location of each group; AD: activation domain,
HLH: helix-loop-helix, ID: (auto)-inhibitory domain, Ets: DNA binding domain,

RD: repression domain. Taken from Oikawa and Yamada, 2002 [101].
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Amid these subgroups is PEA3; a trio which contains three members,
PEA3 (also known as ETV4), ER81 (ETS related protein 81, also known as
ETV1) and ERM (ETS related molecule PEA-like, also known as ETVS) [36, 97,
98, 106]. These three TFs are over 95% identical in the DBD, over 85% in the
transactivating motif [36, 106], and approximately 50% in the transcriptional
segment [36]. The Pea3 subgroup members are transcriptional activators [95,

97] and have similar organization.

ETVS Structure and Function

Under the PEA3 grouping resides the ETS Transcript Variant 5 (ETV5) TF.
It is encoded by a gene on the third chromosome, at the q27-29 locus [97] which
yields a 1533 amino acid protein of 38kDa (NCBI Gene #2219) (see
Supplemental Table C for more ETV5 information). The ETV5 contains an ETS
DBD, two transactivating domains (one at each terminal end), an inhibitory

domain, and one transcriptional domain (see Figure 1.11) [97, 107, 108].

1 72 298 363 451 510

Figure 1.11: Schematic of the ETV5 protein. TADn: transactivating domain, N-
terminal end, NRD: negative regulatory domain, ETS: DNA binding domain,
TADc: transactivating domain, C-terminal end. Numbers correspond to the

number of amino acid residues. Adapted from Lens et al., 2010 [107].
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The human ETV5 protein shows over 95% protein homology to
chimpanzees, rhesus macaque, the grey wolf, the cow and mouse ETVS protein

sequences (Table 1.12).

Pairwise Alignment Scores

Gene Identity (%)
Species Symbol Protein DNA
H.sapiens ETV5
vs. P.troglodytes ETVS 994 994
vs. M.mulatta ETVS 99.6 98.8
vs. C.lupus ETV5 96.7 93.3
vs. B.taurus ETV5 97.6 93.7
vs. M.musculus Etvs 95.5 90.1
vs. R.norvegicus Etvd 94.7 89.7
vs. G.gallus ETV5 84.2 78.7
vs. D.rerio etvba 68.4 67.4

Figure 1.12: Human ETV5 Protein and DNA Homology percentages versus other

species (NCBI HomoloGene Search, Gene #3276).

In humans, ETV5 expression is found in several types of tissues including
the brain, [101, 109] lung, testis [109], breast, colon [97], pancreas and heart
[100]. ETVS5 and other ETS TFs are regulated by the fibroblast family of GFs [99,
110-112] as well as via many of the MAPK, RAS, ERK and PKA signalling

pathways via activation through phosphorylation [95, 97, 98, 105, 106]. When
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ETVS5 becomes activated through various kinase pathways, it is able to bind DNA
directly via the DBD. Analysis via nuclear magnetic resonance determined that
the DBD has an a1-B1-B2-a2-a3-B3-p4 structure, creating a winged helix—turn—
helix formation [101]. It is the a3 portion that binds the major groove on the DNA

[101].

ETS factors often associate with other TFs or proteins for promoter
binding-activity [95]. The specificity of ETS factor attraction to genes depends on
a myriad of factors including TF post translational modifications such as
phosphorylation, acetylation [97], sumoylation [101, 107, 113], methylation [114]
that the protein can undergo [97]. Other parameters able to dictate target affinity
include external stimuli [95], interactions with co-factors [101], TF concentration
within the nucleus [100], and the presence of protein-protein interactions [95].
Different members of the ETS family have different targets [101], and the pairing
made by the ETS factor and assistant proteins augment target specificity [102].
Little information is known as to which proteins bind to which location(s) on ETV5

to assist in ETV5 function and its regulation [101, 104].

ETVS5 Inhibition
ETV5 (as well as ER81 and ETS-1) are able to be auto-inhibited, which
involves different mechanisms for each member [107, 108]. The ETVS5 protein

contains inhibitory domains [107, 108], however, sources are contradicting,
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indicating that the inhibitory domain(s) are in different locations (Figure 1.11).
Lens et al. claim that one region is adjacent to the N-terminal end, whereas
Zhang et al. and Oikawa et al. claim that there are two areas flanking the ETS
domain [107, 108]. This suggests that there exists the potential for numerous
inhibitory domains along the protein which may function differently depending on
the upstream signaling. It is believed that these regions prevent ETV5 binding to
the DNA or to accessory proteins [115]. Most commonly, phosphorylation of
specific lysine and serine residues change the conformation of the protein,
concealing the DBD thus, rendering it inactive [101]. Interestingly, many kinases
are dysregulated in chondrosarcoma, causing downstream changes to various
enzymes; this may account for sporadic ETVS activation observed in cancer [30].
This warrants further study to better understand the inhibitory mechanisms of

ETVS5 and which consequences affect its inhibitory actions.

As a TF, the ETV5 protein is localized to the nucleus [97]. Nonetheless,
studies have shown that in some instances, the nuclear export or nuclear
localization signals found in certain ETS TFs can be mutated, causing them to be
unable to translocate into the nucleus and thus, remain in cytoplasm [101]. This
situation has not yet been assessed in regards to ETV5 specifically, though the

possibility is plausible.
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ETV5 can be ubiquitinated at multiple sites, as well as other members of
the PEA3 group, therefore once it has completed its’ function, it undergoes

degradation via the ubiquitin pathway [97, 116], further regulating its activity.

ETV5 and Development

The two main roles for ETV5 are in spermatogenesis and embryogenesis.
During embryogenesis, ETV5 is implicated in the development of many tissues,
including the mammary glands [97, 117], salivary glands, lung [117], kidney [117,
118], as well as the central and peripheral nervous systems [98, 101]. ETV5 has
also been shown to be expressed in the developing small intestine in the mouse
[99]. ETV5 has high involvement in ureteric [118] and limb bud [97, 111]

formation during embryogenesis as well as in vertebrate development [111].

ETV5 and Spermatogenesis

Spermatogenesis is a self-renewing process in which the spermatogonial
stem cells (SSC) mature into spermatozoa [105]. The SSC reside in the
seminiferous epithelium in contact with the basement membrane within the
seminiferous tubules of the testis [105]. Also present in the seminiferous tubules
of the testis are Sertoli cells, which help regulate spermatogenesis.
Spermatogenesis occurs in four steps; SC self-renewal to replenish the stock of
germ cells, spermatogonial proliferation and differentiation, meiosis of the cells

into spermatocytes and differentiation and morphogenesis from spermatids into
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spermatozoa [105]. The first three parts occur in the seminiferous tubules, at the

basement membrane [105] then the last step ensues in Sertoli cells [105].

Sertoli cells secrete glial cell line-derived neurotrophic factor (GDNF)
which is required for the self-renewal capabilities of SSC [105, 110]. ETV5 is
expressed by the germ and Sertoli cells in the testis [119]. Interestingly, ETV5 is
regulated by GDNF in the Sertoli cells [119] while EGF and FGF2 regulate its
expression in the germ cells [119]. ETV5 is thought to assist in regulating the
environment in which spermatogenesis takes place [120] and migratory
processes of the developing sperm cells [121]. ETV5 is also a player in homing
processes of the SSCs within the testis by producing agents to keep a balance in
the SSC niche [105, 119, 121]. The specific mechanism to which ETV5 regulates

the spermatogonial niche is not fully understood [105, 110, 122, 123].

ETV5-/- KO mice survive to birth, advocating that ETVS is not essential for
survival [105, 109]. In ETV5-/- mice, the first wave of spermatogenesis is
achieved early on in life, however, this leads to the cessation of SSC production
[122] and the loss of spermatogonia [110, 120, 122] causing infertility. Testicular
size is also reduced in ETV5 -/- mice, however no other anatomical differences
are seen between KO and wild-type (WT) mice [109, 123]. ETV5+/- mice are
fertile [109]. Conversely, GDNF-/- mice expire days after birth due to absent

kidneys and neuronal defects [105]. Interestingly, in ETV5-/- mice, GDNF levels
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are the same as detected in WT mice, indicating that ETV5 does not regulate
GDNF [124]. The production of GDNF is dictated by levels of follicle stimulating
hormone [105, 110, 122, 123] while the production of ETV5 is regulated in part by
epidermal growth factor, but interestingly, not testosterone or follicle stimulating

hormone [121].

