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Abstract of the Dissertation
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Cancer mortality rates remain high and the reason for this lack of progress in improving
survival rates is the lack of drugs specifically targeting metastasis, which is the cause of death for
90% of cancer patients. In order to address this important aspect of cancer biology, we used a
three-dimensional, high-throughput phenotypic screening approach and a target-based design to
identify compounds that interfere with an early, critical stage of the metastatic process, namely
cancer cell invasion. By using our phenotypic screening, we identified trifluoperazine (TFP), an
FDA approved anti-psychotic, as an anti-invasive agent that interferes with migratory function
with minimal cytotoxicity. TFP functions to decrease active, phosphorylated AKT (Thr3® and
Ser*®) and B-cateninSer>®2. There is a resultant decrease in B-catenin nuclear translocation and
transcription of target genes, based on antibody array data. The activity of TFP on highly
invasive fibrosarcoma cells results in decreased angiogenesis and invasion through the basement
membrane in a chorioallantoic membrane assay. Overall, we have demonstrated that TFP is
responsible for the reduced invasive behavior of these cancer cells by antagonism of a network
that includes dopamine receptor D2, AKT, and B-catenin leading to reduced cancer cell motility.

Another approach to drug discovery is a target-based approach.  Considering the
expression of MMP-14 contributes significantly to cancer cell invasion and is correlated with
disease progression, MMP-14 is a crucial molecule to target. There are no current inhibitors for
this protease and we determined the minimal region of another cell surface molecule, CD44,
which is required to interact with MMP-14 for cell migration. We identified an eight amino acid
region of CD44 that is crucial for MMP-14 interaction based on mutational analyses. Expression
of CD44 with the minimal mutation results in decreased interaction with wild-type MMP-14
based on co-immunoprecipitation assays. Furthermore, MMP-14 mediated cell migration is
reduced when co-expressed with the mutant as opposed to wild-type CD44. Furthermore, design
of peptides mimicking the minimal region of CD44 reduces interaction of wild-type CD44 and
MMP-14 based on a reduction in MMP-14 pulldown by CD44 and reduced MMP-14 mediated
migration in the presence of the peptide. Overall, we have identified novel peptides and
potential strategies for reduction of metastasis by targeting of cancer cell invasion and migration
via target- and phenotype-based screening methods.
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Prologue: Introduction

Overall cancer death rates have been decreasing slowly in the United States since the
early 1990s [1]. These decreases have been associated with a combination of early detection and
treatment, along with education about and reduction of certain risk factors [1]. Despite these
improvements, patients diagnosed with distant metastases are more likely to die of their disease
as opposed to any other co-morbidity [1]. Even patients that do not exhibit gross metastasis at
the time of initial diagnosis may develop distant metastasis and their death is more often than not
associated with cancer dissemination and not the primary tumor [2]. Based on estimates of
cancer cell doubling time and tumor formation, it is likely that most patients at the time of
diagnosis carry micrometastases, which are not yet making a clinical impact on the patient [3].
Because most patients harbor micro- or macro- metastases, it is crucial to develop novel cancer
treatments that target this process in order to improve treatment outcome by reducing cancer
spread.

The term metastasis was coined by Joseph Claude Anthelme Recamier and in the late
1800s, Stephen Paget proposed the “seed and soil” theory, suggesting that cells of a primary
tumor may only colonize hospitable organs [4]. This theory has been built upon since and our
current understanding of metastasis has come to include the notion that circulatory patterns
contribute to metastasis patterns and there are a subset of cells within a tumor particularly suited
to the process of metastasis [4]. Metastasis is a complex, multi-step process. As neoplastic cells
grow and form a larger tumor, vascularization of the tumor must occur in order for it to grow
larger than 2 mm [3]. Angiogenic factors derived from both the tumor cells themselves and the
stroma encourage vascular growth. In the early stages of dissemination, cells of a primary tumor
that have undergone the transition from a stationary, epithelial phenotype to a motile,
mesenchymal phenotype [epithelial-mesenchymal transition (EMT)] are able to breakdown the
extracellular matrix (ECM) and basement membrane. These cells cleave ECM components and
travel through cleared areas in order to extravasate and enter the blood stream. Those cells that
are able to survive in circulation have the opportunity to intravasate from the blood stream to a
secondary site. The second phase (adaptation), consists of growth of the cells at the colonization
site, which constitutes development of metastasis [5]. At the secondary site, these processes can
occur over again, which results in further establishment of metastatic lesions.

Although the process of metastasis is a relatively inefficient occurrence [it is likely less
than 0.02% of cells in circulation will be able to form metastases [6]], it is the deadliest aspect of
the disease and much remains to be determined about targeting the key players [3, 7]. Because
of this, there are very limited treatment options for this cancer stage. Most currently available
therapies are effective against primary tumor growth, but do little to combat cell movement, and
ultimately metastasis. In addition to the complexity of the biology of metastases, there are other
practical reason for a lack of anti-metastatic drugs which includes the cost of long-term clinical
trials monitoring metastasis as an endpoint in early stage cancer patients and the endpoint for
most current clinical trials is primarily concerned with diminution of tumor burden in a patient,
which may not be relevant to anti-metastatic agents [6]. On a more fundamental level, anti-
metastatic agents are currently lacking because heretofore there has not been a proper method by
which to easily screen novel compounds for anti-invasive effects in a 3-dimensional milieu and
there is still much work to be done in identifying unique biomarkers that can serve as prognostic
factors in patients with metastases [6, 8].



Despite the National Cancer Act enactment in the 1970s, little change has been made in
improving the mortality rate due to lack of metastatic control. There is an enormous gap in both
understanding of the precise molecular mechanisms that influence metastasis and the lack of
proper anti-metastasis therapies which are collectively detrimental to patient survival. Therefore,
the overarching goals of this thesis work are two-fold: to identify and develop potential anti-
metastasis agents in order to improve cancer treatment outcome and to define molecular
relationships between key players in metastasis. One such group of major players in the
metastatic process is the zinc-dependent endopeptidases, matrix metalloproteinases (MMPS).
Matrix metalloproteinase-14 (MMP-14, MT1-MMP) is a transmembrane protease whose
expression is found at high levels in cancer cells and correlates with cell migration and
metastasis [EMT], and therefore reduced patient survival [9]. Thus, | endeavored to define a
novel MMP-14 inhibitor in order to prevent MMP-14 mediated cell invasion and migration.
Additionally, MMP-9 is a soluble MMP that also correlates with risk of cancer relapse and poor
patient survival [10]. MMP-9 has been documented to dimerize and mediate cell migration [11].
In an effort to clarify MMP-9 dimerization dynamics, | analyzed the biochemical nature of
MMP-9 dimerization and its effects on cancer cell migration under hypoxic conditions, as
hypoxia at the site of a tumor is very common and can cause significant changes in cancer cell
behavior, specifically inducing migration and invasion. Lastly, using small molecule hits from a
compound library screen | have identified a novel mechanism of action of an FDA-approved
antipsychotic, trifluoperazine (TFP). TFP appears to reduce B-catenin activity and ultimately
results in a decrease in cancer cell invasion and migration, potentially through a network of
dopamine receptor D2, AKT, and p-catenin. Collectively, this work attempts to identify
strategies which might convert cancer from a fatal disease to a chronic, manageable one.



Chapter 1: Matrix Metalloproteinases

1.1 BACKGROUND

(The bulk of this background section will appear in the Frontiers in Bioscience Special Issue:
Matrix Metalloproteinases and Disease)

As early as 1949, comparison of the architecture of rapidly progressing tumors and slow-
growing tumors revealed stark differences [12]. These differences were postulated to be related
to depolymerization of the basement membrane by soluble factors, potentially derived from
stromal cells [12]. Collagen degradation in mammalian tissue was initially described by
Woessner in 1962, but the field of study of extracellular matrix (ECM) remodeling proteins was
pioneered by the study conducted by Gross and Lapiere, also published in 1962 [13]. The work
appeared in the Proceedings of the National Academy of Sciences and described the ability of a
single, soluble factor derived from certain tadpole tissue explants to lyse purified collagen ex
vivo [13]. Prior to the 1962 study by Gross and Lapiere, ECM remodeling in the mammalian
context was a poorly understood phenomenon and had been hypothesized to be related to
lysosomal protease activity [14, 15].  The landmark discovery of a soluble collagenase led to a
shift in ideology about ECM degradation and tissue remodeling. The study of these isolated
proteolytic enzymes over the following decades uncovered vast amounts of information on how
proteins of the extracellular space are degraded and maintained.

In the years following the publication of the work of Gross and colleagues, various
collagenases and procollagenases were isolated from a variety of animal tissues [16-21]. Not
only were proteases isolated from a number of tissues and cell cultures, but they were also
increasingly associated with certain pathologies. Some of the earliest diseases to be associated
with ECM remodeling include periodontal disease (gum resorption) and cholesteatoma [18].
Eventually, it was also found that collagenases could be derived from rheumatoid synovium and
metastatic tumor explants [22-25]. As it became increasingly apparent that these isolated
proteases were critical to degrading ECM and participated in both physiological and
pathophysiological processes, studies to purify, characterize, and define the mode of action of
these proteases were undertaken. In this section, I provide an overview of basic structure and
functions of ECM remodeling proteases, specifically the matrixins, or matrix metalloproteinases
(MMPs).

1.1A CLASSIFICATION OF MATRIX METALLOPROTEINASES

The MEROPS database is a large repository of information regarding families of
proteases [26, 27]. MMPs are classified in the clan MA and fall into the M10 family, which is
the metalloendopeptidase family. The classification of metalloendopeptidases into a group
called the ‘metzincins’ within the endopeptidase superfamily was initially proposed in 1993 [28,
29]. The metzincin family is characterized by two major features, the requirement of a
coordinated Zn?* in the catalytic active site and the methionine turn (Met-turn) [28]. The sub-
families that comprised the metzincin family at that time included the astacins, adamalysins,
serralysins, and matrixins [28]. Each of these families could be distinguished from one another
based on the residue (Z) that is found at the end of the conserved zinc-binding sequence
(HEXXHXXGXXHZ) [i.e.: Glu (astacins), Asp (adamalysins), Ser in (matrixins), and Pro in
(serralysins)]. Recently, another mechanism by which to classify metallopeptidases has been
proposed [30]. Cerda-Costa et al. suggest that metalloproteinases should first be divided by
whether they are dimetalate (containing two catalytic metals) or mononuclear metallopeptidases.



By this system, MMPs fall into the subclass mononuclear metallopeptidases, the tribe zincins,
the clan metzincins, and the family of matrixins [30]. The tribe zincins includes any peptidase
that contains the motif HEXXH, with the clan metzincins including the conserved zinc binding
site HEXXHXXGXXHZ and the Met-turn [30].

1.1B MATRIX METALLOPROTEINASE PROTEIN STRUCTURE
MMPs are calcium-dependent, Zn?* containing endopeptidases. They can either be
soluble or membrane-bound and are found in most kingdoms of life. Humans have 23 paralogs
and they can be divided into groups: true collagenases, gelatinases, stromelysins, elastases, and
membrane-type MMPs [31, 32]. MMPs from vertebrates are modular, containing particular
elements that are similar amongst all of the family members (Figure 1). A small signaling
peptide (~20 amino acids), a propeptide region (~80 amino acids), a calcium and zinc dependent
catalytic domain (~165 amino acids), a linker region of varying residue length (may determine
what substrates the MMP can accommodate), and a hemopexin-like domain (PEX) (~200 amino
acids) [33]. Certain MMPs also contain additional domains, including fibronectin-like repeats
(MMP-2, -9), immunoglobulin-like domains, and vitronectin-like repeats. Further, members of
the family that are membrane bound may contain either a glycophosphatidylinositol linkage
signal or transmembrane and cytoplasmic tail domains (MMP-14, MMP-17, MMP-24, and
MMP-25) (Figure 1).
Signal  Pro- Catalytic
pepide domain Domain

Minimal Domain MMPs: MUP-T/matriysin, MUE-25 m
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Figure 1: The MMP family. The MMP family share certain conserved domains, particularly the
catalytic domain. Figure 1 demonstrates the MMPs based on structural features of the protein, which
most share the hemopexin-like domain and the catalytic domain, in addition to the signal peptide and
propeptide domain.



The signaling peptide region is variable amongst proteins but commonly consists of a
positively charged N-terminal segment, followed by a hydrophobic section, and finally a polar
C-terminal segment [34]. This peptide interacts with the signal recognition particle (SRP) and
eventually the signal recognition peptide receptor at the target, i.e.: endoplasmic reticulum [35,
36]. This is a general phenomenon for secretory proteins and MMPs are no exception.

The propeptide domain (prodomain) is crucial to regulation of MMP activity, as it serves
to block access to the catalytic domain; matrixins are usually secreted in zymogen form and
require activation. The prodomain is included in even the most structurally simple of MMPs
(MMP-7) and is composed of three alpha chains with flexible connecting loops [31]. It includes
a highly conserved amino acid sequence that is contained within the prodomain, PRCGXPD [37,
38]. Early evidence presented by Sanchez-Lopez, et al., indicated that mutation of the region
around the autocatalytic site in rat transin increased the activation of the zymogen [39]. Later, it
was determined that mutation of the cysteine residue results in a zymogen with a higher
proclivity for activation [40]; modification of the sulfhydryl group also releases the cysteine
switch [41]. The sulfhydryl group of the cysteine located in the highly conserved amino acid
sequence of the prodomain region functions to occupy the catalytic Zn?* ion and prevent the
necessary water molecule from interacting with the ion, which is the so-called “cysteine-switch”
[42]. lon chelating agents such as EDTA can activate MMPs because of the removal of Zn?
from the cysteine [43]; use of organomercurial agents and detergents such as sodium dodecyl
sulfate results in a change in protein conformation that allows for release of the cysteine switch
[43, 44].

The catalytic domain is highly conserved amongst the MMPs, nearly matching in their 3-
dimensional structure [31, 33]. The spherical catalytic domain extends over a 40 angstrom
diameter and the shallow active site is situated at the front surface [33]. The substrate binding
groove contains a flat, unprimed side and a narrow primed side which contains the specificity
pocket [45]. The catalytic domain is composed of three a-helices and a five-stranded twisted B-
sheet (BI-BV) [33, 46]. The strands in the B-sheet are parallel in orientation to one another, with
the exception of the BIV. The aA backing helix and the oB active site helix are in close
proximity to the B-sheet; the contacts between the helices and sheets are hydrophobic and
therefore form a hydrophobic core. Several of the loops connecting each B-strand extend away
from the surface of the sheet and these are unique to MMPs as compared to other members of the
metzincins [33]. The loops participate in coordinating the non-catalytic ions, specifically the
second Zn?* ion and up to three Ca?* ions, which serve to provide structure to the loops [33, 46,
47]. This domain is split by the active site asymmetrically, resulting in a larger N-terminal
region (average 127 residues, often termed “upper”) and a smaller C-terminal region (average 37
residues, often termed “lower”) [33].

The large LBVaB loop leads from strand BV to the active helix, aB. The aB helix
contains the first half of the conserved zinc-binding sequence HEXXHXXGXXH, meaning it has
the first two histidines required for coordinating the catalytic Zn?* in addition to the glutamate
that participates in catalysis and ends with a turn allowed by the glycine residue [33]. The turn is
crucial for the third histidine to make contact with the zinc ion. Following the conserved Zn?*
binding sequence is a loop that leads to methionine, which is termed the “Met-turn” [28]. This is
a highly conserved 1, 4-B-turn within the metzincins, however it has been shown not to be



necessary for proper folding and function of the enzyme [46, 48]. The loop following the Met-
turn is the “specificity loop” that leads to the final helix of the catalytic domain (aC) [33, 46].
This loop is required for distinguishing substrates and imparts a level of specificity to each
MMP.

The hinge (or linker) region is a stretch of amino acids that follow the catalytic domain
and leads to the hemopexin domain. This region may vary from 15 to 65 residues, depending on
which MMP is in question [47]. The structure of the linker plays a role in the ability of MMPs to
proteolyze their substrates, as mutation of the proline rich region has been documented to reduce
the ability of MMP-8 to degrade collagen [49]. The linker has been purported to make contacts
with both the catalytic domain and the hemopexin-like domain and serves to stabilize their
arrangement and contribute to proper enzyme function [47]. Recent evidence indicates that the
linker region’s flexibility is crucial to mediating the conformational change required for
interaction between the catalytic and hemopexin—like domain and therefore, proper catalysis and
specificity [50, 51].

The hemopexin-like (PEX) domain is a four-bladed B-propeller structure that begins with
a cysteine residue and ends with another; the two cysteines form a disulfide bond to establish the
propeller-like structure [47]. Mutation of these cysteines results in loss of the proper structure,
and therefore function [52]. Centrally located within this region are three water molecules and
three ions, including Ca?*, Na*, and CI-, which may be crucial to structure stabilization [47, 53,
54]. For example, use of chelating agents against the PEX domain of MMP-2 results in the loss
of binding to fibronectin and heparin [52, 55]. The PEX domain has been shown to be crucial to
substrate recognition and specificity (collagenases), while in other cases loss of or lack of the
PEX domain does not substantially inhibit the enzymes (MMP-7, -12, and -26) [46, 52, 56]. In
the case of MMP-2, deletion of the PEX domain leads to lack of collagenolytic activity but
retains catalytic activity against substrates such as casein or small synthetic peptides [52].
Recently, the PEX domain has been implicated in the ability of MMPs to orient collagen for
catalysis by binding two of the three strands of collagen, mediated by particular residues,
allowing the third strand to be oriented into the active site [57]. Because the PEX domain of
MMPs can mediate interaction with substrate, it has become a target for inhibition in recent years
[58-61].

MT-MMPs are primarily responsible for pericellular degradation of ECM components
and activation of soluble MMPs. They are also in a prime position to cleave other cell surface
proteins. All membrane-type MMPs include an RXR/KR motif at the C-terminus of the pro-
domain that serves as a proprotein convertase site and allows for cleavage of the zymogen to the
active state. MT1-MMP, MT2-MMP, MT3-MMP, and MT5-MMP have all been documented to
have single-pass transmembrane domains that span approximately 20 amino acids [62-67]. The
transmembrane domain is followed by a small intracellular cytoplasmic tail. MT4-MMP and
MT6-MMP are membrane-type MMPs that share most of the same domains as other MT-MMPs,
but are membrane bound via a glycophosphatidylinositol anchor (GPI-anchor) at the C-terminus
of the hydrophilic stalk region of the these proteases [65, 67-70]. The GPIl-anchor allows for
these proteases to be localized to lipid rafts and potentially participate in signal transduction by
directly modifying components of the lipid raft [67].



The furin recognition domain is a sequence of amino acids that allows for intracellular
cleavage of certain MMPs, which may result in secretion or delivery to the cell surface of active
enzyme, as proprotein convertase activity can releases the pro-domain [71]. MT-MMPs,
including MT1-MMP (MMP-14), MT2-MMP, MT3-MMP, and MT5-MMP contain furin
recognition domains [72-74]. Interestingly, it has been suggested that cleavage of MMP-14 by a
convertase is not required for its MMP-2 activating activity [72]. MT4-MMP and MT6-MMP,
the GPl-anchored membrane proteases, also contain a furin recognition site and can be activated
by the proprotein convertase [65, 75]. MMP-23 is also integrated into the plasma membrane
(type Il transmembrane protein) and includes a furin-recognition site which is sensitive to
proprotein convertases [35]. MMP-11 and MMP-28 also harbor the furin-recognition site and
can be proteolytically processed and activated by cleavage [71, 76]. Not only can furin act as an
activator for MMP-28, but also as a chaperone for secretion, assigning a non-proteolytic role to
furin for MMP modulation [77].

1.1C THE MECHANISM OF ACTION OF MATRIX METALLOPROTEINASES

As outlined by Overall, catalysis by MMPs require binding of the substrate to the active
site, a compatible specificity pocket (S1°) that defines the active site, the catalytic Zn?* properly
coordinated with the presence of the catalytic glutamate, and binding of substrates to sites
outside the catalytic site (exosites) [52]. The target peptide binds to the active site by forming
hydrogen bonds between the substrate and active site in an anti-parallel fashion [52]. Once
properly oriented, the substrate can be hydrolyzed.

The reaction carried out by matrixins is considered an ordered, single-displacement
reaction that follows Michaelis-Menten kinetics and is optimal at a neutral pH. The mechanism
by which MMPs can cleave their substrates has been established based on structures gathered
through the years characterizing thermolysin from Bacillus thermoproteolyticus and bovine
carboxypeptidase A and later structures of MMPs in complex with substrates and inhibitors [30].
From available structures in 1988, Matthews stated the thermolysin active site contained a zinc
ion coordinated by three amino acid residues and a solvent molecule [78]. The solvent molecule
is bound by the Zn?* ion and increases the nucleophilicity of the solvent. The carbonyl oxygen is
polarized by the catalytic metal. Once this occurs, the scissile carbonyl carbon is available for
attack by the solvent. The solvent proton then transfers to the general base, glutamate. This
gem-diolate intermediate is a tetrahedral intermediate that is stabilized by surrounding amino
acids. The final products are formed by bond cleavage and transfer of protons to the new amino
terminus created by the enzyme’s cleavage activity (Figure 2).

/GILU [ /Tl\u /Tl\u
0o }ﬁ 4%0 Ala 070 Ala 0”0 Ala
! HO:- H RO v
HOH 0 | ' ) . 0
! 1 (] S H
H H HH H / HVN—C—
—C+C—N—-—C— — —I—C—N—C— —» —C¢—C—N—-C— —>» —C (“30 3@
| v v
0 0@ v 00 0
His His His' HISH|s His HisHls His His



Figure 2: General catalytic mechanism of MMPs. Based on structural data, a general mechanism of
action has been delineated for MMP catalytic activity.

1.1D CONTROL OF MATRIX METALLOPROTEINASES

Matrixins are classically associated with matrix degradation, but the repertoire of these
proteases has expanded to include other protein substrates such as pro-proteases, clotting factors,
adhesion molecules, cryptic growth factors, and cytokines, amongst others, implying that MMP
activity can have a huge impact on a wide-range of processes [33]. Therefore, the function of
MMPs are tightly regulated at the level of transcription, post-transcriptional modification, post-
translational modification, production in the zymogen form (requiring activation), non-specific
inhibition by az-macroglobulin, and co-expression of tissue inhibitors of metalloproteinases
(TIMPs); these mechanisms collectively serve to limit the activity of the proteases [30, 33].
Frequently, these mechanisms of inhibition are dysregulated under pathological conditions,
which contributes to worsening of disease [33].

Under normal conditions, most MMPs are expressed at low levels, with transcription
being highly regulated. One major mechanism of control is the tissue-type restriction of MMP
expression. Only certain types of MMPs are expressed in particular tissues, implying that
contextual cues dictate which MMP will be expressed [79-81]. Overall, there are several
transcription factors that can promote transcription of MMPs derived from a variety of signaling
pathways, with each MMP having a particular combination of sites in their promoters [82].

Post-translational modification
is required for MMPs in that they must release their pro-domain in order to be fully active. This
often requires the action of other proteases in the extracellular space, such as fellow MMPs or
serine proteases. In the case of MMP-2, MMP-14/TIMP-2 complexing is required to activate
soluble MMP-2 [83, 84]. In the case of MMPs that contain furin-like recognition domains
(RXK/RR), intracellular proprotein convertases activate the proteins in the Golgi as they are
transported in order to get to their final destination [71].

Initially identified in human skin fibroblasts as an inhibitor of collagenase, TIMPs are
naturally occurring inhibitors of MMPs that may have co-evolved with the development of
connective tissue [85, 86]. Four TIMPs have been identified in humans (1-4) and are small
glycoproteins that consist of two domains [87]. They include an inhibitory N-terminal domain
and a C-terminal domain that are each structurally stabilized by three disulfide-bound loops [88].
TIMPs bind to MMPs in a 1:1 ratio and each have a certain specificity for each MMP and a
particular expression pattern [87]. These endogenous inhibitors tend to operate by binding the
PEX domain and can also bind the zymogen form of MMPs [87].  The differences in amino
acid residues that exist in the PEX domain and TIMPs likely cause the differential affinities
observed for the MMPs amongst the TIMPs [87].

a-2 macroglobulin also acts as an inhibitor of MMPs [89]. It is a relatively abundant
serum plasma protein and is the major MMP inhibitor in circulation [80]. «-2 macroglobulin
complexing with MMPs results in receptor-mediated endocytosis, indicating that o-2
macroglobulin inhibition may result in an irreversible inhibition (due to clearance) as opposed to
the reversible interactions between TIMPs and MMPs [80]. Another endogenous inhibitor of the
MMPs includes the C-terminal fragment of procollagen C-terminal proteinase enhancer (PCPE),
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which is a protein that was originally documented to enhance the function of the procollagen C-
terminal proteinase/bone morphogenic protein-1 (PCP/BMP-1) [90, 91]. Other mechanisms of
control also exist for MMPs, which include pericellular segregation of the MMPs and the
dependence upon substrate presence. This spatial and temporal control of MMPs limits their
activity within their particular milieu [80].

1.1E MMPs UNLEASHED: MATRIX METALLOPROTEINASE’S ROLES IN DISEASE

Collectively, the family of MMPs is capable of remodeling the ECM by cleaving
components such as various collagens, laminins, and fibronectin, amongst others. Additionally,
MMPs have been shown to activate cryptic growth factors embedded in the ECM, for example,
TGF-B. These proteases have a broad spectrum of substrates and therefore play a crucial role in
development, signaling, and apoptosis [33]. Work from Woessner in 1976 and Jeffreys in 1983
demonstrated that procollagenases can be recovered from normal, postpartum uterine tissue and
primary cultures of the uterine tissue [92, 93]. Shipley, et al., demonstrated that mice lacking
macrophage metalloelastase have diminished ability to degrade ECM and have abrogated ability
to invade tissues, as they normally would during wound repair [94]. In an attempt to identify the
role of MMP-2 in the processing of the B-amyloid precursor protein, it was demonstrated that
MMP-2 knockout mice were viable, but lagged in growth compared to wild-type from postnatal
day 3 to adulthood [95]. This implicated a role for MMPs in growth. Relatedly, MMP-9-null
animals survive through the embryonic stage and develop into fertile adults, but were found to
have a delay in bone ossification due to a lack of proper vascularization of bone growth plates,
providing more evidence that MMPs play an important role in development [96]. Even more
striking is that the loss of MMP-14 expression results in viable animals with severe
developmental defects, including osteopenia, arthritis, and skeletal dysplasia [97]. Not only were
these animals severely deformed, they also displayed a significantly shortened lifespan [97].
Each of these pieces of evidence suggests that MMPs play important roles in a variety of non-
pathogenic, physiological conditions.

Unfortunately, because of their ability to affect several crucial processes, these proteins
have been associated with various pathologies such as arthritis, cancer and metastasis, and
cardiovascular disease, just to name a few. Expression of MMPs has been correlated with cancer
progression, relapse, and survival in multiple types of cancer, including lung carcinoma,
colorectal cancer, and breast cancer [60, 98-102]. In support of the notion that MMPs contribute
to tumor formation and progression, mice lacking MMP-7 expression have a reduced incidence
of tumor formation of intestinal adenoma in the Min mouse model [103]. In 1980, Liotta, et al.,
demonstrated that there is a correlation between metastatic behavior of cells and the
overexpression of collagenases, implicating MMPs ECM disruption capacity in the aggressive
behavior of transformed cells [104]. Importantly, not only have the tumor-derived MMPs been
associated with primary tumor development and progression, but cells in the stroma were found
to participate in tumor progression by expressing MMPs which contribute to tumor cell
invasiveness [105, 106]. The impact of MMPs on tumor progression not only lies in the
contribution of MMPs to tumor cell invasion, but also to angiogenesis [107]. Itoh, et al.,
demonstrated that lack of MMP-2 can abrogate the ability of cancer cells to induce angiogenesis
[108].