ETS Transcription Factors and Cancer

ETS factors activate several oncogenesis-related pathways including
tumour suppressor genes, apoptosis-related genes, differentiation-related genes,
angiogenesis-related genes, as well as invasion and metastasis-related genes
[103]. Therefore it is understandable that mutations in the ETS TF genes could
contribute to tumourigenesis when dysregulated. The specific actions of PEA3
members in cancer is unknown [105], however it is recognized that their

expression is dysregulated in many cancers [117].

ETVS is sporadically overexpressed in colon carcinoma [99], and in the
endometrioid endometrial carcinoma Hec-1A cell line, ETV5S is upregulated and
exhibits a metastatic phenotype [60]. ETV5 overexpression is seen at the
invasive fronts in endometrial carcinoma [97], and moreover, ETV5 s
overexpressed in 80% of breast carcinomas attributing to a poor prognosis [117].
Finally, cell invasion is perpetuated in prostate epithelial cell lines in which ETV5

is overexpressed [125, 126].
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Additionally, ETV5 can fuse or crossover with other genes, altering certain
regulator and cell proliferation signalling pathways [96]. The most common gene
fusion with ETV5 is TMPRSS2, a transmembrane serine protease found in
prostate cancers and has an unknown function [125]. Although ETS fusion
proteins are present in 50% of prostate cancer cases, the TMPRSS2:ETV5 fusion

encompasses less than 8% of all cases of prostate cancer [125].

Interestingly, mRNA copy numbers of ETV5 vary dependant on the cell
line. For example, Hollenhorst et al. determined that mRNA copy numbers of
ETVS vary across cell lines, from normal to malignant types [100]. Healthy
prostate cells showed an average of three copies of ETV5 per cell, while the PC3
prostate cancer cell line showed 34 copies, suggesting a common amplification
[100]. Healthy colon cells produced one copy of ETVS while its malignant
equivalent the HCT116 colorectal carcinoma cell line displayed 34 copies of
ETV5 mRNA [100]. ETV5 copy numbers in healthy and diseased bone have not

yet been quantified.

ETV5 and Chondrosarcoma
No studies with respect to ETV5 implicated in chondrosarcoma in any

capacity have been reported.
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CHAPTER TWO: STUDY RATIONALE

2.1 ETV5 and MMP2 in Cancer

Previous findings have illustrated that PEA3, a cousin to ETV5 has
corresponded to MMP2 expression in breast cancer tumorigenesis [106, 127].
Many members of the MMP family can be regulated by the ETS family of
transcription factors [60]. Several studies indicated that ETV5 has a regulatory
relationship with MMP2 in breast [55] and ovarian cancers [128]. High
expression levels of ETV5 have been linked to higher degrees of invasiveness
and metastatic ability in additional cancers [60, 97, 106, 125, 126]. Qin et al.
have shown that the AIB1 transcriptional activator assists Pea3 in expressing of
MMP2 as well as MMP9 in human breast cancers, further perpetuating the

disease [595].

As mentioned earlier, the MMP2 promoter region carries putative ETV5
binding sites (5-GGA(A/T)-3’) [60, 129], suggesting a possibility for a direct
interaction between the ETV5 protein and MMP2 (see Supplemental Figure A
for partial MMP2 promoter sequence containing potential ETV5 binding sites).
There also exists the likelihood that ETV5 binds the MMP2 promoter at other

regions, as ETV5 can also act as a co-factor binding to AP-1 sites on the
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promoter [101, 102, 119]. With three ETS-1 sites and three AP-1 sites, ETVS5
could have the opportunity to bind the MMP2 promoter at many different loci to

initiate transcription [56, 101].

Monge et al. showed that when ETV5 was overexpressed in endometrial
endometrioid carcinoma, MMP2 protein levels increased [60]. Interestingly, it has
been illustrated that both ETV5 and MMP2 are present at strong levels at the
invasive edges of endometrial endometrioid carcinoas [128], and that cell lines
overexpressing the PEA3 TF family members showed high invasive capability,
which correlated to the expression of MMP2 [97]. For these reasons, further
studies to correlate ETV5 and MMP2 in cancer cells would be valuable,
especially for chondrosarcoma, where little is known about the cause of its

metastatic nature.

2.2 Hypothesis

ETVS activates MMP2, upregulating the expression of MMP2 in human
chondrosarcoma. This further perpetuates the gelatinase activity and bone
resorption capacities of chondrosarcoma, contributing to metastatic ability of

these cells. This is illustrated in Figure 2.1.
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Figure 2.1: Diagrammatic representation of hypothesis. ETVS5 activates MMP2,
increasing the expression of MMP2 in human chondrosarcoma. This further
perpetuates the gelatinase activity and bone resorption capacities of

chondrosarcoma, contributing to metastatic ability of these cells.

2.3 Objectives

1. Assess endogenous expression of ETV5 and MMP2 in human fetal
osteoblastic (hFOB) and KC chondrosarcoma cells.

2. Knockdown and overexpress ETV5 in KC cells and determine the effect on
MMP2 expression.

3. Measure bone resorption differences by chondrosarcoma cells with and
without an MMP2 inhibitor within the growth media.

4. Explore the ETV5 and MMP2 expression patterns in primary

chondrosarcoma cell lines.
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Cell Culture

We received human 105KC (KC) cells (grade Il conventional
chondrosarcoma) as a generous gift from Dr. Joel Block (Rush, Chicago, IL).
The human fetal osteoblastic (hFOB, ATCC #CRL-11372) and RAW264.7 (RAW,
ATCC #TIB-71) cell lines were acquired from the American Type Culture
Collection (ATCC). hFOB cells were often used as controls for experiments as
they are non-malignant cells from the skeletal system of mesenchymal origin.
RAW cells, when exposed to receptor activator of NF-kB ligand (RANKL),
develop bone resorption capabilities, acting as the positive control for the bone
resorption assay. The KC and RAW cells are grown at 37°C and the hFOB cells
are grown at 34°C in optimal media in humidified air with 5% CO,. KC
chondrosarcoma media is composed of 40% D-MEM, 40% minimum essential
media alpha (MEM-a), 10% F-12, 10% fetal bovine serum (FBS), 1% ascorbic
acid (2.5mg/mL), penicillin (100U/mL), streptomycin (100mg/mL), 0.1% of
recombinant human insulin (4mg/ml), and hydrocortisone (50uM). RAW media is
composed of D-MEM, penicillin (100U/mL), streptomycin (100mg/mL), and 10%
FBS. hFOB media is composed of D-MEM, penicillin (100U/mL), streptomycin

(100mg/mL), 10% FBS, 1% ascorbic acid (2.5mg/mL) and 10mM -
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glycerophosphate. Patient cell lines generously provided by Dr. Rebecca Gladdy
at Mount Sinai Hospital (Toronto, ON) are grown in D-MEM:F12 with penicillin
(100U/mL), streptomycin (100mg/mL) and 10% FBS at 37°C in humidified air with
5% CO,. (See Supplemental Table E for Patient Case Information and
Supplemental Figure B for cell morphologies when grown in T75 flasks in

optimal conditions.).

3.2 RNA Isolation and cDNA Synthesis

Total RNA extraction was performed according to the manufacturer’s
protocol (E.Z.N.A. Total RNA Kit I, Omega). Concentration and purity of the
samples were evaluated by the ratio of optical density 260:280 using a
spectrophotometer (Beckman DU® 530). One microgram of total RNA was used
for complimentary DNA (cDNA) synthesis following manufacturer’s instructions
(qScript cDNA Supermix, Quanta BioSciences). The cDNA samples were used
directly for quantitative real-time-PCR (qRT-PCR) (MJ Mini Gradient
Thermocycler, Bio-Rad) or stored at -20°C. gRT-PCR conditions for cDNA
synthesis: 25°C for 5 minutes, 42°C for 30 minutes, followed by 5 minutes at

85°C.
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3.3 Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (gRT-PCR) was
performed by real-time monitoring of increases in fluorescence of the SYBR
Green dye (Molecular Probes) using the MiniOpticon Real-Time polymerase
chain reaction (PCR) system (Bio-Rad). Following initial denaturation at 95°C for
5 min, PCR was performed at 95°C for 30s, at specific annealing temperature
(56-62°C) for 30s, and 72°C for 30s. Primer sequences are listed in
Supplemental Table F. A melt curve was then performed from 65°C to 95°C in
increments of 0.5°C. Cycle values were then normalized to the values yielded by
B-actin. All gqRT-PCR experiments are performed in triplicate and 222! data was

analyzed using Microsoft Excel 2010 software.