This brief introduction to MMP’s roles in cancer makes it clear that the dysregulation of
these MMPs and their endogenous inhibitors can be detrimental. Because of the ability of
MMPs to affect a plethora of disease processes, including but not limited to cancer progression,
MMPs became the prime target for drug development in multiple fields of disease study.
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1.1F REIGNING THEM IN: EARLY SUCCESSES AND MAJOR FAILURE IN
TARGETING MMPs

Evidence of the ability of MMPs to contribute to disease progression accumulated and,
concomitantly, evidence that inhibiting MMPs could contribute to disease regression or delay
progression also accrued. Experiments demonstrated that upregulation of the endogenous MMP
inhibitor TIMP-1 in cancer cells resulted in a smaller number of metastatic lesions as compared
to control cells in an experimental metastasis model [109, 110]. While TIMPs function to inhibit
MMPs, the role of MMPs and TIMPs in tumor progression is complex and frequently cancer
staging counterintuitively correlates with a high level of TIMP expression [111]. Therefore,
TIMPs themselves are not particularly good candidates for therapeutic agents as they are small
proteins and can actually perform dual functions [112].

Early synthetic inhibitors were designed such that they mimicked MMP substrates based
on amino acid sequence of triple helical collagen cleavage site (MMP-1); the inhibitors mimic
the collagenase cleavage site (Gly-lle or Gly-Leu) [113]. The inhibitors should interact with the
active site and inhibit MMPs by chelating the catalytically active Zn?* [113]. The hydroxamic
acid derivatives function to coordinate the catalytic zinc with the two oxygen atoms in its
sequence and hydrogen bonding of the nitrogen of the hydroxamate and the carbonyl of the
enzyme backbone help to stabilize the interaction with the inhibitor [112]. According to
Whittaker, et al., there are four classes that MMP inhibitors can fall into based loosely on
structure, including succinyl hydroxamates, sulfonamide hydroxamates, non-hydroxamates, and
natural products [113].

Hydroxamic acid derivatives, namely batimastat and marimastat, were some of the first
promising peptidomimetic MMPIs [112]. Batimastat (BB-94) is a low molecular weight,
reversible inhibitor of MMPs that is broad spectrum in nature and was identified in early in vitro
studies as decreasing tumor burden in various models of cancer and significantly reducing
metastatic spread, ultimately increasing survival rates of involved animals [114-116]. Inhibition
of hemangioma growth was observed in an in vitro model, and it was postulated that
angiogenesis was abrogated with MMP inhibition which is a positive effect considering tumor
reliance on generating neovasculature [117]. Intrapleural injection to patients was more effective
against early-stage tumors, reducing angiogenesis and tumor burden, but late-stage disease
treatment elicited no benefit [118]. Batimastat is not orally available, however its relative
marimastat (BB-2516) is an orally bioavailable drug [113]. While this drug did advance to
clinical trials, side effects such as severe musculoskeletal pain sidelined the progress of this drug
[119]. MMP inhibitors designed to target the active site were also designed to harbor
carboxylate groups and thiol zinc-binding groups for the purpose of zinc chelation [113] but
these inhibitors tended not to be as potent as their hydroxamate relatives. Non-peptidomimetic
inhibitors were developed for the purpose of attempting to circumvent the problems observed
with the peptidomimetic compounds and clinical trials with BAY 12-9566 showed some
promising results regarding reduced angiogenesis and lung metastases, but the side effects
included liver and kidney toxicities and anemia [118]. Bisphosphonates have been explored as
MMPIs, as they are capable of inhibiting several MMPs by acting as a zinc-chelator, by reducing
MMP expression, and preventing MMP activation, and breakdown [118].
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Natural products have also been explored for the purpose of discovering novel MMP
inhibitors. One of the most successful MMP inhibitors has been the tetracycline derivatives.
Tetracycline’s non-antimicrobial properties include inhibition of MMPs [120]. In order to avoid
unwanted antibiotic action, chemically modified tetracyclines have been developed [121]. This
family of tetracyclines inhibit MMPs as they are able to inhibit inflammatory cascades that can
cause MMP overexpression [121]. In addition to this indirect method of inhibiting MMP
activity, tetracyclines are capable of directly inhibiting the protease [120]. One of the most
successful inhibitors of MMPs, doxycycline, is FDA-approved for use in the case of periodontal
disease.

Overall, the mechanism of inhibition by synthetic MMPIs has been relatively broad
spectrum and that is the primary reason for failure of these drugs in clinical trials, with the
exception of a few successes. The ability of these MMPIs to inhibit multiple MMPs can result in
inhibition of MMPs during normal physiological processes and, unfortunately, can also inhibit
MMPs that contribute to disease prevention, i.e.: anti-tumoral MMPs (MMP-3, -8) [118].
Reasons for failure of Phase Il clinical trials with MMPIs include dosing issues (doses for
healthy volunteers as opposed to cancer patients) and study design, specifically the inclusion of
only late-stage disease sufferers [122]. Despite these failures, a list of over fifty clinical trials is
currently on record at clinicaltrial.gov that involve MMPIs. Furthermore, there are currently
many new strategies being developed for MMP inhibition in various kinds of diseases, yet many
are still in in vitro settings. MMPs play a large role in normal physiology, but are still
considered a prime target in the context of many diseases and the race for novel inhibitors
continues. Because of the lack of efficient MMP inhibitors, our laboratory has undertaken to
identify MMP-specific inhibitors, including those for MMP-9 and MMP-14. We have shown
that the MMP-9 PEX domain is critical to induction of cell migration and that homodimerization
of the protease is required for MMP-9-mediated migration [123]. Based on this information, we
developed a peptide that mimics the MMP-9 PEX domain blade IV that mediates
homodimerization of the protease; this peptide effectively reduces cell migration [11].
Furthermore, we have also discovered a novel, small-molecule inhibitor of MMP-9 that
selectively targets the PEX domain based on docking studies using the ZINC 2007 database [10].
The best performing hit reduced cell migration and invasion and was shown to reduce tumor
growth and metastasis in an orthotopic model. Our group also identified two crucial portions of
the PEX domain of MMP-14. Two of the outer blades of the PEX domain (blade | and blade V)
are responsible for interaction with CD44 (another cell surface molecule) and MMP-14.
Synthetic peptides that mimic these regions of MMP-14 prevent hetero- and homo- dimerization.
These peptides were effective at reducing the ability of MMP-14 expressing cells to migrate and
invade, and ultimately, were able to prevent metastases in a mouse model [9].

The work presented in this chapter aims to identify additional novel mechanisms of

inhibition of MMPs, particularly MMP-14 and MMP-9, both of which are associated with poor
cancer prognosis and increased metastatic potential.
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1.2 MATRIX-METALLOPROTEINASE-14 (MMP-14)

Although the overall incidence and mortality rates regarding cancer have steadily
declined over the past fifteen years [124], cancer is still a health threat. Since the majority of
those who are afflicted with cancer succumb to the disease because of the dissemination of
cancer cells rather than the primary tumor itself [2], it is of utmost importance to develop
methods to target invasive and migratory cancer cells.

One property of invasive cancer cells is the expression of membrane type 1-matrix
metalloproteinase (MMP-14). MMP-14 is responsible for the proteolysis of ECM components,
cleavage of surface molecules, and activation of soluble MMPs [125, 126]. These activities
collectively contribute to metastasis of cancer cells by reducing cell-ECM contact [126].

CD44 is a cell surface molecule that is a target of MMP-14. It is an integral cell surface
protein that is the primary receptor for hyaluronic acid, a major component of the ECM [127].
CD44 itself has been linked to metastasis [128] and can be found localized with MMP-14 in
migratory cells, specifically at the leading edges of the cell [129]. The expression of CD44 and
interaction with MMP-14 for cleavage is one requirement for motility stimulation and correlates
with tumor burden [130, 131].

Because of the contribution of CD44 and MMP-14 to migration of cancer cells [130,
131], disrupting the relationship between the two is a viable method for prevention of cancer
dissemination. While CD44 is a ubiquitously expressed molecule, MMP-14 is not found at the
surface of normal tissues; this unique relationship can be exploited in order to develop inhibitory
molecules that can prevent migration and metastasis of cancer cells away from the primary
tumor.

In order to achieve this goal, | identified a crucial motif within CD44 responsible for
interaction with MMP-14 and developed mimicking peptides to act as an inhibitor to the
CD44/MMP-14 interaction. | scrambled regions of CD44 coding and assessed the ability of
CD44 to interact with MMP-14 both biochemically and in situ by co-immunoprecipitation and a
split-GFP system, respectively. | assessed the functional impact of the CD44 mutant interfering
with the CD44/MMP-14 interaction via 2-D migration assays. Peptides mimicking CD44 were
designed that imitate the region of CD44 implicated in MMP-14 interaction and the ability of the
cells to migrate with or without peptide treatment was assessed by a substrate degradation assay.
Overall, this work identified a region of CD44 crucial to interacting with MMP-14 and
developed mimicking, inhibitory peptides against the MMP-14/CD44 interaction.
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1.2A MMP-14 BACKGROUND

MMP-14 is an integral membrane protease coded for in single copy on chromosome 14
[131]. Like the rest of the MMP family, it is a Zn?*-dependent endopeptidase. It shares the bulk
of its structure with the other members of the MMP family (a signal peptide, propeptide domain,
a catalytic domain, a PEX domain); however it also includes a furin-recognition domain, a
transmembrane region, and a small intracellular domain. The furin-recognition domain allows
for cleavage in the Golgi by the proprotein convertase, which serves to expose the catalytic
domain [131].

One unique feature of the membrane-type MMPs is the counterintuitive function of the
prodomain being implicated in the activity of the enzyme [84]. MMP-14 requires the prodomain
for activation of MMP-2; loss of the prodomain does not interfere with the catalytic activity
MMP-14 against gelatin substrates, but does in fact reduce the ability of MMP-2 to be activated
[132]. Specifically, a conserved region of the prodomain, **YGYL* contributes to the folding
and function of the prodomain as an activator of MMP-2 [133].

The MMP-14 catalytic domain also has an additional eight residues forming what is
known as the “MT-loop” that is found within the loop connecting -sheets II and III (LBIIBIII)
[31, 33]. The MT-loop plays a critical role in the ability of some transmembrane type MMPs,
including MMP-14, to activate MMP-2 via interactions with TIMP-2 [134, 135]. Each
membrane-type MMP has a slightly different MT-loop which potentially dictates the differential
functions of the membrane-type MMPs, although it is currently unclear exactly which substrates
would interact with the loop segment [136]. Additionally, the MT-loop of MMP-14 has been
documented to affect the ability of MMP-14 to localize to cell adhesions and influence cell
invasion without directly affecting the ability of the enzyme to catalyze gelatin degradation or
induce cell migration [136].

The small intracellular domain of MMP-14 serves to localize MMP-14 to the appropriate
places at the cell membrane. Deletion mutants of MMP-14 that span the short cytoplasmic tail
on MMP-14 reveal that amino acids located in the middle portion of the tail are critical to MMP-
14 localization and function [137]. Loss of these residues impairs the ability of MMP-14 to
localize to invadopodia, which are crucial for cell migration, and abrogates MMP-14’s capability
to activate MMP-2 [137]. Another group reported that mutation of the intracellular domain of
MMP-14 impedes migration, but not necessarily activation of MMP-2 [138]. The ability of
MMP-14 to activate the ERK pathway confers its ability to mediate migration and the ability to
activate ERK is lost upon mutation of the intracellular cytoplasmic domain [138]. The
cytoplasmic tail of MMP-14 also plays a critical role in clathrin-mediated endocytosis of the
peptidase from the cell surface, which may be crucial in regulating the ability of MMP-14 to
participate in extracellular proteolytic events [139].

MMP-14 may also be post-translationally modified. There is evidence that the
palmitoylation of Cys®# in the cytoplasmic tail of MMP-14 contributes greatly to the activity of
this MMP by mediating internalization [140]. Furthermore, differences in glycosylation have
been determined to affect protease stability; differential O-glycosylation of MMP-14 leads to
slower protease turnover [141, 142]. Not only has glycosylation of this protease been linked to
turnover rate, but also has been found to influence the autocatalysis of MMP-14. MMP-14 with
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reduced glycosylation in the linker regions has the ability to autocatalyze, implying that
glycosylation may play a crucial role in protease stability [143]. Interestingly, the glycosylation
pattern of MMP-14 has been linked to a particular cytoplasmic tail motif, dileucine®’?, which
may be responsible for mediating interactions with proteins necessary for proper glycosylation
[144]. O-glycosylation of MMP-14 may also be a mechanism of control, as differential
glycosylation of the linker region impedes the recruitment of TIMP-2 necessary for the ternary
MMP-2 activation complex without significantly affecting collagenolytic activity [142].

MMP-14 functions as an activator of soluble MMPs, but it can also directly cleave
extracellular matrices. It is a cell-surface tethered collagenase and can affect a variety of
extracellular matrix components. In addition to collagens 1, Il, and Ill, MMP-14 can cleave
laminin-1 and -5, fibronectin, vitronectin, gelatin, casein, elastin, fibrin, and dermatan sulfate
[145, 146]. Tenascin, nidogen, aggrecan, perlecan, and laminin-10 are also targets of MMP-14
[147]. The activity of MMP-14 against these various ECM components can contribute to cell
motility. For example, MMP-14 can directly cleave laminin-5 and supplementation with laminin
in vitro results in increased migration [148]. The cleavage of these matrices clears area for cells
to migrate, but the fragments of matrix that are released upon cleavage can encourage cell
motility by engaging growth-factor receptors [126].

The substrate repertoire of MMP-14 also includes adhesion molecules, growth factors,
and chemokines [147]. MMP-14 is capable targets cell surface molecules that would normally
participate in cell adhesion to the extracellular matrix. Syndecan 1 is a transmembrane heparin
sulfate proteoglycan and is a target of MMP-14. It normally functions to adhere to fibronectin
and collagen and MMP-14 cleavage of this molecule can contribute to cell migration [149].
CD44 is another important cell surface adhesion molecule that is a target of MMP-14 and its
processing can enhance cell migration [150]. Certain integrins are also targets of MMP-14 and
the effects of cleavage of these cell surface molecules can be wide ranging, contributing to
cancer cell migration and adhesion. Cadherins also may be proteolyzed by MMP-14, essentially
removing the ability of those proteins to function as cell-cell contacts [151]. MMP-14 activity
can also convert latent growth factors to their active form, particularly TGF-f [147]. Activation
of growth factors by this protease can influence cell growth, matrix deposition, and apoptosis
[147, 152, 153]. Chemokines may also be activated by MMP-14, influencing inflammatory
responses [154].

MMPs are frequently overexpressed in malignancies of a wide variety and MMP-14 is no
exception. The variety of substrates that MMP-14 can target makes it a crucial protease that
contributes to cancer progression, both in the sense it destabilizes the ECM and activates soluble
proteases to amplify proteolytic activity in the extracellular environment. The use of inhibitors
against MMPs has been clinically unsuccessful, primarily due to the highly conserved nature of
the catalytic domain and the side effects induced by use of a broad spectrum inhibitor.
Therefore, | aimed to explore the relationship between MMP-14 and CD44, a transmembrane
receptor that is a reported target of MMP-14 and ultimately contributes to MMP-14 mediated
cancer cell migration.
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1.2B CD44

CD44 is a cell surface glycoprotein responsible for adhesion to hyaluronan (HYA), which
is a glycosaminoglycan (GAG) that is a primary component of the ECM [155]. This GAG is a
linear polysaccharide with repeating dissacharides composed of $1,4-D-glucuronic acid-p-1,3-N-
acetyl-D-glucosamine [156]. The molecular weight of HYA easily ranges into the millions of
Daltons, but the size of HYA can actually influence cellular response; for example, low
molecular weight HYA (<500 kDa) can influence inflammatory responses while high molecular
weight species do not [156]. HYA influences cell motility by engagement of cell surface
receptors that activate changes in the cytoskeleton or certain signaling pathways related to
mobility. Not only can HYA engage cells to influence motility, but it also provides physical
space for cells to travel through in the ECM and proliferate [155]. Accordingly, assessment of a
variety of human malignancies revealed that the level of HYA expression is correlated with
tumor aggression; areas surrounding the tumor can be particularly HYA rich, which provides a
mechanism by which cells can escape [155].

The primary receptor for HYA is CD44, a cell surface protein encoded on chromosome
11 [157]. The tissue distribution of CD44 is vast, being found in a variety of organs and within
the central nervous system. The standard CD44 isoform is more ubiquitous than its alternatively
spliced counterparts, as their expression is much more restricted. A variety of functions have
been attributed to CD44 amongst the tissue types it has been found in, including cell adhesion,
lymphopoiesis, and cell migration, amongst others [157, 158].

Structurally, CD44 consists of an N-terminal link-homology (HYA-binding) domain, a
variant stem region, a transmembrane region, and an intracellular domain. The bulk of the
extracellular region (~180 N-terminal amino acids) is conserved in mammals. Within this
region, conservation of six cysteines, five N-glycosylation consensus sites, and the proteoglycan
core/link homology domain occur [159, 160]. This amino acid sequence, located at the N-
terminus of the protein, is sufficient for hyaluronan binding [161]. The link module shares
homology with other HY A binding proteins, such as TSG-6 and cartilage-link protein [160].

Human CD44 has ten requisite exons and can include up to ten variant exons coded
within a single gene; the minimal version of CD44 is generally referred to as CD44s [155, 162].
Typically, exons 1-5 and 16-17 compose the extracellular portion of the molecule while exon 18
codes for the transmembrane region and exon 20 frequently codes for the intracellular domain
(as opposed to the alternatively spliced exon 19 intracellular domain) [163, 164]. This minimal
version is expressed on almost all cell types and is not usually activated for HYA binding and
subsequent signaling [162]. Variant exons may be inserted in a variety of combinations, for
example, CD44E includes variant exon 8-10 and is primarily expressed on epithelial cells [155].
Alternative splicing and resultant various glycosylation patterns exist in pathological conditions
such as cancer; the diverse population of CD44 molecules under pathological conditions results
in increased tumorigenic HYA binding [162]. While alternatively spliced CD44 products are
associated with tumorigenesis, the complexity of CD44 biology is exemplified by the ability of
the different forms to exert differential effects dependent upon the type of malignancy they are
expressed in [160]. Not only can alternative splicing result in variant exon insertions, but it is
possible for this differential splicing to result in a soluble isoform of CD44; it is postulated that
this CD44 solubility can influence cell-matrix binding by competing with cell surface CD44 and
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therefore exert an effect on cell behavior [163]. It is not completely clear what controls
alternative splicing, but cells are able to shift their pattern of expression dependent upon their
need [157].

The transmembrane domain of CD44 is highly conserved, encoded by exon 8 [157, 165].
This highly conserved hydrophobic region of CD44 mediates its Triton X-100 insolubility
property [165]. This particular domain is necessary for ligand binding, however it is not
absolutely required, as replacement with transmembrane regions from other integral proteins also
allowed for HYA binding [165, 166].

The intracellular domain is also highly conserved and encoded by one exon [165]. This
distal carboxy-terminal region is responsible for interacting with the cytoskeleton of the cell
[157]. It can also interact with several molecules, such as Src kinase and the ERM proteins
(ezrin-radixin-moesin proteins). The cytoplasmic portion is necessary for proper dispersal of
CD44 to appropriate areas of the cell membrane and may also play a role in HYA binding [157].
It has been documented that the ability of CD44 to function as a receptor for HYA is enhanced
by its ability to oligomerize and this formation may be mediated by the cytoplasmic tail.
Cytoplasmic tail loss decreases the ability of CD44 to bind HYA, but modifying CD44 such that
a disulfide bond can be formed between transmembrane domains of the protein to force
oligomerization can reverse that phenomenon [167]. Not only does the intracellular domain
affect oligomerization, but perhaps more importantly, it dictates cellular localization. Swapping
experiments that exchanged the transmembrane and intracellular domain for that of L-selectin
adopted the cellular distribution of L-selectin and vice versa is also true [168].

The CD44 cytoplasmic tail is subject to constitutive phosphorylation at Ser®?; this
phosphorylation is mediated by Ca?*/calmodulin-dependent protein kinase 11 (CaMKII) and loss
of this modification interferes with cell migration, but not necessarily HY A binding, suggesting
that the intracellular domain is responsible for events following ligand binding [160, 169].
Phosphorylation can be influenced by protein kinase C activation, as well as protein kinase A,
however total phosphorylation does not change even though the amino acid location does [170].

The standard form of CD44 has a predicted molecular weight of 37 kDa, however it has
an apparent weight of 80 to 100 kDa when glycosylated. CD44 contains both N- and O-linked
glycosylations and the extracellular domain may also incorporate glycosaminoglycans such as
chondroitin sulfate, heparin sulfate, and/or keratin sulfate which may specifically allow for
growth factor binding [162]. Glycosylation is purported to affect the function of CD44, although
it has been documented that CD44 species can occur in both glycosylated and unglycosylated
form, suggesting that glycosylation does not direct all functions of CD44 [157]. Evidence exists
that suggests modifying the glycosylation pattern of CD44 will change HYA binding, as
glycosylation site mutants (specifically N-glycosylation sites) will alter the CD44 HYA binding
state [171, 172].

Keratin sulfation of CD44 results in decreased HY A adhesion, with a reduction in keratin
sulfate correlating to HYA binding and a decrease in metastatic potential [173]. Oppositely,
chondroitin sulfation results in an increased interaction of CD44 with HYA and this particular
glycosaminoglycan modification is necessary in order for binding to other matrix substrates
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[160, 174]. Since these modifications may occur on the alternatively spliced versions of CD44,
the functional differences between the isoforms may be attributed in part to changes in
posttranslational modifications [175].

CD44 is subject to lipid modification, specifically palmitoylation. Palmitoylation occurs
on free thiols, usually those close to the transmembrane region [176]. In the CD44 amino acid
sequence, two highly conserved cysteines can be palmitoylated (Cys286, Cys295) and the
acylation of these residues mediate lipid raft localization and receptor/hyaluronan endocytosis
[177]. Not only does palmitoylation affect membrane localization, but also influences contact
with the cytoskeleton, as deacylation of CD44 can lead to reduced interaction with ankyrin (a
cytoskeleton linker protein) [178]. Ultimately, the loss of palmitoylation of CD44 can result in
redistribution from lipid rafts and increased cell migration and invasion [179, 180].

Binding of CD44 and HYA can lead to CD44 activation, which can result in cell
signaling and cytoskeleton rearrangements. It is considered that CD44 exists in three forms,
non-binding (inactive), non-binding unless activated by a stimulus (inducible), or constitutively
binding (active) [162]. Signaling changes are primarily induced when HYA binds active CD44.
The plethora of biological functions that CD44 can influence derives from the proteins that
interact with the molecule. CD44 can interact with the ezrin-radixin-moesin proteins and merlin,
as well as ankyrin [162]. Despite the ability of interacting proteins to influence CD44-HYA
interactions, most evidence suggests that the structure of CD44 itself dictates ligand binding
[160].

CD44 interacts with the cellular cytoskeleton [181-183] and this is a crucial observation,
as the migration of cells is not only dependent on intracellular signaling, but reorganization of
the cytoskeleton for cell motility. Ankyrin, actin, ERM proteins, and merlin (NF2 gene product)
have been documented to make direct interactions with CD44 [160]. CD44 interacts with merlin
similarly to its interaction with the ERM proteins, as CD44 co-localizes with merlin at
membrane protrusions and merlin is able to interact with the actin cytoskeleton [184].

This integral membrane protein was first implicated in cancer metastasis by Gunthert et
al., particularly the variant isoforms of CD44; transfection of a CD44 variant to a non-metastatic
cell line resulted in metastasis in a syngeneic rat model [185]. Katoh, et al. demonstrated that
circulating, soluble CD44 was increased in a tumor-bearing mouse model, suggesting CD44
expression is associated with tumor development and CD44 is sensitive to cleavage from the cell
surface [186]. Furthermore, antibodies targeting cell surface CD44 and injection or expression
of soluble CD44 result in abrogation of tumor and metastasis formation [187-190]. High
expression levels of CD44 variants have been associated with a number of different cancer types,
including neuroblastoma, colorectal cancer, and breast cancer [191, 192]. Relatedly, circulating
levels of soluble CD44 has been suggested to be an indicator of tumor burden in patients with
gastric cancer and colon cancer [193].

Considering the detection of a soluble CD44 in cancer patients, CD44 proteolytic
processing is critical. Early, indirect evidence suggested that CD44 cleavage was dependent
upon a metalloprotease, based on the use of cation chelating agents [194]. The identification of
soluble CD44 under certain pathological conditions suggest proteolytic activity, i.e.:

18



malignancies tend to overexpress proteases that can act upon CD44 which indicates that soluble
CD44 detection in cancer patients is likely related to proteolytic processing of the molecule
[195]. Further studies indicated that the extracellular region of CD44 can be cleaved by
membrane bound proteases, including ADAMs (a disintegrin and metalloprotease) and MMPs,
particularly MMP-14 [170, 195, 196]. It has been biochemically shown that CD44 can be
cleaved by MMP-14 and reverse phase chromatography indicated that there are two likely sites
of cleavage within CD44, one of which MMP-14 is responsible for acting upon [150]. Kajita et
al. also demonstrated that co-expression of CD44H and MMP-14 leads to CD44 fragments being
released from the cell surface [150]. CD44 cleavage by MMP-14 can lead to a more aggressive,
invasive cell phenotype, as a cleavage resistant mutant of CD44 expressed with MMP-14 was
unable to induce cell migration [150].

Preliminary evidence generated in our laboratory, and others, indicates that the
relationship between MMP-14 and CD44 is crucial for cell migration. Knockdown of CD44 in
MMP-14 expressing cells results in a significant decrease in cell migration, despite leaving
MMP-14 proteolytic function intact, as evidenced by a substrate degradation assay [9]. This is
indicative of the requirement of CD44 for MMP-14 mediated migration. A previous publication
from our laboratory demonstrated that mutation of the MMP-14 PEX domain blade | results in a
loss of interaction with CD44, based on co-immunoprecipitation (ColP) [9]. This is in addition
to the work by Kajita, et al. that shows MMP-14 can cleave CD44 leading to an aggressive,
invasive phenotype [129, 150].

Because it appears that the CD44-MMP-14 interaction influences cell behavior that can
ultimately contribute to cell migration and downstream metastasis during cancer progression,
| hypothesize that the PEX domain of MMP-14 interacts specifically with the extracellular
domain of CD44 to increase the migratory capacity of cancer cells and developing small peptides
that mimic the minimal motif within CD44 for binding the MMP-14 PEX domain will inhibit the
migration of these cells by disrupting the CD44-MMP-14 axis. The long term goal of this work
is to develop a tool that can specifically target cell-surface MMP-14 and interfere with the
protease’s interaction with cell surface molecules.
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1.2C RESULTS

In order to begin to understand how CD44 interacts with MMP-14, | rearranged the
amino acid sequence of CD44 such that the extracellular regions were scrambled but maintained
the cysteine residues that are responsible for mediating the proper fold of CD44 at the cell
surface; there are six crucial cysteines in the extracellular region of CD44 [197, 198]. Mutations
were made along the length of the extracellular region of CD44, using the smallest CD44
isoform, CD44H, as this minimal isoform still interacts with MMP-14 and inherently excludes
the possibility that any variable inserts in the stem region mediate the interaction. Additionally,
all mutants were designed with a hemagglutinin tag (HA) in the stem region to facilitate the co-
immunoprecipitation (ColP) process, as we employed a myc-tagged MMP-14 construct in
parallel with the HA-tagged CD44 (Figure 3).
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Figure 3: CD44 mutation schema. A schematic representation of planned mutations spanning the
length of CD44. Cysteine residues were maintained in order to preserve CD44 protein structure. The
hashed regions represent the mutated areas. TM, transmembrane and ICD, intracellular domain.

We predicted that the location of this tag would not interfere with CD44 because the
region in which it is set would otherwise be where alternative splicing would result in the
variable inserts such that CD44 would potentially have an extended stem structure. Addition of
the HA does not interfere with CD44 expression at the cell surface as demonstrated by
immunofluorescence (Figure 4). Therefore, | moved forward with testing the mutant constructs
including the HA-tag by ColP.
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Figure 4: CD44HA is expressed at the cell surface similarly to CD44H. Indirect
immunofluorescent staining for CD44 revealed insertion of the HA tag does not interfere with CD44
localization.
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Figure 5: Co-immunoprecipitation of CD44HA mutants Wlth MMP -14myc. Co-IP assays reveal that
CD44-11 mutant had a consistently reduced interaction with MMP-14 and a representative immunoblot is
presented here. IP was accomplished with an antibody targeting HA and immunoblot with an antibody
targeting myc to detect MMP-14.