3.4 Immunofluorescence Microscopy

Cells were grown on cover slip, fixed with 4% paraformaldehyde for 20 min
at room temperature, and permeabilized with 0.1% Triton X-100 in phosphate
buffered saline (PBS) for 5 min. Subsequently, these slides were blocked with
10% bovine serum albumin (BSA) in PBS, and incubated for 1h at room
temperature with antibodies (1:200 anti-MMP2, Calbiochem). Slides were further

incubated in secondary antibody (1:700 Alexa 488 goat anti-mouse antibodies,
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Invitrogen) for 1h at room temperature. Slides were washed and incubated with
DAPI for 3 min at room temperature and mounted with 50% glycerol and

visualized under a light microscope (Leica DM IRB).

3.5 siRNA Knockdown (KD) of ETV5

KC cells were trypsinized and transfected with ETV5 small interfering
RNAs (siRNAs) via electroporation (Bio-Rad Gene Pulser Il). Briefly, the cells
were washed in PBS, trypsinized, and resuspended in optimal media. The cell
suspension was then mixed with either 600uM ETV5 siRNA (Invitrogen), 20ug of
a positive Silencer™ siRNA control against GAPDH (Invitrogen) or 20ug of a
Negative Universal Control (Invitrogen). Cells with the siRNA mixture were
incubated on ice then electroporated under a single-pulse with optimized
combination of voltage and capacitance. Cells were then plated in T25 culture
flasks with optimal media. Media was changed 24h post-transfection and at 48h
post-transfection, RNA was isolated from cells as described above, and cDNA
was produced for use in qRT-PCR following the manufacturer’s instructions as
described above (see Supplemental Table F for primer sequences). B-actin was
selected for normalization for qRT-PCR analysis, and values are compared to the

negative control values. This was completed in triplicate and the statistical
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analysis (Student’s t-Tests) was rendered through Microsoft Excel 2010.

Supplemental Figure D illustrates the siRNA binding sites on the ETV5 mRNA.

3.6 Plasmid Construction for ETV5 Overexpression

An ETV5 plasmid was purchased from OriGene. The ETV5 open reading
frame was amplified by PCR from using oligonucleotides (see Supplemental
Table F) and cloned into TOPO TA® cloning vector (Invitrogen). After BamHI
and EcoRI digestion, the open reading frame was ligated into a pcDNAS3.1

mammalian expression vector and confirmed by sequencing.

3.7 Overexpression of ETV5

1x10° KC cells per well were plated in 6-well plates in optimal media the
day before transfection. On the day of the transfection, 200ng of pcDNA3.1-
ETVS5 was transfected into the KC cells as directed by the manufacturer’s
instructions (Effectene Transfection Reagent Kit, Qiagen). The cells were
incubated at 37°C for 72 hours then RNA was harvested (see above) to produce

cDNA (see above) for qRT-PCR. This was completed in triplicate and the
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statistical analysis (Student’s t-Tests) was rendered through Microsoft Excel

2010.

3.8 Western Blotting

Cells were grown to 80% confluence. Cells were lysed and 20ug of
protein was run on a 7.5% SDS-PAGE gel, transferred to PVDF membrane and
blocked with 10mg/mL BSA in 1X TBS-T. The membrane was incubated in
primary mouse anti-MMP2 antibody (1:1000, Calbiochem) overnight at 4°C.
Following membrane washes in 1X TBS-T, the membrane was incubated in the
horseradish peroxidase-conjugated secondary anti-mouse antibody (1:1000,
Promega) for 1 hour at room temperature followed by protein visualization on
audioradiography film. Densitometry performed on the resultant blots were

normalized to actin controls using ImagedJ software.

3.9 MMP2 Gelatinase Activity Assay

This assay works on the principle that the fluorescently-tagged gelatin
when broken down fluoresces, which can be detected and quantified by plate

reader. The amount of measured fluorescence is proportional to the gelatinase
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activity in the sample. KC cells were grown to 80% confluence, and then the
media was harvested and concentrated (Microsep™ Advance Centrifugal Device,
Pall Corporation). The concentrated media was quantified, and 1000ug of protein
was used for the activity assay following optimization (EnzChek®
Gelatinase/Collagenase Assay Kit, Molecular Probes). Briefly, concentrated
media was incubated with a 1:1 volume of 5uM 4-aminophenylmercuric acid
(APMA) in PBS for 3.5hrs at 37°C. Samples were mixed with reaction buffer,
100pug DQ gelatin in 96-well plates and incubated at 37°C. The relative
absorbance was read with a fluorescent plate reader (CytoFluor® Series 4000,
PerSeptive Biosystems) at time zero and at 60 minutes. Statistical analysis was

performed on Microsoft Excel 2010.

3.10 Bone Resorption Assay

Bone resorption assays were performed as described in Mak et al. (2010)
[130]. Briefly, bovine femoral cortical bone pieces were cut into 200um slices.
Subsequent slices were cut into Ys-inch circles and sterilized using 70% ethanol
and 50% bleach in separate washes. Bone chips were rinsed in PBS to remove
any ethanol or bleach residue and placed into individual wells of a 48-well plate.
5x10° KC cells per well were plated on top of the bone chips in media either

containing or lacking 12.5nM MMP2 inhibitor Il (Calbiochem) (See Supt. Figure
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G for more information). The positive control cells for bone resorption used were
a monocytic cell line; RAW264.7 cells (ATCC# TIB-71™) induced with RANKL at
50ug/mL (Gibco) to differentiate into osteoclastic cells. hFOB cells were used as
a negative control as they are known not to resorb bone. Media was changed
every 2-3 days as needed and the conditioned media was collected and frozen at
-20°C. The bone chips were harvested after six weeks of incubation. Internal
negative controls comprised of wells containing: media only, media and bone
chips without cells, media and cells without bone chips. See Supplemental

Figure C for bone chip assay diagram.

3.11 Bone Chip Processing

On the last day of the bone resorption assay, the media was removed and
the bone chips were rinsed in 50% bleach followed by PBS. The chips were then
decalcified for two weeks (TBD-2 Decalcifier, Thermo Scientific) and processed
(Shandon Citadel 2000 Tissue Processor). The bone chips were embedded in
paraffin wax, cross sectioned and mounted to microscope slides for hematoxylin
staining. Chip cross sections were visualized under a light microscope and

assessed for resorption pits.
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3.12 Enzyme Linked Immunosorbent Assay (ELISA)

The conditioned media from the bone resorption assay was collected
every 2 to 3 days as needed into separate Falcon™ tubes, frozen and the wells
were refilled with fresh media (with the exception of the RAW cells with RANKL-
containing media; only half is removed, and the same volume replaced). At the
end of the six weeks, the collected media was thawed and used for the ELISA
assaying for human C-telopeptides of type | collagen fragments following
manufacturer’s directions (Human C-telopeptide of Type | Collagen, CTX-1
ELISA kit, NovoTeinBio). This was completed in triplicate and the statistical

analysis (Student’s t-Tests) was rendered through Microsoft Excel 2010.