As expected, MMP-14 co-precipitated with wild-type CD44 in cells co-transfected with
both cDNAs. Amongst the CD44 mutants generated, mutant 11 (CD44-11) had reduced
interaction with MMP-14 based on ColP assays (Figure 5). The mutation corresponds to a 24
amino acid stretch of the protein [amino acid sequence: VSSGSSSERSSTSGGYIFYTFSTV]. In
an effort to monitor CD44 and MMP-14 interactions in situ, | established a split-green
fluorescent protein (GFP) system using engineered GFP fragments derived from a bacterial
system [199]. In order to achieve fluorescent signal indicative of CD44-MMP-14 interaction, the
C-terminal fragment of GFP (Csp) was incorporated at the C-terminal end of CD44. Similarly,
the N-terminal fragment of GFP (Nsp) was incorporated at the C-terminal portion of MMP-14.
The DNA was sequenced and correct expression of these constructs was validated by Western
blotting and immunofluorescence (Figures 6 and 7).
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Figure 6: Western blot analysis of the split-GFP system components. COS-1 cell lysates
expressing either wild-type MMP-14 or CD44 were compared to CD44-Csp and MT1-Nsp expressing
lysates. Antibodies against CD44 and MMP-14 recognize the split-GFP protein products.
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Figure 7: Indirect immunofluorescence of COS-1 cells expressing components of the split-GFP
system. The top panel demonstrates a similar staining pattern between CD44HA and CD44-Csp using an
anti-CD44 antibody. Similarly, MMP-14 antibodies recognize both MMP-14myc and MMP-14Nsp.
White bar = 50 pm
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If MMP-14 and CD44 are interacting with one another, there will be fluorescent signal.
Figure 8 shows that co-expression of wild-type CD44Csp and MMP-14Nsp results in green
fluorescence. Expression of CD44-11Csp with MMP-14Nsp does not result in an obvious
increase in green fluorescence. Overall, the split-GFP system confirms the ColP data, suggesting
that the CD44-11 mutant area is critical for MMP-14 interaction. Flow cytometric analysis of
cells co-expressing CD44Csp and MMP-14Nsp demonstrate that there is a fluorescent signal, as
opposed to expression of each individual component (Figure 9). To further support our ColP
results, Csp was also incorporated to the C-terminal of mutant CD44-11. As predicted, the
fluorescence signal intensity was decreased as compared to co-expression of the wild-type split-
GFP constructs. Not only does this split-GFP system provide additional evidence of abrogated
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CD44-MMP-14 interaction upon mutation of this 24 amino acid stretch, but it also potentially
provides a downstream tool to monitor inhibitory peptide ability to interfere with the CD44-
MMP-14 relationship.
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Figure 8: Split-GFP system can be used to monitor the interaction between CD44Csp and
MMP-14Nsp. COS-1 cells expressing CD44Csp and MMP-14Nsp emit green fluorescence, while CD44-
11Csp expression with MMP-14Nsp does not result in fluorescence. Each component expressed
individually produces minimal background. White bar = 50 um
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Figure 9: Cell flow cytometry illustrates that wild-type CD44Csp and MMP-14Nsp result in
higher intensity fluorescence as opposed to CD44-11Csp and MMP-14Nsp co-expression. COS-1
cells transfected with CD44Csp and MMP-14Nsp display higher intensity fluorescence as opposed to co-
expression of CD44-11Csp and MMP-14Nsp. Expression of each component in the system individually
does not produce any significant fluorescence. (A) pcDNA transfected negative control cells (B) GFP
transfected positive control cells (C) and (D) CD44Csp and MMP-14Nsp transfected cells, respectively,
serve as negative controls.  (E) CD44Csp and MMP-14Nsp co-transfected generate fluorescence
compared to (F) CD44-11Csp and MMP-14Nsp co-transfected cells, which generate less intense
fluorescence.

In order to confirm the decreased interaction of MMP-14 and CD44, | examined intact
CD44 in lysates from cells co-expressing wild-type MMP-14 and either CD44 or CD44-11.
Because MMP-14 can cleave the extracellular region of CD44, cells expressing wild-type CD44
and MMP-14 demonstrate a decreased signal corresponding to intact CD44, as the antibody
employed recognizes an extracellular isotope that would be cleaved. Conversely, those cells
expressing wild-type MMP-14 with CD44-11 maintain the signal corresponding to intact CD44
(Figure 10A). Densitometric analysis reveals a significant difference in intact CD44HA after co-
expression of wild-type CD44HA with MMP-14, while CD44-11 co-expression with MMP-14
reveals no significant difference in CD44 signal (Figure 10B).
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Figure 10: MMP-14 cannot cleave cell surface CD44-11. A) Western blot analysis of CD44 and
MMP-14 expressing COS-1 cells demonstrates that MMP-14 is less able to cleave CD44-11 as compared
in relative terms to CD44HA, implying inability to interact with MMP-14. B) Densitometric analysis of
CD44 bands reveals a significant difference in intact CD44 between expression of CD44HA versus
CD44HA and MMP-14 together. No such difference exists when expressing CD44-11 mutant with
MMP-14.

Based on the crucial nature of the MMP-14 and CD44 interaction for cell migration, the
ability of CD44-11 to mediate MMP-14 induced migration was assessed. As expected, transient
co-expression of wild-type CD44 with MMP-14 results in a significant increase in cell migration.
CD44-11 expression alongside MMP-14 does not allow for increased migration (Figure 11).
There is a statistically significant difference between CD44 and CD44-11 mediated MMP-14 cell
migration.
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Figure 11: MMP-14 mediated migration is reduced when MMP-14 is co-expressed with the CD44-
11 mutant. Expression of CD44HA with MMP-14myc results in a significant increase in migration,
while expression of the CD44-11 mutant is decreased, as assessed by transwell migration assays.

My biochemical data indicates that the CD44-11 region influences the CD44-MMP-14
interaction. Attempts at synthesizing the entire region as a soluble peptide failed (amino acid
sequence: VSSGSSSERSSTSGGYIFYTFSTV), therefore a series of three mutants that
collectively span the entire CD44-11 mutated region was generated, but each segment mutated is
only eight amino acids (CD44-111, CD44-112, CD44-113). These mutants appear to be
expressed at the cell surface, similar to wild-type CD44 and the parent mutant, CD44-11 (Figure
12). Of these three mutants, CD44-112 and CD44-113 seem to be decreased in their interaction
with MMP-14 based on ColP analyses, performed in a similar manner to previously described
ColPs (Figure 13).
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Figure 12: Indirect immunofluorescent surface staining of minimal CD44-11 mutants CD44-111,
CD44-112, and CD44-113. COS-1 cells over-expressing CD44HA, CD44-11, or CD44-11 minimal
mutants were stained with an anti-CD44 antibody followed by an Alexa488 conjugated secondary
antibody. Each mutant appears to localize similarly to CD44HA.
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Figure 13: Co-IP of CD44 minimal mutants with MMP-14myc demonstrates that CD44-113 has a
reduced interaction with the protease. Co-expression of CD44HA and MMP-14myc constructs in
COS-1 cells results in efficient pulldown of MMP-14 with CD44, while CD44-113 has a reduced
interaction with MMP-14. P was accomplished with an antibody targeting the HA tag and immunoblot
with an antibody targeting myc to detect MMP-14.
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Region CD44-113 seems particularly important to the interaction of CD44 and MMP-14
and therefore, | attempted to determine whether these impaired interactions of MMP-14 and
CD44 mutants translates to abrogated MMP-14 mediated cell migration, as CD44/MMP-14
interaction is required for MMP-14 mediated migration [9]. Co-expression of wild-type MMP-
14 and CD44 leads to enhanced migration, as opposed to each individual component. Notably,
CD44-113 expression with wild-type MMP-14 results in a decrease in migration (Figure 14).
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Figure 14: MMP-14 mediated migration is reduced when MMP-14 is co-expressed with the CD44-
113 and CD44-111 mutant. Expression of CD44HA with MMP-14myc results in a significant increase
in migration, while expression of the CD44-111 and CD44-113 mutant is decreased, as assessed by
transwell migration assays.

Based on the minimal mutants, synthetic peptides were produced (EZ BiolLabs) which
mimics the first eight and last eight amino acids of the CD44-11 mutation (Peptide 1:
VSSGSSSE and Peptide 2: IFYTFSTV). These peptides were designed unlabeled or with a
fluoroscein isothiocyanate (FITC) label to allow for tracking the peptide on cells, considering
these peptides theoretically bind MMP-14 at the surface and MMP-14 is endocytosed regularly
[137, 139, 200]. Unlabeled peptides (Peptide 1 [CD39] and Peptide 2 [CD40]) were used to
determine biochemically whether or not the MMP-14 and CD44 interaction is interrupted under
peptide treatment. ColP assays were carried out in a similar fashion to the aforementioned
ColPs, except that after transfection, cells were incubated with 100 uM of a scrambled generic
peptide, 100 uM of Peptide 1, or 100 uM of Peptide 2. As seen in Figure 15, treatment with the
peptides prior to immunoprecipitation results in a decrease in the ability of MMP-14 to interact
with CD44. Treatment of CD44 and MMP-14 expressing cells with a scrambled generic peptide
did not abrogate the pulldown of MMP-14 with CD44. Total lysates show a similar amount of
CD44HA input and probing the pulldown for the HA tag demonstrates that the pulldown was
similarly efficient for each group (Figure 15).
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Figure 15: ColP of CD44HA with MMP-14myec is inefficient in the presence of the CD44
mimicking peptides. COS-1 cells over-expressing CD44HA and MMP-14myc were subject to peptide
treatments (100 uM) for 24 hours and subsequently lysed. Lysates were subject to ColP using an anti-HA
tag antibody. The resultant sample was probed via western blot with an anti-myc antibody, such that
MMP-14 could be detected. In the presence of mimicking peptides, MMP-14 cannot efficiently interact
with CD44.

Treatment of MMP-14 expressing cells with FITC-labeled peptide resulted in binding of
the FITC-labeled peptide to COS-1 cells stably expressing MMP-14 (Figure 16). Furthermore,
these cells endocytose the FITC-labeled peptide more intensely as opposed to stable, empty
vector expressing cells (Figure 16). pQCXIP stable cells shows little evidence of binding to the
cell surface by FITC labeled peptide 1.

32



Generic Peptide CD36 Peptide
CD36 Peptide
Figure 16: Endocytosis of CD36 Peptide (FITC-labeled peptide 1). Peptide designed to mimic the
area of CD44 replaced by mutant CD44-111. MMP-14 stably expressing COS-1 cells were incubated

with either generic peptide or CD36 peptide at 4°C and introduced to 37°C in order to restore endocytic
activity. Empty vector expressing cells show little evidence of peptide binding.
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Once the ability of our peptides to bind MMP-14 cells was established, | assessed the
function of the peptide in abrogating MMP-14 mediated cell migration. In order to do this, I
performed a substrate degradation migration assay. Stably expressing MMP-14 expressing COS-
1 cells treated with the inhibitory peptides had diminished cell migration as compared with a
control peptide treated group (Figure 17). Collectively, these data indicate that this region | have
identified plays a crucial role in interacting with MMP-14 and interference with this can
influence cell behavior.
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Figure 17: CD44 mimicking peptides decrease cell migration. (A) Representative images of
COS-1 cells stably expressing MMP-14 and CD44 (endogenous) that were subject to a substrate
degradation migration assay under treatments with a control scrambled peptide or either CD44 mimicking
peptide at 100 uM. Migration is represented by a trail of cleared FITC-labeled gelatin substrate. (B)
Peptide 1 and 2 treatments resulted in a significant decrease in MMP-14 mediated migration, quantified
by counting five random fields and quantifying those cells with a trail of substrate degradation.

Not only does the interaction between CD44 and MMP-14 mediate migration by cleavage
of CD44 from the surface, but there is also cell signaling associated with these protein
interactions. Previously, we have shown that CD44-MMP-14 interactions encourage signaling
through the epidermal growth factor receptor (EGFR) and Erk1/2 downstream [9]. We
hypothesize that abrogating MMP-14 interaction with CD44 can modulate these signaling
pathways that contribute to invasion and migration, in addition to proliferation. Co-expression
of wild-type CD44 and MMP-14 results in increased phosphorylated EGFR and Erk1/2 (Figure
19). As expected, expression of CD44-11 and MMP-14 does not induce extensive pEGFR and
pErk1/2 (Figure 18). Furthermore, expression of the minimal mutant CD44-113 recapitulates the
effects that the full length mutant induces, displaying a similar pattern of phosphorylation as
CD44-11 (Figure 19).
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Figure 18: Expression of the CD44-11 mutant alongside MMP-14 decreases downstream signaling,
including phosphorylation of the epidermal growth factor receptor (b EGFR) and Erk1/2 (pErk1/2).
Co-expression of MMP-14 and the CD44 mutant CD44-11 results in reduced phosphorylation of EGFR

and Erk1/2.
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Figure 19: Expression of the CD44-113 minimal mutant with MMP-14myc demonstrates decreased
phosphorylation of EGFR and Erk1/2. COS-1 cells co-expressing MMP-14myc and CD44HA show a
high phosphorylation of EGFR and Erk1/2. Co-expression of CD44-113 with MMP-14myc demonstrates
decreased levels of those phosphorylated proteins.

35



1.2D DISCUSSION

Cell migration is a critical component of cell invasion, which is an early step in the
cancer metastasis cascade. The ability to abrogate cancer cell migration is a viable approach to
decrease cancer metastasis. One way in which to accomplish this goal is to target key molecules
that mediate cell migration. MMP-14 is an integral membrane protein responsible for
pericellular proteolysis of matrices and soluble proteases and induction of cell migration. MMP-
14’s ability to induce migration is dependent on its relationship with the cell surface protein,
CD44. CD44 has been documented to bind hyaluronic acid and act as an adhesion molecule, but
it is also a substrate of MMP-14 at the cell surface [150]. We and others have demonstrated that
co-expression of MMP-14 and CD44 leads to enhanced cell migration. In an effort to reduce the
ability of MMP-14 and CD44 to contribute to motility, | determined a crucial motif within CD44
responsible for mediating MMP-14 interaction that when expressed with the protease reduces
cell migration. Use of CD44 mimicking peptides based on this region led to reduced interaction
of the two cell surface molecules and reduced cell migration in MMP-14 expressing cells.

In order to determine which region of CD44 was responsible for MMP-14, | mutated the
bulk of the length of CD44 and assessed interaction by ColP. The strategy in identifying MMP-
14 interacting areas was limited to the extracellular region of CD44, as an extracellular portion of
MMP-14 is required to interact with CD44 based on our previously published data [9] making it
more likely that an extracellular region of CD44 was in contact with MMP-14, as opposed to the
small intracellular domain. Furthermore, previous work has demonstrated that MMP-14 cleaves
an amino acid motif in the extracellular CD44 portion [150]. Use of protein tags to facilitate
pulldowns ensured that we were studying our CD44 proteins of interest alone, as opposed to
including endogenous CD44 in the ColP analyses, as most cells express some form of CD44.
We were able to initially identify a 24 amino acid region of CD44 that consistently had reduced
interaction with MMP-14 (CD44-11). Not only did that particular mutant reduce Co-IP with
MMP-14, it also reduced interaction in situ based on fluorescence intensity of the split-GFP
system, i.e.: wild-type constructs produced higher intensity fluorescence as opposed to
expression of mutant CD44-11 with MMP-14 (Figure 8 and 9).

While not necessarily the focus of this work, it is important to note that mutations of
CD44 in the N-terminal link domain led to increased interaction with wild-type MMP-14 (Figure
5). These mutants consistently had heavier bands corresponding to MMP-14 pulldown as
compared to wild-type, suggesting an increased ability to bind MMP-14. It has been
documented that this region of CD44 contains several N- and O-linked glycosylation sites and
changes in glycosylation state of CD44 can lead to changes in the ability to bind ligands such as
growth factors or hyaluronic acid [162, 171, 172]; perhaps the same is true for binding to MMP-
14. It is interesting to speculate on this phenomenon, however further studies would need to be
conducted in order to fully elucidate the relationship between CD44 glycosylation state and
MMP-14. Site-directed mutagenesis against reported glycosylation sites followed by ColP in
addition to cell migration studies with these mutants and MMP-14 to determine the functional
consequence of this apparent increase in protein-protein interaction might be undertaken.

The initial CD44 region of interest contains two previously reported MMP-14 cleavage
sites on CD44, namely between Arg*8-Ser and Gly**2-Tyr. Accordingly, we determined that in
comparison to wild-type CD44 co-expression with MMP-14, mutant CD44-11 remains intact
based on analysis by western blotting with an antibody that recognizes the extracellular region of

36



CD44 (Figure 10). The loss of the interaction and/or cleavage site resulted in a significant
reduction in MMP-14 mediated migration (Figure 11). Despite efforts to isolate the released
fragment from conditioned media, no CD44 fragments were able to be identified when CD44
and MMP-14 were co-expressed. Attempts to validate this cleavage by detecting shed CD44
from conditioned media failed despite use of an antibody directed against CD44 directly or use
of a construct designed with an HA tag inserted well above the predicted cleavage site (data not
shown).

To further delineate whether the reduction in migration was due to loss of cleavage site or
to reduction in MMP-14 contact with CD44, in addition to the inability to generate a 24 amino
acid mimicking peptide, generation of smaller mutants was undertaken. As expected, the mutant
CD44-112 that includes both cleavage sites had a reduced ability to induce migration, however it
was able to pull down MMP-14 similarly to wild-type CD44 (Figure 13 and 14). Mutant CD44-
113 had both a reduced ability to pull down MMP-14 and was incapable of inducing migration at
a level comparable to wild-type CD44 and MMP-14 co-expression. We expected that use of the
mimicking peptide based on the CD44-113 region would compete out endogenous interaction
with MMP-14 and wild-type CD44. Use of these peptides reduced interaction between MMP-
14 and CD44 and also served to prevent cell migration, based on substrate degradation assays
(Figure 17). The peptide likely acts to interfere at the CD44/MMP-14 interface, but leaves the
catalytic activity of MMP-14 unaltered (Figure 17). Unexpectedly, peptide 1 (correlating to the
region of CD44 mutated in CD44-111) also displayed a similar trend of reduced interaction with
MMP-14 and reduced migration of cells upon treatment (Figure 15 and 17), despite the ColP
showing significant interaction with MMP-14.

Phosphorylated EGFR at Tyr1173 and phosphorylated Erk have been documented to be
increased upon co-expression of MMP-14 and CD44, which is indicative of activated receptor
and effector [9]. The CD44-11 mutant and the minimal mutant CD44-113 both demonstrate
decreased signaling through these particular proteins, indicative of abrogation of the relationship
between MMP-14 and CD44 and their downstream signaling. These signaling pathways are
important to cell motility, as EGFR and MAPK signaling both contribute to migration, either
directly or by transcription of factors that contribute to migration [201, 202]. EGFR is
upregulated in a variety of cancers and is associated with an invasive phenotype [203-205].
Signaling through Erk is downstream of EGFR activation [206] and this signaling pathway is
crucial, as activation of Erk has been documented to directly phosphorylate paxillin (a crucial
member of the focal adhesion kinase complex required for migration) [207], direct
phosphorylation of focal adhesion kinase after stimulation with epidermal growth factor [208],
and phosphorylation of the F-actin cross-linking protein epithelial protein lost in neoplasm
(EPLIN) [209], amongst other activity. Our data demonstrating interference with the ability of
MMP-14 to induce migration in the presence of CD44 may be related to downregulation of the
activity of the EGFR-MAPK axis, considering the proteolytic activity of MMP-14 is not affected
in our system.

Since MMP-14 and CD44 can directly play a role in cell motility, it is important to devise
ways in which to impede the interaction of these two molecules. Our peptide designed to
compete with the MMP-14 interacting motif of CD44 may provide a way to prevent cell motility
and thus, metastasis. The early stage of metastasis, namely invasion, is dependent upon the
cell’s ability to both proteolyze the surrounding ECM and to migrate to the nearest vasculature.
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Since selective inhibition of the proteolytic activity of MMP-14 has been notoriously
unsuccessful due to a highly conserved catalytic domain, targeting exosites and exploiting
protein interactions are necessary to develop effective anti-metastasis strategies. Here, | have
presented a potential anti-metastasis agent by development of competitive, CD44-mimicking
peptides with the function of inhibition of MMP-14 mediated migration.

Current and Future Directions:

I am currently working to further characterize the effects of our CD44 mutation and
peptide treatment on MMP-14 and CD44 interaction. | am currently working to identify whether
or not the minimal mutant of CD44 functions to preserve intact CD44 in a similar fashion to the
CD44-11 mutant, with the intent of also confirming this phenomenon with the use of our peptide.
Further documentation of cell surface binding and endocytosis of our peptides by MMP-14
expressing cells will be accomplished using labeled peptides and compared to empty vector
expressing cells. Furthermore, | will determine whether our peptides will influence the same
signaling pathways as co-expression of mutant CD44 with MMP-14, specifically
phosphorylation of EGFR and Erk1/2. | am also attempting to employ the split-GFP system as a
monitoring system by treating cells expressing the wild-type CD44 and MMP-14 constructs with
the mimicking peptide and observing whether or not wild-type levels of GFP signal are
generated. If the peptides are working in the predicted fashion, I expect that the fluorescence in
the treatment group would be reduced.

It would also be interesting to determine whether or not the interaction between CD44
and MMP-14 exerts effects on the intracellular protein contacts that CD44 has. Not only does
CD44 interact with EGFR, but it also has contact with soluble proteins intracellularly. One such
protein crucial to actin cytoskeletal dynamics is merlin, the product of the NF2 gene. Loss of
NF2 is associated with tumor development, so signaling through merlin is a crucial aspect of
cancer biology. In an effort to understand whether or not the interaction between MMP-14 and
CD44 modulates the downstream signaling through merlin, we will be assessing the status of
merlin and whether or not the actin cytoskeleton undergoes any gross morphology changes in
cells that express MMP-14 with wild-type CD44 versus co-expression with CD44-11.

On a more long-term scale, the CD44 mimicking peptide generated in this work has great
potential. Since cancer cells usually overexpress MMP-14 in comparison to normal cells, it is
possible that using a peptide that preferentially binds MMP-14 can be utilized as a drug targeting
tool or imaging tool. Use of a chorioallantoic membrane assay to assess cancer cell invasion and
influence on angiogenesis in the presence of the peptides should be undertaken. Perhaps most
importantly, this peptide should be used in an in vivo model to determine its efficacy in
preventing or mitigating metastases. The theoretical function of the peptide is to disrupt a
protein interaction that is critical to the metastatic process, so use of this peptide in a cancer
model may prove beneficial as a disease stabilizer.
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1.2E MATERIALS AND METHODS
Materials

Anti-HA antibodies were acquired from Covance (Dedham, MA) and anti-myc
antibodies were acquired from Roche (Indianapolis, IN). Anti-o/B-tubulin and anti-actin
antibodies were attained from Cell Signaling Technologies (Davers, MA) for probing loading
controls. The anti-HCAM antibody was obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX). Anti-CD44 antibody was also obtained from Pharmingen. Antibodies against p-Erk1/2
and total Erk acquired from Sigma-Aldrich (St. Louis, MO). Anti-p-EGFR antibodies were
obtained from Sigma. Horseradish-peroxidase (HRP) conjugated anti-mouse and anti-rabbit
secondary antibodies were purchased from Rockland Immunochemicals, (Gilberstville, PA).
Hoechst nuclear stain was attained from Invitrogen. Alexa Fluor 568 and Alexa Fluor 488
secondary antibodies were purchased from Molecular Probes, Life Technologies (Grand Island,
NY).  FITC-conjugated anti-rat secondary antibodies were acquired from Rockland
Immunochemicals. FITC-labeled and unlabeled peptides were generated by EZ-Biolabs (Peptide
1: VSSGSSSE, 99% purity and Peptide 2: IFYTFSTV, 99% purity)

Cell Culture and Transfection

Cell lines were obtained from the ATCC (Manassas, VA). Cell lines including the
monkey kidney fibroblast-like COS-1 and the human fibrosarcoma HT1080 were maintained in
DMEM-high glucose medium (Corning, Mediatech). The human prostate cell line DU-145 was
maintained in RPMI 1640 medium (Corning, Mediatech). All media were supplemented with
fetal bovine serum (10%) and penicillin/streptomycin (1%) and cells were cultured under
standard tissue culture conditions (37°C, 5% CO2) for the duration of experiments, unless
otherwise noted.

Transfection of plasmid DNA to target cells was accomplished using polyethylenimine
(PEI) (Polysciences). Briefly, plasmid DNAs and PEI were incubated at room temperature
together in the appropriate volume of 150mM NaCl. The transfection mixture was then added to
cells incubating in fresh, complete media. Cells were incubated for 48 hours under standard
tissue culture conditions and followed by biological or biochemical assays as indicated.

DNA Construction

Primers used for CD44 mutagenesis are listed in Table 1. Mutagenesis was accomplished
via a two-step PCR method [132]. Briefly, primers were used to generate fragments of CD44
that included the mutated region. Those fragments were then isolated via gel purification (Qiaex
Il Gel Purification Kit, Qiagen, Valencia, CA) and used for an additional PCR reaction to
generate full-length CD44 coding regions that include the areas of interest mutated. These
completed mutants were isolated, and along with the parent vector ()cDNA3.1/TOPO), were
restriction digested with both EcoRV and Hindlll (Roche). The insert was then ligated into the
parent vector and the complete plasmids were transformed to DH5a E. coli for efficient
propagation of the plasmids. Plasmid DNA isolation of each construct was accomplished using
Mini or Midi prep kits from Qiagen (Valencia, CA). All constructs were verified by DNA
sequencing.
Table 1: List of Primers used for CD44 Mutational Analysis

Construct | Orientation | Sequence
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CD44HA

Forward

TACCCCTACGACGTGCCCGACTACGCCAGAGACCAAGACACATTC

Reverse

GGCGTAGTCGGGCACGTCGTAGGGGTAGGTAGCAGGGATTCTGTC

CD44-1

Forward

ACCGTGTGATCCCAGTAGGACACTCACATGGGAGTC

Reverse

CTACTGGGATCACACGGTCATTGCTGTCTGGTAGGCCGACTAGCTG
CTTTAGGATTGCCACTGCGGCGTAGTCGGGCACGTC

CD44-2

Forward

GGAAGCGACTCCAAATTAAATGGCTGATCATCTTGG

Reverse

TAATTTGGAGTCGCTTCCACGGTATACTTTGCTGGTGCTGTCGCCTG
GTGTCGTCTGAGAATGGCCTGCTACCATCTGATTCAGATCCAT

CD44-3

Forward

GCAGAATTATATCGATCTGCATGCCGCTTTGCAGGTGTA

Reverse

TGCAGATCGATATAATTCTGCCGCCAGGCTCAGCGGCAC

CD44-4

Forward

GCTAGCGGTCAGCAGGCTTCGGCTTGGCGTAGGCACAAGGTGTCAC
AAGTCCTATCCGTCAGGCACTCTAGTTGCAAGGCTTTCAATAGC

Reverse

AGCCGAAGCCTGCTGACCGCTAGCGCAGGTTATATTCAAATCGAT

CD44-5

Forward

GGTACTCGTACGGTTGAACGCAAGTTACCGACTAGAGGTCCTCGT
CGCCTAGCAACACCGTACAGCCGCTGCAGGTATGGGTTCATA

Reverse

TTCAACCGTACGAGTACCGCAGAGGTCAGCGGCCTC

CD44-6

Forward

GACGCAACCGCTCCGAGCCTCTACTATCCGGAAGTGTCTCAGAGTG
AGAACGGTCGTTGTGCAGCAAACAACACA

Reverse

GCTCGGAGCGGTTGCGTCGCAGGTCTCAAATCCGAT

CD44-7

Forward

AGCATACAACCACACGTAACGCCACGGTCGCATGCTGTACGACAT
GTAACATACCTCCAATGCTTCAATGCTTCAGCT

Reverse

TACGTGTGGTTGTATGCTACAGATGGAGTTGGGGTG

CD44-8

Forward

GATGCATTCACTTACGACCTAGCTAGCATATGTACATCAGTCACA
GAC

Reverse

TATGCTAGCTAGGTCGTAAGTGAATGCATCGCAATATGTGTCATAC
CTG

CD44-9

Forward

CTGCACTATCACTTCATACGATTCACTCAATCGTCCGAGACCGTAAT
CCTGCACTCCGGATGATGGAACATACGCTATGTCCAGAAAGGA

Reverse

TATGAAGTGATAGTGCAGACAATCTTCTTCAGGTGG

CD44-10

Forward

GAACATCTGGTATTGCACAACACATCGATTCTCGACAGCATCTAGA
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CAACCGCACGGTAAGAGACAAGACCAGTGAGCAGCGGCTCCTCC