3.13 Histology

Hematoxylin & eosin staining on patient chondrosarcoma tissue samples
was used to detect resorption pits. Histology on patient chondrosarcoma tissue
samples embedded in paraffin blocks after fixation with formalin was performed.
Tissue slides were deparaffinized in xylene and rehydrated in ethanol before
rinsing in water, stained with hematoxylin and eosin, and examined under a light

microscope equipped with a CCD camera.
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CHAPTER FOUR: RESULTS

4.1 Endogenous Expression of ETV5 and MMP2

Endogenously expressed ETV5 and MMP2 in chondrosarcoma (KC) and
human fetal osteoblastic (hFOB) cells lines were evaluated using quantitative
real-time PCR (qRT-PCR). The hFOB cell line was chosen as a control to
represent a non-neoplastic mesenchymal cell line originating from the human
skeleton. It was found that endogenous ETV5 expression in KC cells is 2.6-fold
greater than that of hFOB cells (Figure 4.1A). MMP2 also shows considerably
greater endogenous expression in KC cells than in the hFOB cells with a 184.1-

fold higher expression level (Figure 4.1B).
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Figure 4.1: Endogenous expression of (A) ETV5 and (B) MMP2 in KC cells
compared to hFOB cells as determined by quantitative real-time PCR after

normalization to B-actin (P=0.002 (*), P=0.007 (#)), (n=4).

As MMP2 is membrane-bound before secretion, immunofluorescence
studies displayed that MMP2 is concentrated within the KC cells in the cytoplasm
(Figure 4.2). When compared to the immunofluorescence of MMP2 in hFOB
cells, the intensity of expression is clearly much weaker, validating the qRT-PCR

data.

MMP2 DAPI

o - -

Figure 4.2: MMP2 cellular localization in hFOB and KC cells (Green: MMP2,

Blue (DAPI): nuclei), 100x magnification.
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4.2 The ETV5-MMP2 Regulatory Relationship

To assess the regulatory relationship between ETV5 and MMP2 in KC
cells, ETV5 was knocked-down using ETVS-specific siRNA, and the resultant
change in ETV5 and MMP2 mRNA expression were measured with qRT-PCR.
With an average of 18% ETV5 expression in knocked-down KC cells, MMP2
expression decreased significantly to 43% compared to untransfected control
cells (Figure 4.3A). Conversely, when the pcDNA3.1-ETV5 expression vector
was transfected into KC cells, gene expression of ETV5 increased by 93%, while
that of MMP2 increased by 116%, compared to untransfected control cells
(Figure 4.3B). Although not statistically significant, the trend is still persisting. It
is possible that MMP2 is already functioning at a maximum expression rate, thus,

cannot be further overexpressed.
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Figure 4.3: ETV5 and MMP2 expression levels (A) after ETV5 knockdown by
siRNA (B) and ETV5 overexpression in KC cells via transfection of 100ng of
pcDNA3.1-ETV5 construct, as determined by qRT-PCR after normalization to -
actin. Expression levels are relative to untreated control cells. (Asterisk denotes

P<0.05, “*” denotes P=0.059, “&” denotes P = 0.19), (n=3).

To determine if the relationship seen at the RNA level translated to a
change in protein expression, protein lysates were collected from control, ETV5
knocked-down and ETV5 overexpressed cells for immunoblot analysis. The
ETVS5 blot verified that both methods to manipulate ETV5 expression functioned
as expected; ETV5 knockdown (KD) shows less protein expression than the
control, while the overexpression vector does indeed increase protein production
of ETV5 in the KC cells (Figure 4.4A, B). The trend that ETVS regulates MMP2
proportionally in an upstream manner was also observed at the protein level, as
shown by immunoblot analysis (Figure 4.4C, D). When ETV5 was KD in the KC
cells, MMP2 protein levels decreased and inversely, MMP2 protein expression

increased upon ETV5 overexpression (OE).
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Figure 4.4: Western blots of (A) ETV5 protein levels following ETV5 knockdown
via siRNA, (B) ETV5 protein levels following ETV5 overexpression via pcDNA3.1-
ETVS construct transfection, (C) MMP2 protein levels following ETV5 knockdown
via siRNA, and (D) MMP2 protein levels following ETV5 overexpression via

pcDNA3.1-ETVS construct transfection.

Densitometry on the MMP2 blots showed that on average, MMP2 protein
levels decrease by 41% upon ETV5 knockdown in KC cells and that
overexpressing ETV5 resulted in a 43% increase in MMP2 protein production

(data not shown).

A commercial enzyme activity assay kit was used to determine the change
in gelatinase activity (a representation of MMP2 activity) upon ETV5 KD. The
assay kit contains gelatin conjugated to a fluorescent tag, which fluoresces upon

molecular breakdown. The relative florescence of the samples equates to the
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activity of active gelatinase within the sample. With ETV5 knockdown, these
assays determined that gelatinase activity decreased significantly by 20%
compared to controls (Figure 4.5), showing that the alteration in protein leads to

a change in gelatinase activity.

The use of 4-aminophenylmercuric acid (APMA) to activate any pro- forms
of MMP2 was used to quantify the total amount of MMP2 protein produced. As
the control and KD samples were treated equally with the activator, the results
are still relative to the difference in expression levels of MMP2 between the two
samples. This assay was not performed when ETV5 was overexpressed as it
was felt that the expression of MMP2 was endogenously at its threshold, and

overexpression of ETV5 would not result in any substantial change in MMP2

activity.
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Figure 4.5: Change in gelatinase activity following ETV5 knockdown in KC cells,

normalized to control cells, after APMA activation. (P=0.034 (*)), (n=3).

Therefore, ETV5 affects all tested aspect of MMP2 expression levels in an

upstream manner; at mMRNA, protein and activity levels in KC cells.

4.3 Bone Resorption Assays with MMP2 Inhibition

To visualize the capability of bone resorption by KC cells, bovine cortical
bone chips incubated with KC cells in media were rinsed, decalcified, processed,
cross sectioned and visualized for the identification of resorption pits. In the
absence of osteoclasts, KC chondrosarcoma cells are independently capable of

resorbing bone in vitro, as confirmed by a Bone Pathologist (Figure 4.6).
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Figure 4.6: Hematoxylin-stained cross sections of bone chips after incubation
with KC cells. (A: 100x, B: 400x magnification). Black bracket indicates a bone

resorption pit created by the KC cells in normal growth media.

In order to assess the functional significance of MMP2 in chondrosarcoma
causing bone resorption, a synthetic MMP2 inhibitor was present in the KC cell
media for the entire incubation period of the bone chip assay at a concentration
that selectively inhibits solely MMP2. hFOB cells were used as negative controls
as they do not resorb bone. RAW cells treated with RANKL were used as
positive cells for bone resorption, as this causes the monocytes to differentiate
into osteoclastic cells. Bone chips were rinsed, decalcified, processed, cross
sectioned and hematoxylin-stained for identification of bone resorption pits

(Figure 4.7).
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Figure 4.7: Hematoxylin-stained bone chip cross sections after incubation with
(A, B) hFOB cells, (C, D) RAW cells with RANKL (50ug/mL), (E, F) KC cells and
(G, H) KC cells with MMP2 inhibitor (12.5nM), at 100x (A, C, E, G) and 400x
magnification (B, D, F, H). Orange box at 100x magnification denotes the field of

view at magnified to 400x. Yellow ellipses highlight areas of bone resorption.

MMP2 is capable of degrading unravelled type | collagen fibrils [10, 131].
For this reason, a type | collagen fragment ELISA was performed on the collected
conditioned media, as a manner to quantify bone resorption occurring by the KC
cells. It was found that cells incubated with media containing the MMP2 inhibitor
released significantly less type | collagen from the bone chips than the cells

without exposure to the inhibitor (Figure 4.8).
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Figure 4.8: Relative amounts of released collagen by KC cells treated or
untreated with MMP2 inhibitor (12.5nM) during the bone resorption assay as

determined by type | collagen ELISA (P=0.023 (*)), (n=3).

To confirm that the MMP inhibitor was not causing death of the cells,
contributing to a lesser amount of bone resorption, pictures were captured seven
days into the bone resorption assay to assure that the cells attached to the bone
and assess that the cell numbers appeared even in both types of media
(Supplemental Figure D). Indeed, the KC cells attached to the bone chips and

the bone was left untouched in no-cell control wells.

MMP2 has important collagenase capabilities causing bone resorption in
vitro, and that inhibiting MMP?2 inflicts less destruction of the bone at the cell-
bone interface. Although it is feasible to assume that many proteases are acting
on the bone chips, the specificity of the inhibitor was controlled to solely target
MMP2 by using the inhibitor at a specific concentration, without any effects on
cellular toxicity (as determined quantitatively). This resulted in a controlled
assessment of changes to bone resorption due to changes in MMP2 and no other

MMP family members that may also be playing a role in bone resorption.
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4.4 Primary Cell Lines Show Similar Trends to KC Cells

Four patient chondrosarcoma cell lines (PT1, PT2, PT3 and PT4) were
obtained and endogenous expression of ETV5 and MMP2 were assessed to
determine if the expression profile seen with the KC cells is relative to primary
patient cells. Compared to hFOB, the patient samples expressed similar levels of
endogenous ETV5 and MMP2 (Figure 4.9). They emit a range of expression
relative to hFOB; between 0.4 and 1.89-fold in ETV5 expression (Figure 4.1A)
and a range of 98.2 to 400.6-fold increase in MMP2 expression over hFOB cells
(Figure 4.1B). When compared endogenous expression MMP2 levels from KC
cells, two patients exhibit lower and two patients had higher levels of MMP2, as
compared to KC cells. Interestingly, for ETV5 (Figure 4.1A), KC shows the
highest expression comparison of all five chondrosarcoma cell lines tested, as
compared to hFOB cells (see Supplemental Figure F for values relative to KC

expression levels).
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Endogenous Expression of ETV5 and MMP2
in 5 Chondrosarcoma Cell Lines
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Figure 4.9: Endogenous expression of (A) ETV5 and (B) MMP2 in patient cell
lines, relative to hFOB cells, after normalization to [B-actin expression (n=3).

Black bars on graphs highlight KC cells in the ranking of expression levels for

ETV5 and MMP2 across the chondrosarcoma cell lines assessed.

Observing that ETV5 and MMP2 expression trends are similar to KC cells,

the KD experiment was conducted on these cells to see if our observed ETV5-

MMP2 relationship also occurs in the patient cells.

patient samples 1-4, the same association is seen; when ETV5 was KD in all four

cell lines, MMP2 expression decreases (Figure 4.10). It is interesting to note that

When ETV5 was KD in

63




M.Sc. Thesis ~ PF Power; McMaster University
Health Science; Medical Sciences; Cancer and Genetics

although the four lines reproduce the correlation between ETVS and MMP2
measured in the KC cells, the degree of KD of ETV5 and its difference in MMP2
expression level changes varies quite a great deal. This could be due to the fact
that the endogenous levels are not of the same magnitude as seen in KC, as well
as differential grading represented in the patient cell lines, therefore KD

experiments could yield various amounts of expressional changes.
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Figure 4.10: Expression levels of ETV5 and MMP2 after ETV5 KD via siRNA in
patient cell lines, relative to untransfected controls (n=1 for patient (PT) sample

cells, n=4 for KC cells).
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This research strongly supports the hypothesis; ETV5 does regulate
MMP2 across all five chondrosarcoma cell lines tested, at the RNA level and this
is further exemplified at the protein and activity levels in KC cells. The duties of
ETV5 in chondrosarcoma, nor the relationship between ETV5 and MMP2 in
chondrosarcoma have never been previously studied. This data provides novel
information which can be used to build upon the knowledge on metastatic and
invasion cascades in chondrosarcomas as well as in other types of malignant

tumours.
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CHAPTER FIVE: DISCUSSION

It was found that ETV5 has a role upstream in the regulation of MMP2
expression in vitro in chondrosarcoma cells, as well as on MMP2 activity and
bone resorption. The fact that both ETV5 and MMP2 were highly expressed in
chondrosarcoma cells suggests that both of these entities are important for the

cancerous bone resorption capabilities of chondrosarcoma.

5.1 Bone Resorption: Healthy vs. Diseased Processes

Osteoclasts and cancer cells resorb bone through different mechanisms.
How osteoclasts and osteoblasts regulate bone degradation and formation is a
balanced process which is well studied. Cancer however, causes dysregulated,
accelerated bone destruction though processes that are not fully understood [83]

Figure 5.1 shows bone resorption in chondrosarcoma.
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Figure 5.1: Histological visualization of chondrosarcoma patient tissue specimen.
Black arrow depicts an area of bone resorption by chondrosarcoma as seen by
bone scalloping. (Hematoxylin and eosin stained; pink: cortical bone, blue:

malignant cartilage.) 100x magnification.

Normal bone turnover by osteoclasts and osteoblasts is a tightly regulated
and balanced process. Osteoclasts are large, multinucleated cells of
monocyte/macrophage linage of mesenchymal origin produced in the bone
marrow [87, 132]. They excrete GFs and cytokines eroded from the bone which

cue the latching of osteoblasts to the bone to lay down fresh matrix. Osteoblasts
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secrete matrix to form fresh bone which eventually becomes mineralized, as

signalled by the osteoblast cells [13].

As osteoblasts express RANKL and osteoclasts express the RANK
receptor, osteoblasts recruit osteoclasts to the site of resorption via RANKL-
RANK receptor binding, activating the NF-kB signalling pathway in the osteoclast
[8]. When osteoclasts get recruited to the bone site, it binds the bone via a533
integrins, creating a seal [2, 82]. This causes the osteoclastic membrane to
change shape, forming a tight seal on the bone preventing leakage of corrosive
materials into the ECM [8]. Actin reorganization allows the polarized portion of
the cell in contact with the bone to become ruffled and increase surface area,
then secrete various enzymes and chemicals to cause erosion of the bone,
liberating calcium, GFs and hydroxyapatite into the ECM [82]. Hydroxyapatite
[Ca10(PO4)s(OH),] stores 99% of the body’s calcium and is what gives bone its

strength and hardness [133].

The two principal destructive enzymes include cathepsin K and carbonic
anhydrase, along with protons which are secreted from the cell to create a low pH
environment [9, 78, 82]. Cathepsin K is an acidophilic collagenase that can
cleave ftriple fibril type | collagen [2, 130]. The majority of the organic bone matrix

is comprised of type | collagen [3], which allows cathepsin K to have a strong
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affinity to the bone, dissolving hydroxyapatite off the bone [2, 51]. Cathepsin K
KO mice show a drastic decline in bone resorption, often showing osteopetrotic
phenotype of dense, thick, heavily mineralized bone in the long bones [2]. This
increases the risk of fracture as well as a higher chance for infections, as the
bone invades the marrow space constricting the space in the marrow for
hematopoiesis to take place [134]. To inhibit bone resorption, osteoblasts
secrete osteoprotegerin, a decoy ligand for the RANKL receptor, blocking

activation of the osteoclastic activities [82].

In healthy conditions, osteoblasts can express MMPs to recruit and anchor
cells and materials to the bone for the osteoblasts to use, as well as regulate the
coupling mechanism of the osteoblast-osteoclast routine [2, 83, 135]. Specific
collagenases, namely MMP1, MMP8 and MMP13 are secreted by these cells to
breakdown collagen in the bone [10]. For normal physiological purposes, MMP2
and MT-MMP1 are also capable of degrading bone converted into gelatin,
though, to a lesser extent [10]. Osteoblasts do secrete MMP2 however its
principal role seems to be more of a recruiter of materials and cells to the site of

the bone resorption than for its degradative activities [78].

In conjunction with osteoclast and osteoblast signalling, normal bone

resorption is also mediated by mechanical force upon the bones, hormone levels,
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exercise, weight and circulating cytokines [4, 136]. The bone remodelling
process is on-going; adults can have over one million foci of resorption occurring
concurrently at any given time [136]. Normal bone turnover is the attraction of
osteoblasts to cortical and trabecular bone, where they attach, following the
osteoclasts, and lay down fresh matrix [48, 82]. The new matrix becomes
mineralized over time; this process varies in duration; there is an approximate
two week delay between the laying down of fresh matrix and its mineralization
[13]. Mineralization of new matrix is performed by osteonectin, a small, bone-
specific protein which in serum, is often used to measure the body’s osteoblastic
activity levels [137]. Osteonectin is synthesized and secreted by osteoblasts,

which also assists osteoclasts binding to bone [138].