Reverse GTGCAATACCAGATGTTCGGTGCCATCACGGTTAAC

CD44-11 Forward AGTCCTTCGCTAGTATTATCGCCACCTTTAGATGGCGGAAGTACGCC
GACGGTACCTATAGACGTACTGTTACACCCCATCCCAGAC GAA

Reverse TAATACTAGCGAAGGACTGTCATCATCAGTAGGGTT

CD44-12 | Forward ACACCAGTATCAACGCCGACCGTGCTCACATCGCCGCACAACCTTC
AGAGACACCACGCGTACCCCTACGACGTGCCC

Reverse CGTTGATACTGGTGTGATTACAGTAGAAAAGGTGTA

CD44-111 | Forward GCCACCCTGGAAGTGCGGAGGTATAGGAGCAGCACTTCAGGA

Reverse ATACCTCCGCACTTCCAGGGTGGCGTCATCATCAGTAGGGTT

CD44-112 | Forward GTCGATAGAGGGAGCGCCATACATATCTTTTACACCTTTTCT

Reverse ATGTATGGCGCTCCCTCTATCGACTTCACTGGAGGAGCCGCT

CD44-113 | Forward GACTTTACTCTCTTAATTGGTATACACCCCATCCCAGACGAA

Reverse TATACCAATTAAGAGAGTAAAGTCGTAACCTCCTGAAGTGCT

The split-GFP system was established by inserting either a C-terminal portion of GFP
(Csp) or an N-terminal portion of GFP (Nsp) to the C-terminal ends of either CD44 or MMP-14,
respectively. These GFP fragments were previously reported in a bacterial system and were
engineered to have enhanced physicochemical properties to optimize the function of the split-
GFP system [199]. We obtained the constructs for Csp and Nsp from Addgene (Plasmid 40729
and 40730). For use in our system however, the Csp and Nsp fragment required engineering a
terminal, compatible restriction site for insertion at the 3” end of the CD44 and MMP-14 coding
regions. The primers used for properly engineering the Csp fragment for placement at the 3’ end
of CD44 coding sequence are as follows: forward primer: 5’-
GCTATGATATCATGGCAAGCGAGCAGCTGGAAAAG-3* and reverse primer: 5’-
GCAACGATATCTTACTTGTAGCGTTCGTCGCG-3’. The primers used for properly
engineering the Nsp fragment for placement at the 3’ end of the MMP-14 coding sequence are as
follows: primer: 5’-CACAAGCTTTAATGGGTCATCACCACCACCATCAC-3’ and reverse
primer: 5’-CGCAAGCTTTTACTGCGCCAGTTCCTTTTTCAG-3’. The inserts generated by
this method were restriction digested with the appropriate restriction enzyme and ligated into
their respective places following CD44 or MMP-14 coding sequences. The completed plasmid
constructs were verified by DNA sequencing.

Co-immunoprecipitation and western blotting

COS-1 cells were transfected with the desired plasmids using the PEI protocol stated
above. Forty-eight hours post-transfection, cells were washed twice with ice-cold PBS and
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incubated for 30 minutes in RIPA buffer (Tris-HCIl, pH 7.5, 150 mM NaCl, 1% Na*
deoxycholate, 1% Triton-X100, 0.1% SDS) rocking, with agitation every 10 minutes. Lysis was
completed by cell scraping and vigorous vortexing of the gathered lysate for 30 seconds. Lysates
were cleared by centrifugation at 10000 rpm for 10 minutes at 4°C. Supernatants were reserved
and a small aliquot from each sample was set aside as a total input control. Supernatants were
then incubated for 1 hour with anti-HA antibody (1:1200) and following that, an overnight
incubation with constant rotation was allowed after addition of Protein A agarose beads. After
18 hours, the supernatant/bead mixture was centrifuged at 2000 rpm for 1 minute to isolate the
Protein A agarose beads. Beads were washed three times in ice-cold PBS with a five minute
incubation (rocking) and centrifugation step in between. All steps were performed at 4°C.
Finally, co-immunoprecipitation samples were isolated by boiling in SDS sample buffer
supplemented with B-mercaptoethanol. All western blotting of lysates and ColP samples were
carried out according to previously published protocols and developed on a BioRad ChemiDoc
[72].

Immunofluorescence and fluorescent microscopy

Immunofluorescent staining began by fixing transfected cells in 4% paraformaldehyde in
PBS at 4°C for 12 minutes. Blocking solution was composed of 3% bovine serum albumin/5%
normal goat serum in PBS. After one hour blocking at room temperature, cells were exposed to
anti-HCAM or anti-MMP-14 antibodies and visualized using the complimentary secondary
fluorescent antibody (anti-rabbit Alexa Fluor 568 or anti-mouse Alexa Fluor 488), counterstained
with Hoechst, and imaged on a Nikon Eclipse TE2000-S equipped with a Sutter Instruments
SmartShutter System and a QiClick QImaging camera.

The split-GFP system was visualized 72 hours post-transfection. Cells were plated on
glass coverslips, fixed in 4% PFA at 4°C, and nuclei were stained with Hoechst. Cells were then
imaged on the Nikon microscope listed above. GFP transfected cells were used as a positive
imaging control and vector transfected cells were used as a negative imaging control.

Flow cytometry

In order to quantify fluorescence from the split-GFP system, cells were transfected and
72 hours post-transfection were fixed on ice for 20 minutes in 4% PFA. Cells were centrifuged
at 2000 rpm for five minutes and washed once with ice-cold PBS without Ca?* and Mg?*. Cells
were centrifuged again and then resuspended in 2% fetal bovine serum/3% normal goat serum
for flow cytometric analyses at the Stony Brook University Flow Cytometry Core Facility.

Substrate Degradation Migration Assay

Briefly, glass coverslips were coated with FITC-labeled gelatin at room temperature and
allowed to dry. The gelatin was then fixed with 0.05% glutaraldehyde and washed extensively
with PBS at room temperature. After sterilization with ethanol and equilibration in complete
media overnight at 4°C, cells were plated at a low density and incubated for 8 hours and fixed
and nuclei stained with Hoechst. The coverslips were imaged using the Nikon Eclipse TE2000-S
equipped with a Sutter Instruments SmartShutter System and a QiClick QImaging camera.
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1.3 MMP-9

MMP-9 has been implicated in cancer progression, both by its proteolytic and non-
proteolytic functions. Previously, MMP-9 has been shown to form a dimer via the PEX domain.
This dimer type was shown to be required for MMP-9 mediated migration. However, we
explored the nature of the MMP-9 dimer under hypoxic conditions, as this condition tends to
arise during tumor development. The high molecular weight specie MMP-9 that is evident under
hypoxia is primarily composed of MMP-9, as evidenced by LC-MS/MS analysis. The dimer that
forms under low oxygen tension forms intracellularly and does not depend on glycosylation
state. It is reducing-agent sensitive and formation of the dimer is not reversed intracellularly by
use of antioxidants under hypoxic conditions. Interestingly, MMP-9 mediated cell migration is
impeded under hypoxia, suggesting the nature of the dimer may be unique compared to the high
molecular weight MMP-9 that develops under normoxic conditions. Furthermore, a PEX dimer
formation inhibitor, compound 1403, was unable to inhibit migration under hypoxic conditions.
These data suggest that the nature of the MMP-9 dimer under hypoxia may be unique and that
the milieu MMP-9 is found in may exert effects on its function.
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1.3A MMP-9 BACKGROUND
(A portion of this introduction will appear in the special edition Frontiers in Biosciences: Matrix
Metalloproteases)

MMP-9, a gelatinase, shares the features of the soluble MMPs (Figure 1), including
signal peptide, prodomain, catalytic domain, hinge region, and PEX domain. However, it
contains three fibronectin-like repeats that are oriented away from the enzyme and do not disturb
the structure of the catalytic domain [33, 46]. The structure of the fibronectin-like domain with
three individual repeats implies that they may be separate binding sites [46]. This domain can
also be expressed on its own and has the ability to interact with basement membrane components
such as collagen for degradation and proteoglycans containing heparin sulfate, implying these
interactions can contribute to extracellular localization [210]. Gelatin binding capacity is also
conferred to MMP-9 via these fibronectin-like repeats [211].

Another unique feature of MMP-9 is the OG domain. Approximately 85% of the
glycosylation found on MMP-9 is of an O-linked nature [212, 213]. The heavily O-linked
glycosylation domain of the hinge region (OG domain), in addition to the cysteine residue found
in this area, is critical in mediating interactions with TIMP-1 and MMP-9’s cargo receptors LRP-
1 and megalin [213]. These interactions are crucial as they can limit the availability of activated
MMP-9. Furthermore, this unique domain is vital to the proper function of MMP-9, as deletion
of that region significantly reduces the ability of the enzyme to induce cell migration and bind its
substrates [123, 214]. The OG domain is purported to offer flexibility to the MMP-9 molecule,
which may influence the interaction of the enzyme with its substrates [215, 216]. The pro- form
of MMP-9 also has N-glycosylation sites and this carbohydrate modification is purported to
serve as protection from autocatalysis, similarly to O-glycosylation [217].

Outside of its role in normal biological processes, MMP-9 has specifically been linked to
tumor progression, in addition to a plethora of other diseases, including autoimmune,
inflammatory, and vascular diseases [218]. MMP-9 contributes to ECM degradation and growth
factor activation, either as a soluble protease or in the pericellular region by its interaction with
cell surface receptors such as CD44 [11, 219, 220]. The range of substrates that are sensitive to
MMP-9 activity is wide; not only can MMP-9 cleave gelatins and other matrix molecules, but
also growth factors, cytokines, some membrane-bound proteins, and intracellular proteins [218].
MMP-9 can effectively induce angiogenesis, cell migration, and tumor growth [218]. The
proteolytic activity of MMP-9 can make a contribution to tumor progression and angiogenesis,
but our laboratory has previously described a non-proteolytic role of MMP-9 in tumor cell
migration [123]. Dufour, et al., showed that proMMP-9 (proteolytically inactive enzyme) can
increase cell migration and this migration is mediated by the PEX domain [123]. Furthermore,
development of inhibitory peptides and compounds directed against MMP-9’s PEX domain
abrogate homodimer formation and lead to a decrease in MMP-9-mediated migration [11]. In
the following section, | outline preliminary data regarding the accumulation of MMP-9 dimers
under hypoxic conditions, as hypoxia frequently occurs during tumor progression [221] and may
exert pressure on MMP-9 expression and behavior.
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1.3B RESULTS

Since MMP-9 dimers are known to contribute to cell migration, we investigated the
possibility that MMP-9 dimers are affected by hypoxic conditions, as tumors are frequently
under similar conditions. Under conditions of 1% oxygen, MMP-9 derived from stably
expressing COS-1 cells appeared to form more higher molecular weight species as opposed to
those under normal oxygen conditions (normoxia) based on gelatin zymography (Figure 20). In
addition, cells exposed to hypoxia mimicking agents such as CoCl», were able to produce high
molecular weight MMP-9 species. Not only is this phenomenon true for COS-1 stably
expressing MMP-9, but also MDA-MB-231 cells (Figure 20).
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Figure 20: Hypoxia and hypoxia-mimicking conditions result in increased high molecular weight
MMP-9. A) Gelatin zymography of conditioned media from either MMP-9 expressing COS-1 cells or
MDA-231 breast cancer cells which express MMP-9 under hypoxia-mimicking conditions (CoCly)
demonstrates there is increased high-molecular weight species of MMP-9 generated under hypoxia based
on gelatin clearance. B) COS-1 cells stably expressing MMP-9 also generate high molecular weight
species when exposed to hypoxic environment (1% Oy).

In order to determine whether these high molecular weight forms of MMP-9 were
homodimeric or heterodimeric, as MMP-9 has been documented to bind to other soluble proteins
[222-224], we collected MMP-9 samples from conditioned media of stably expressing COS-1
cells exposed to hypoxia. Conditioned media samples were exposed to gelatin-Sepharose beads
and MMP-9 samples were isolated from the beads and electrophoresed through a polyacrylamide
gel. After silver staining, the high molecular weight protein was isolated and LC-MS/MS (liquid
chromatography-mass spectrometry/mass spectrometry) proteomic analysis was undertaken
(Figure 21). Figure 21 lists the most abundant proteins, with MMP-9 appearing as the top hit,
leading us to conclude that the high molecular weight species observed under hypoxia is likely
an MMP-9 dimer.
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250 kD (>250 kD)

(~90 kD)
Accession Number Bio View:ldentified Proteins (11) Molecular high band|low band
sp|P14780 | MMP9 HUMAN Matrix metalloproteinase-9 MMP9 78 kDa 98 68
SW_TRYP_PIG SW_TRYP_PIG 24 kDa 37 46
sp|P04264|K2C1_HUMAN Keratin, type Il cytoskeletal 1 KRT1 66 kDa 43 41

Figure 21: Silver staining of isolated MMP-9 from conditioned media of hypoxia treated cells
demonstrated high molecular weight species and the isolated high molecular weight band was
identified as MMP-9 based on LC/MS-MS analysis.

Proteins mature as they travel through the endoplasmic reticulum (ER) and Golgi
apparatus as part of the secretory pathway. In order to discern whether the high-molecular
weight MMP-9 specie was forming intracellularly or extracellularly, we chose to use brefeldin A
(BFA) to collapse the ER-Golgi transition [225]. BFA treatment of MMP-9 expressing cells
under normoxia led to a decrease in secreted protein, as the secretory pathway was disrupted
(Figure 22). A similar result was observed for cells under hypoxia mimicking conditions (Figure
22). Interestingly, cell lysates from those cells treated with BFA under hypoxia mimicking
conditions demonstrated higher amounts MMP-9 dimer, even with disruption of the ER,
suggesting that the dimerization of MMP-9 occurs in the ER (Figure 23).
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Figure 22: MMP-9 homodimers forming under hypoxia likely form within the endoplasmic
reticulum. Collapse of the ER by use of BFA does not allow for secretion of MMP-9 and analysis of
lysates on a non-reducing Western blot from CoCl,, BFA-treated cells reveals high molecular weight
MMP-9 species, suggesting MMP-9 dimers are forming under hypoxia within the ER.
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In order to better define the nature of the MMP-9 dimer, we also compared the ability of
MMP-9 expressing COS-1 to maintain MMP-9 multimers under denaturing conditions, as
samples under gelatin zymography are not exposed to a denaturing agent. Cell lysates prepared
in the presence of -mercaptoethanol lose high molecular weight MMP-9, suggesting that the
dimer is mediated via a disulfide link under hypoxic conditions (Figure 23), although there are
conflicting reports on the nature of the dimerization of MMP-9 [226-228].
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Figure 23: MMP-9 dimer formation under hypoxia is potentially mediated via a disulfide bond.
Analysis of lysates from cells under normal and hypoxia-mimicking conditions under reducing,
denaturing conditions results in loss of the high-molecular weight specie observed in non-reducing
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conditions, suggesting that MMP-9 high molecular weight species are disulfide bonded MMP-9
molecules.