Cancer cells, in comparison, can resorb bone in neutral pH environments,
indicating that this method is not reliant on the release acidic chemicals into the
resorption pocket [9, 10]. This was demonstrated in the bone resorption assay,
as osteoclasts were not present yet, degradation still occurred (Figure 4.6 and
Figure 4.7 E, F). Cancer cells show upregulation of degradative enzymes which
breakdown the ECM and surroundings tissues, including bone, contributing to
angiogenesis and metastasis. MMP2 is one of these enzymes that has been
previously shown to resorb bone [82]. This is illustrated in Figure 4.7 G, H; bone
resorption decreases as the amount of active MMP2 is reduced in the bone

extracellular environment. Cytokines such as IL-6, IL-8 and IL-11 secreted from
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the breast cancer cells can also signal the initiation of bone resorption [3, 82].
Furthermore, physical pressure by the tumour on the underlying bone can also
cause damage depending on the location of the tumour and other patient
circumstances [82]. In cancer, bone is generally destroyed and not rebuilt due to
the upregulation of osteoclastogenic signals, and it causes of advanced disease,
bone formation halts, causing only bone resorption to continue [82, 139], which
may illustrate the overexpression profile of MMP2 in the chondrosarcoma cell
lines tested. Some of these pro-resorption signals are RANKL [139],
transforming GFB (TGF) [140], insulin-like GF, and vascular endothelial GF [3,
20, 82]. Many of these proteins present in the ECM in their inactive form become
activated upon MMP2 cleavage, and also contribute to the bone resorption

process [82].

There are no off-switches for resorption to cease and osteoblasts to
takeover in cancer, causing significant bone damage at the tumour site. The
“Vicious Cycle” is a term used when the growth of a tumour causes a positive
feedback loop at the tumour-bone interface, increasing the growth capabilities of
the tumour [78, 135]. The tumour hijacks the use of the growth factors
(specifically TGFB) relinquished from the bone matrix, causing the growth of the
tumour to perpetuate and for bone resorption to increase as a result [78, 135].
This is observed in chondrosarcoma; although it is believed by some that

osteoclasts are necessary for the bone resorption process, the bone resorption
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activity of cancer cells contributes to their ability to invade surrounding tissue,
enter the bloodstream and become metastatic. Our bone resorption assays
confirmed that chondrosarcoma cells are able to produce resorption pits in non-
decalcified bone chips in an environment deficient in osteoclasts, as confirmed by

a bone pathologist (Figure 4.6).

5.2 MMP2 as a Target for Chondrosarcoma Therapy

It has long been known that bisphosphonates such as alendronate and
zolendronic acid have been successful at inhibiting the growth of various
malignant cell types including chondrosarcoma [12, 82]. They are synthetic MMP
inhibitors which work by binding hydroxyapatite on the bone surface, become
engulfed by osteoclasts causing apoptosis and ceasing bone resorption [61, 82,
141]. However, osteoclastic cellular function resumes once the treatment is
discontinued, and these therapies can have negative effects on the skeletal
system after long time use by affecting normal osteoblastic development and
function [82]. Though these drugs have been used for decades, the

understanding of its mechanism of action is still incomplete [61, 82].
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As MMP2 is known to be involved in the bone resorption process [82,
135], it has been a popular target for anti-cancer treatments. As realized here, in
all five chondrosarcoma cell lines studied displayed at least 98-fold higher
expression level of MMP2 than the osteoblastic cells (Figure 4.9B), showing that
MMP2 expression is in overdrive. Higher levels of circulating MMP2 levels in the
serum have been correlated to malignant thyroid cancer [142], and some have
begun to use the circulating MMP2 concentration as a measurement for grading
chondrosarcoma [11]. Current clinical trials are attempting to target bone
resorption, invasion and metastasis by several MMP-2 inhibitors with mixed
success [30, 94]. Most clinical trials using MMIs have failed due to the causation
of excessive tissue damage [44], accelerated metastatic rate of the tumours, or
even by creating new tumours [44, 143]. Certain compounds which caused
negligible surrounding damage to other tissues also did not show improved
effectiveness over what is currently being used to treat the tumours or the dose
was not physiologically plausible; they did not continue on to further phases of

clinical trials [30, 44].

The goal of chondrosarcoma therapy is to inhibit MMPs locally at the
tumour site, leaving healthy cells uninjured, but the lack of MMP2 in the body as
a whole can contribute to diseases and disorders, which systemic inhibition of
MMPs could mimic. Intriguingly, the majority of these are bone-related problems

including osteolytic and arthritic-like issues [59], bone deformations [144] and
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joint erosion [84]. MMP2-/- bones have shown to have lower densities than
healthy ones [83] and they show trouble with bone growth [144]. Furthermore,
MMP2-/- mice have shown to be smaller at birth that WT mice [14, 84]. This
suggests that MMP2 has a role in bone maintenance and structure, in addition to
its traditional proteolytic actions [84]. Mouse MMP2/MMP14 double KO studies
have been proven to be lethal mutations, which caused the authors to propose
that this duo is required for the growth of the skeleton [14]. MMP2/MMP9 double
KOs are viable mutations in the mouse, however, the deficit in these proteins
caused significant changes to the bone architecture, by way of bone decreased
mineralization and density [83]. This supports the idea that MMP2 is used not
only for its degradative capabilities, but also to support and maintain the bone

architecture.

As previously described, other proteins play roles in MMP2 regulation,
expression and activity, for example, TIMP2 [11, 48]. As the TIMP family are
homologous to one another [43], any potential TIMP inhibitor used would need to
be highly specific, as with the MMP family, they have many overlapping functions
and regulate various signalling pathways within different cells [45, 48, 56, 67].
Previous studies in our lab have shown that TIMP 1, 2, and 3 are expressed in
KC cells (unpublished data). How their expression levels compare to hFOB cells

is yet to be quantified.
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Therefore, anti-MMP or anti-TIMP treatments to treat or control cancer do
not seem feasible, given their varying roles in the bone, as well as in other
tissues. Most of the MMP inhibitors have failed, as they are not specific enough
to limit the amount of damage caused to healthy cells [89]. As many of the tested
drugs are administered orally, issues arise with targeting malignancies through
such ubiquitous signalling pathways as the drugs may affect other systems, thus

causing side effects or secondary tissue damage.

5.3 ETV5 as a Target for Chondrosarcoma Therapy

Until now, the role of ETV5 in bone resorption and remodelling had not
been previously assessed. It was determined here for the first time that ETVS
affects MMP2 expression and activity in chondrosarcoma, which in turn plays a

significant role in bone resorption.

The possibility of targeting ETVS5 to inhibit chondrosarcoma migration,
proliferation and metastasis may be a feasible route [103], though, as it also has
a myriad of targets, not only MMP family members, perhaps not the best direct
route to target chondrosarcoma cells. It is understood that male ETV5-/- mice
show markedly reduced fertility due to signalling and developmental problems in

gametogenesis [105, 109]. It is noteworthy, that targeting ETV5 past
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reproductive age has not yet been assessed. Furthermore, when ETV5 was
knocked-down in vitro, the production of spermatogonial stem cells declined by
40%, suggesting that decreased quantities of ETV5 is still able to produce viable

gametes [145].

Although the downregulation of ETVS5 in the chondrosarcoma cells
resulted in significant decreases in MMP2 expression and activity, Oikawa et al.
suggest that as ETS TFs play such essential and mixed roles in cancer cells, that
specific targeting of these TFs could attack the cancer at multiple pathways
including apoptosis, GF receptor genes, metastasis-promoting genes as well as
cell cycle proteins [103]. Nevertheless, the authors do caution that supressing
these actions may not inhibit them completely and the tumour could compensate
for the changes in signal transduction and gene expression [103]. Targeting
ETV5 may have more systemic side effects on overlapping signalling cascades
as the ETS family members are quite homologous in their DNA-binding domain

and catalytic motifs [36, 98, 99].

Few reports have shown success with inhibiting TFs via chemotherapy, as
they are too broad a target [103]. There has also been a debate whether the
PEA3 members are pro- or anti-tumourigenic. These TFs seem to work
differently and show overlapping functions given different environmental stresses

[98, 100]. This, coupled with the fact that many different ETS factors can be
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expressed in the same cell [99], attempting to repress their action may cause
damage in tissues that require higher amounts of the TF, like Sertoli and germ
cells. Further studies are needed to assess changes to other genes affected by
the downregulation in chondrosarcoma before targeting ETV5 can become a

plausible treatment for this type of cancer.

Current research is attempting to treat chondrosarcoma via assorted
venues of therapy, including monoclonal antibodies [12] proton therapy, carbon
ion therapy, new MMP inhibitors, cryosurgery, proton beam radiotherapy [146],
as well as various receptor-targeting drugs [19, 30]. Inhibitors of the Indian
Hedgehog pathway are currently in use to attempt to control the growth of

chondrosarcoma in humans [12, 147, 148].

The five chondrosarcoma cell lines studied here displayed a large range of
ETV5 expression profiles, ranging from 0.4 times that of hFOB cells to 2.6-fold
the levels of hFOB (Figure 4.9A). Despite the fact that the five cell lines are all
equally categorized as chondrosarcoma, their molecular background are
remarkably different, and one therapy for one patient may work in inhibiting the
cancer, and not work or increase metastasis than for another. Perhaps the use
of personalized therapy for chondrosarcoma could have fewer side effects and

function better at targeting the specific needs of the patients’ genomes.
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5.4 Chondrosarcoma and Other Matters

Patient comorbidities also factor into the progression and treatment of
chondrosarcoma. For example, Ollier's disease is characterized by the presence
of multiple enchondromas, usually presenting on one side of the body [149]. PT3
was diagnosed with this, in addition to chondrosarcoma (See Supplemental
Table E for patient information). This patient displayed the highest level of
MMP2 expression across all five cell lines evaluated, suggesting that MMP2 also

played a role in the pathogenesis of Ollier’s disease.

Additionally, KC cells are a grade Il chondrosarcoma, as well as two of the
patient cell lines, while two of the four patient cells are grade |, which can exhibit
different cellular processes and expression levels (refer to Figure 1.4 for cellular
changes between grading). Multiple benign osteochondromas were first seen in
PT2, which then transformed into malignant chondrosarcoma. This cell line
showed ETV5 expression levels lower than that of the hFOB cells, perhaps
demonstrating that there are other TF that regulate MMP2 in those cases. PT2
was diagnosed as having grade | chondrosarcoma, which could account for the
low expression profile of ETV5, as grade | chondrosarcomas are not usually
metastatic, thus, not as commonly invasive. With the lowest ETV5 and second

lowest MMP2 expression levels compared to hFOB, PT4 was 80 years old at
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time of biopsy; perhaps this cancer was slower than average to develop, thus not
being as aggressive as the heist two patients who showed higher expression
levels of ETV5 than hFOB cells. Perhaps the endogenous levels of MMP2 in
patient cells could serve as a prognostic tool to assist pathologists to provide

better estimations of stages of disease, leading to more effective treatments.

These patient profiles exemplify that additional medical issues compound
the attempt to alleviate symptoms and rid the body of the tumours, as their

genetic and medical histories add additional obstacles for treatment options.
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CHAPTER SIX: FUTURE DIRECTIONS

6.1 Improvements on Completed Experiments

A variety of techniques have been employed here, however other
procedures could have proved efficient as well. Recombinant protein transfection
into the chondrosarcoma cells could potentially allow for a better overexpression
profile of the cells versus the overexpression vector, as extra time is needed for
transcription of the vector and for the post translational modifications of the
protein to occur which are not applicable when using the recombinant protein.
This may be a more efficient method to use, as cloning would not have been

necessary and could allow for easier reproducibility of the experiment.

Correspondingly, it would be interesting to create a stable ETV5 KD or KO
chondrosarcoma cell line using shETVS (small hairpin RNA), in the KC cells and
repeat the bone resorption assay to realize any direct effects that ETV5 may

have on the bone resorption process.

In addition to the fluorescent gelatinase activity assay performed here, a

zymogen gelatinase assay (zymogram) could also distinguish the ratios of
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inactive-to-active gelatinase in the cell lysis and media samples, which the

fluorescent activity assay performed here could not.

6.2 Future Experiments

There are many future directions for this project. The next step in forming
a more comprehensive picture of the ETV5-MMP2 relationship in human
chondrosarcoma would be to determine whether or not ETVS binds directly to the
MMP2 promoter, or if there are other co-factors, TFs or assistant proteins
involved in this partnership. Electric mobility gel shift assays could be performed
to determine if/where ETV5 binds the MMP2 promoter. If there is/are such sites,
luciferase assays could be completed to analyze gene regulatory sequences
within the MMP2 promoter, such as TF binding sites; which would be helpful in
locating any ETVS5-specific sites on MMP2, if one or more are present. This
method encompasses a great deal of cloning of the various portions of the MMP2
promoter, and control sequences to succeed in defining where the binding motifs
reside. Afterwards, the determination of protein-protein interactions with ETVS
could be elucidated through co-immunoprecipitation experiments, followed by
mass spectrometry analysis for the identification of the co-immunoprecipitated

proteins.
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Due to time constraints, TIMPs were not studied here as they were not the
focus of this project. It is possible to hypothesize that the dysregulation of MMP2
is caused also by aberrations in TIMP2. Assessing this would be of interest;
perhaps overexpressed TIMPs are also the culprit in the high levels of active

MMP2 seen in chondrosarcoma.

Finally, characterizing chondrosarcoma through flow cytometry or tissue

microarray to identify any chondrosarcoma-specific markers may be employed to

determine a chondrosarcoma cell-specific treatment option.
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CHAPTER SEVEN: CONCLUSIONS

The results of this study allow for a molecular mechanistic view of the
ETV5-MMP2 pathway in human chondrosarcoma, as well as the role of ETV5 in

chondrosarcoma, which had never been studied.

In conclusion, MMP2 is highly expressed in KC and patient
chondrosarcoma cells, while ETV5 shows a range of expression levels when
compared to hFOB controls across all five chondrosarcoma cell lines. By RNA,
protein and activity assays, it is seen that ETVS regulates MMP2 upstream in a
proportional manner in KC cells and that the ETV5-MMP2 duo work similarly in
the patient cell lines as the KC cells. That is, when ETV5 is knocked-down, so

becomes MMP2.

It was also shown here that KC chondrosarcoma cells can resorb bone
without the presence of osteoclast cells, and when a matrix metalloproteinase
inhibitor is added to the growth media with bone chips, that bone resorption
decreases significantly, as determined both quantitatively and qualitatively. This
indicates that MMP2 plays an important role in local tissue invasion and
metastasis in chondrosarcoma. Finally, patient chondrosarcoma cell lines
displayed the same ETV5-MMP2 dynamics as in the KC cells, as found by ETV5

knockdown experiments.
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As more information becomes known about the molecular pathways of
metastasis of chondrosarcoma, patient-specific treatments could be developed to
assist in inhibiting further growth of the primary tumour as well as its metastasis,

while preventing neighbouring signalling cascades from becoming affected.

Furthering the current understanding of the ETV5-MMP2 pathway is
needed, and the genetic factors affecting bone resorption could eventually lead to
targeted treatment, which is desperately needed for patients affected by

chondrosarcoma.
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SUPPLEMENTARY FIGURES AND TABLES

Tables
Supplemental Table A: Collagen classified by structural organization, adapted

from Alberts et al., 2002 [6] and Lodish et al., 2004 [8].

COLLAGEN TYPES AND TISSUE LOCALIZATION

Structural

Formation Type Tissue Types Polymerized form
| Bone, skin, tendon, ligaments, Fibril
internal organs
Il Cartilage Fibril
Skin, blood vessels, internal _
Fibrillar [ Fibril

organs

B kin, tendon, li t
v Bone, skin, tendon, ligaments, . (with type 1)
internal organs

X Cartilage Fibril (with type II)
M Intertitial tissues Associations with
type |
| Associations with
Fibril-associated IX Cartilage type Il
Xl Tendons, ligaments Associations with
some type |
v Basal lamina Sheet-like network
Network-forming Beneath stratified squamous o
Vi - Anchoring fibrils
epithelia
Xl , , )
Transmembrane THEWdesmosomes inthe skin Unknown
Other XVII Basal lamina around the blood Unknown

vessels

96




M.Sc. Thesis ~ PF Power; McMaster University
Health Science; Medical Sciences; Cancer and Genetics

Supplemental Table B: Matrix metalloproteinases and their targets. Taken from

Stamenkovic, 2000 [45].

SUBSTRATES OF THE MEMBERS OF THE MATRIX METALLOPROTEINASE FAMILY

MMP# Common name Mr (kDa)  Substrates
1 interstitial collagenase, 52/43 collagen I, II, 11, VII,
|collagcnasc-1 X, IGFBP

2 gelatinase A 72/62 gelatin, collagen I, IV
V, X, laminin, IGFBP
latent TGF-8

3 stromelysin-1 52/43 collagen III, IV, V, IX
X, gelatin, laminin proteoglycans,
fibronectin, elastin, E-cadherin, IGFBP,
HB-EGF, perlecan, proMMP-13

7 matrilysin 28/19 gelatin, fibronectin,
laminin, collagen IV,
proteoglycans Fasl.,
HB-EGF, pro-MMP-1

8 ncutrophil collagenase, 51/42 collagen I, I1, 1I1, VII, X

collagenase-2

9 gelatinase B 92/83 gelatin, collagen I, IV)V,
X, IGFBP, latent TGF-8

10 stromelysin-2 52/43 collagen IIL, IV, IX, X
gelatin, proteoglycans
laminin, pro-MMP-1
pro-MMP-13

11 stromelysin-3 51/44 a-l-antiprotease, IGFBP

12 metalloclastase 52/43 clastin, pro-MMP-13

18 collagenase-3 52/42 collagen I, II, TILIV,VII,
X, XIV, tenascin, aggrecan,
fibronectin, pro-MMP-9

14 MT1-MMP 64/54 gelatin, collagen 1, fibrin,
fibronectin, proteoglycans,
laminin, proMMP-2.
Pro-MMP-13

15 MT2-MMP 71/61 fibronectin, laminin,
tenascin, pro-MMP-2
pro-MMP-13

16 MT3-MMP 66/5 collagen III, gelatin
fibronectin, pro-MMP-2

17 MT4-MMP 54 unknown

18/19  RASI-1 55/47 unknown
20 Enamelysin 52/43 amelogenin
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Supplemental Table C: Summary of ETV5 and MMP2 gene, mRNA and protein

information. NCBI.

SUMMARY OF ETV5 AND MMP2 INFORMATION

geidtlinase A

Matrix

Gene Location 3928 16913-g21
mRNA Size 1533 1833

# of amino acids 510 611
Protein Size 58kDa 72kDa
NCBI GENE ID 2119 4313

NCBI Gene accession

NM 0044542 NM 004530.4
number - -
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Supplemental Table D: Substrates of matrix metalloproteinase 2 [45, 48, 61].

LisT OF MMP2 SUBSTRATES

al-AC Elastin IGFBP Osteonectin
al-PI Fibrillin IL-1B Plasminogen
Clp Fibrin Laminin pro-TGFa
Collagen I, lll, IV | Fibrinogen Inactive TGFf Substance P
Collagen VII, X, XI | Fibronectin Link protein Tenascin
Decorin Gelatin Myelin Vitronectin
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Supplemental Table E: Primary chondrosarcoma (CS) patient records. “+
dictates the cells are positive for collagen 2A1, supporting the diagnosis of
chondrosarcoma.

PRIMARY CHONDROSARCOMA CELL LINE PATIENT DEMOGRAPHICS

Gender A-ge B enon Grade Type Other Information Collagen-ZAl
Biopsy of Tumor Expression
PT1T M 55 Proximal 2 Chondrosarcoma Pain +
left femur
On and off pain, long
standing history of
- osteochondroma of left
PT2 F oo o et lliact e = Enchondiomay/ iliac wing, but it +
wing Chondrosarcoma ;
underwent malignant
transformation to low
grade chondrosarcoma
Right . .
Patient has Ollier”
PT3 M 41  hand, 5th 1 Chondrosarcoma bl .as B +
. deisease
finger
PT4A M 80 Rightgroin 2 Chondrosarcoma Pain +
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Supplemental Table F: Primer sequences for real-time polymerase chain

reaction and cloning with amplicon size and melting temperature.

PRIMERS FOR REAL-TIME POLYMERASE CHAIN REACTION AND CLONING

Amplicon

Gene Sequences Size (bp) Tm (°C)
F GGTCATCACCATTGGCAATG 66.2
B-ACTIN R GGTAGTTTCGTGGATGCCACA 7 66.9
ETVS F TCTGAGCTGTCGTCTTGTAGCC 116 58.6
R GTTATTGGCTTGAACCCAGAGG 55.9
F ACATCAAGGGCATTCAGGAG 64.0
Mmp2 R CTGAGCGATGCCATCAAATA 131 63.7
F CATGAGAAGTATGACAACAGCCT 62.0
GAPDH R AGTCCTTCCACGATACCAAAGT 113 62.5
F CTGGAGAGGCTGGTACTGCT 63.5
COLIAZ o CACCAGCAACACCTGGTAGA 145 63.8
F CCTGGACGAGAGGTGAGCAGT 0.9
CoL2A1 R TCTCTCCCCGACAACCTTCCC 181 60.8

Cloning F ATGGACGGGTTTTATGATCAGCAAG
Oligos R TTAGTAAGCAAAGCCTTAGGCATA
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Figures

aaactitctictccagtgcctctigcigtttticatctctgggcecatigtcaatgticcclaaaa
cattccccatattcceccacccagceactecacctetttageteticaggtetcagetecaga
MMP-2 P3F =
agtcaBiicticeaggaagecticctigattgtetttactagtttaggggetgaagtcagge
Ets-1
gttcccaacagcectgciggagttccccatcacagcttatctctcaactgtetitcctgagag
agggagaagacattcctcagagacggttgtcacagggagaacttcaaaattgggatt
PEA3
cgacctgagaggccacatggattcttggettggegecaggaaaggaticaagagtgagt
ggggaattcgtggaactgagggctcctecectitttagaccatatagggtaaacctcece

acattgccatggcatttatacactgecatggeactgqtaggtgcttecctitaacatgcta
ATGcat €« MMP-2 P3R
2>MMP-2 PEA3

Supplemental Figure A: Portion of MMP2 promoter region highlighting the

PEA3 TF binding sites, taken from Monge et al., 2007 [60].
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PT2

PT3

Supplemental Figure B: Images of hFOB, KC, RAW and RAW+RANKL (aside

bone chips) and PT1-4 cell line images (100x).
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Slice, punch
P20

Sterilize

O

Norm MM - negative
ol e ot _
\Media | Inhi KC

Collect media {

Concentrate 42-days later - positive
media
Decalci
ELISA ecalcify

Process, embed,
slice, stain

Cross section

Supplemental Figure C: Bone chip methodology diagram. See section 3.10 for

detailed protocol.
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|
ETVS mRNA | | | '
0 105 729 993 1533bp

A B C

Supplemental Figure D: siRNA binding sites (A, B, C) on the ETV5 mRNA.

Supplemental Figure E: Bone chip images after one week of incubation with (A)
KC cells in normal media, (B) KC cells with MMP2 inhibitor in the media, (C)

normal media without cells or (D) media with MMP2 inhibitor without cells.
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A Patient Endogenous ETV5 Expression
relative to KC cells
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Supplemental Figure F: Patient ETV5 and MMP2 endogenous expression
levels relative to KC cells (as highlighted in black), after normalization to B-actin

(n=3).

106



M.Sc. Thesis ~ PF Power; McMaster University
Health Science; Medical Sciences; Cancer and Genetics

Product Name: MMP-2 Inhibitor Ill, CalBiochem

Chemical Name:

2-((Isopropoxy)-(1,1" -biphenyl-4-ylsulfonyl)-amino))-N-hydroxyacetamide

Chemical Structure:

A 2 P W T
',':I Il"l_':_ ._|'.'I ", ':-"_".f b

Supplemental Figure G: Chemical information of the MMP2 inhibitor.
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