Since MMP-9 is an N- and O-linked glycosylated protein, we sought to determine
whether or not protein glycosylation affects MMP-9 dimer formation under hypoxia, as it was
previously reported that dimerization does not require glycosylation [227]. Exposure of MMP-9
expressing cells to an N-glycosylation inhibitor (tunicamycin) [229-231] still allows for MMP-9
dimer formation, as demonstrated by Figure 24.

PCDNA MMP-9

Figure 24: Treatment of MMP-9 expressing cells treated with tunicamycin to inhibit N-linked
glycosylation still demonstrate formation of high molecular weight MMP-9 species under hypoxia-
mimicking conditions. Gelatin zymography of conditioned media derived from COS-1 stably expressing
MMP-9 demonstrates that lack of N-linked glycosylation may not play a role in mediating MMP-9
dimerization.

Unsuccessful attempts at using O-linked glycosylation inhibitors led us to explore
whether or not domain mutants of MMP-9 were still capable of forming MMP-9p under hypoxic
conditions. Wild-type COS-1 cells were transfected with various MMP-9 mutants, including
MMP-9APEX and MMP-9AO0G, since the PEX domain has been implicated in MMP-9 dimer
formation previously [11, 123]. We used the MMP-AOG mutant in order to partially circumvent
the use of a chemical inhibitor of O-linked glycosylation of MMP-9. Mutants of the O-
glycosylation region (MMP-9A0G) had a reduced ability to form a high molecular weight
species of MMP-9 (Figure 25).
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Figure 25: MMP-9 dimerization under hypoxic conditions may be mediated by the O-glycosylation
domain. COS-1 cells overexpressing mutants of MMP-9, including the MMP-9APEX and the MMP-
9AO0G, were exposed to normal or hypoxic conditions. Based on gelatin zymography, the MMP-9AOG
mutant can no longer form high molecular weight species under hypoxia.

In order to determine any other influence on MMP-9 dimerization, we explored the
ability of antioxidants to reverse MMP-9 dimer formation. Hypoxia and hypoxia-mimicking
conditions result in intracellular changes in redox potentials. Radical species are copious under
hypoxia and the change in redox and radical specie formation may be affected. This can
physically damage proteins and interfere with proper disulfide bond formation; we postulated
that there was potential that MMP-9p forms because of an aberrant redox condition. Treatment
of MMP-9 expressing cells with N-acetyl cysteine, an antioxidant, did not significantly affect
MMP-9p formation under hypoxia (Figure 26).
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Normoxia Hypoxia
Figure 26: MMP-9 high molecular weight species can still form under N-acetyl cysteine treatment.
Treatment with antioxidants to alleviate oxidative stress induced by hypoxic conditions did not serve to
alter MMP-9 homodimerization. Gelatin zymography analysis indicates that high molecular weight
MMP-9 is still produced in the presence of the antioxidant.

Relatedly, the possibility that protein disulfide isomerase (PDI) was playing a role in MMP-9
dimer formation was explored since PDI has been documented to mediate disulfide bonds, be
upregulated under hypoxia and in invasive carcinoma, associate with MMP-9 in unique secretory
vesicles in macrophages, and is required for proper MMP-9 function in other models [232-235].
There was more PDI protein present under conditions of hypoxia; pulldown of PDI with MMP-9
under hypoxia was unsuccessful (data not shown).

| next questioned whether MMP-9 dimer formation under hypoxia influenced cell

migration. COS-1 cells overexpressing MMP-9 under hypoxia displayed a reduced ability to
migrate, as compared to MMP-9 expressing cells under normoxia (Figure 27).
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Figure 27: COS-1 expressing MMP-9 under hypoxia demonstrate reduced migration.
Transwell migration assays reveal that stably expressing MMP-9 cells have reduced migration under
hypoxic conditions as opposed to normoxia. Empty vector control cells demonstrate little migration.

Supporting the hypothesis that MMP-9p formation under hypoxia is different than that
under normoxia, we exposed HT1080 cells to either normoxia or hypoxia and used an MMP-9
PEX dimerization inhibitor (compound 2) [10]. HT1080 subject to a scratch wound assay
demonstrated that compound 2 does not impede HT1080 migration under hypoxia (Figure 28).
This suggests that the nature of MMP-9p that forms under hypoxia may be chemically different
than that of the dimer under normoxia, as HT1080 also generate MMP-9p under hypoxia (data
not shown).
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Figure 28: HT1080 cells exposed to hypoxia do not respond to treatment with compound 1403, a
known PEX-mediated MMP-9 dimerization inhibitor. HT1080 ccell migration was assessed using a
scratch wound assay under both normoxic and hypoxic conditions. Traetment with compound 1403 does
not exert an inhibitor effect under hypoxia.
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1.3C DISCUSSION

MMP-9 dimer formation has been shown to be crucial to migration, despite the
proteolytic activity of MMP-9 traditionally being considered the impetus for MMP-9-mediated
migration [11]. Formation of a homodimer of MMP-9 via the PEX domain contributes to cell
migration [11], which is a crucial part of cancer cell invasion during various stages of metastasis.
Accordingly, MMP-9 is associated with cancer progression and metastasis [236]. Here, | have
shown that MMP-9 dimerization is increased under hypoxia. The dimer is reduction-agent
sensitive, implying a disulfide bond mediates the interaction of the monomer components.
Furthermore, the dimer forms intracellularly, specifically within the ER, without dependence
upon glycosylation status. The dimer is not reversed under hypoxic conditions by use of an
antioxidant and according to analysis of MMP-9 mutants, the OG domain is required for dimer
formation under hypoxia. However, migration of MMP-9 expressing cells under hypoxia is
dramatically reduced.

Olson, et al., reported the dimerization of MMP-9 to occur intracellularly and
independent of glycosylation [227], and our results are in agreement regarding the timing and
nature of the dimer, even under hypoxia. The formation of dimer within the cell after collapse of
the ER-Golgi transition using BFA implies that O-glycosylation is not required and dimer
formation after use of tunicamycin excludes N-glycosylation as a pre-requisite.

It is interesting to consider that the nature of the dimer under hypoxia may be different
than that of the dimer under normoxia. Previous data indicates the MMP-9 dimer that forms
under hypoxia is mediated by the PEX domain and is required to enhance cell migration. In data
presented herein, | have shown that the PEX domain mutant of MMP-9 can still form dimers, but
the OG domain mutant has abrogated capacity to form dimers under both normoxia and hypoxia.
This implies that the OG domain is responsible for dimer formation under hypoxia and
supporting this idea, Collier et al., identified a specific residue, Cys468, that is responsible for
dimer formation and is located within the OG domain [237]. These authors demonstrate that a
point mutation at this site prevents the ability of MMP-9 to form dimer, but suggest that this
specie of dimer is related to misfolding of the enzyme [237]. Another piece of supporting data
that the PEX domain may not be responsible for the MMP-9 dimer formation under hypoxia is
that compound 1403 does not abrogate migration under hypoxia. Compound 1403 is an MMP-9
PEX domain specific inhibitor and has been investigated a cell migration inhibitor, as it can
disrupt dimer formation [10].

Even more intriguing is the behavior of MMP-9 overexpressing cells under hypoxia.
Lack of migration of MMP-9 expressing cells under hypoxia is counterintuitive; previous results
indicate dimer formation is critical for MMP-9 mediated migration [11] and hypoxia is
documented to induce cell migration [238]. It is possible that cell migration under hypoxia
induced primarily by MMP-9, as in the case of COS-1 cells and MCF-7, is actually impeded. If
the nature of the hypoxia-induced MMP-9 dimer is the disulfide-linked OG domain form, it is
possible this dimer form would not induce efficient migration. It has been documented that there
is differential activity of MMP-9 in the dimer form as compared to the monomer form. Collier et
al. have shown that MMP-9 dimers are immobile on the surface of collagen fibrils and cannot
interact as efficiently with the matrix molecule as compared to the monomer [237]. The authors
suggest that the dimeric MMP-9 is immobile because of a higher affinity to the collagen due to
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the engagement of both fibronectin-like domains simultaneously and lack the normal flexibility
of MMP-9 when in the dimeric form [237].

Overall, many questions remain about the MMP-9 dimer formation under hypoxia.
Hypoxia is a naturally occurring phenomenon in the tumor microenvironment. It exerts pressure
on tumor cells and those cells respond accordingly. It may be important to consider that the
hypoxic conditions may alter the behavior of not only the cells, but individual proteins. MMP-9
dimer formation appears to be affected by hypoxic conditions, with increased dimer formation
potentially mediated through the OG domain as opposed to the PEX domain.

Future Directions

Considering available literature indicates that affinity for substrates by MMP-9 changes
dependent upon dimer formation, it is of interest to assess whether or not MMP-9 generated by
cells under hypoxic conditions can still cleave their substrates. MMP-9 can be isolated from
conditioned media using Gelatin-sepharose beads and the MMP-9 activity against fluorescent
substrates may be assessed, comparing the activity to that of normoxia isolated MMP-9.
Additionally, in order to ensure that the Cys468 residue is mediating MMP-9 dimer formation
under hypoxia, | have prepared primers to generate a Cys468 — Ala MMP-9 construct.
Overexpressing this construct under normoxia and hypoxia would confirm whether this is the
mechanism for MMP-9 dimer formation under hypoxia if there is a loss of enhanced dimer
formation with this altered MMP-9. Furthermore, it is reasonable to use tagged MMP-9
constructs (HA-tagged and myc-tagged) to do a co-immunoprecipitation from hypoxia treated
cells with and without compound 1403 to further confirm and define the nature of MMP-9
dimers under hypoxia.
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1.3D MATERIALS AND METHODS
Materials

Brefeldin A, CoCl,, N-acetyl cysteine, gelatin from bovine skin (type IIl), and
tunicamycin were sourced from Sigma-Aldrich. Polyacrylamide was purchased from Roche and
Coomassie blue was manufactured by Amresco. The hypoxia chamber is a Proox Model C21
from Biospherix (Lacona, NY). Compound 1403 and 6440 were obtained from Enamine, Ltd.
The Chemicon anti-MMP-9 antibody was purchased from EMD Millipore.

Cell culture and treatment

COS-1, MDA-MB-231, MCF-7, and HT1080 were obtained from the ATCC (Manassas,
VA). These cell lines were maintained in DMEM/high glucose medium supplemented with 10%
FBS and 1% penicillin/streptomycin in a 37°C, humidified incubator with 5% CO,. Cells under
hypoxic conditions were cultured in the same media, however they were incubated in a 37°C,
humidified incubator with 5% CO2 and 1% O.. CoCl. treated cells were incubated under
normoxic conditions with 250 uM CoClo.

DNA Construction, transfection, and stable infection

MMP-9APEX and MMP-9AOG plasmids have been reported previously [123]. Plasmid
DNA was delivered to target cells using sodium chloride and polyethylenimine (PEI,
Polysciences). In the case of stable infections, GP2-293 cells were transfected with either
pQCXIP (vector control) or MMP-9/pQCXIP. In both cases, pVSVG was co-transfected with
the target DNA for the purpose of viral infection of target cells. Titered media from GP2-293
was collected 48 hours after transfection and delivered to COS-1. After two subsequent
infections and use of polybrene to enhance infection, positive cells were selected using
puromycin treatment.

Gelatin zymography

Gelatin zymography was carried out as previously published [239]. Briefly, serum-free
conditioned media samples were prepared with sodium dodecyl sulfate (SDS) loading buffer
without a denaturing agent and run through a 10% PAG with 0.1% gelatin. The
polyacrylamide/gelatin gel was then incubated at room temperature in 2.5% Triton X-100 to
replace the SDS. The gel was then incubated at room temperature in a Tris-based incubation
buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 50 mM CacClz, 0.2% NaNs) prior to an overnight
incubation in fresh incubation buffer at 37°C. Post-incubation staining of the gel was
accomplished using Coomassie blue stain followed by destaining. Gelatinolytic activity
corresponds to cleared areas in the gelatin.

Immunoblotting and silver staining

Protein lysates were prepared with loading buffer containing B-mercaptoethanol and
boiled prior to electrophoresis in the case of reducing, denaturing western blots. For non-
reducing conditions, B-mercaptoethanol was omitted from the loading buffer. Electrophoresis,
transfer, and immunoblotting were performed as previously described [72] and all blots were
developed using the BioRad ChemiDoc. Silver staining of MMP-9 samples was accomplished
using the SilverQuest kit (Life Technologies, Grand Island, NY) according to manufacturer’s
instruction. Silver stained MMP-9 species were then analyzed by LC-MS/MS at the Stony
Brook University Core Proteomics Facility.
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Scratch wound assay

Cells were grown to confluence in the wells of a 12-well dish and serum starved to
synchronize cell cycle with or without compound 1403 under hypoxic or normoxic conditions.
A scratch wound was made following an overnight incubation in the serum free media. Cells
were washed with PBS twice and complete media was placed on the cells with or without
compound 1403. Cells were returned to their hypoxic or normoxic conditions overnight after
taking time O bright field images using a Nikon Eclipse TE2000-S outfitted with a Sutter
Instruments SmartShutter System and QiClick QImaging camera. Bright field images were also
taken after 18 hours and the area calculations were made using the Nikon Elements Basic
Research Software analysis tool. Time 0 and Time 18 areas were compared and percent change
was calculated to determine the extent of cell migration.

Transwell migration

Transwell migration assays were performed as described [123], except nuclei were
stained with Hoecst/PBS (1:2000) for at least 20 minutes and imaged using the microscope and
analysis tools listed. Migrated cells on the membrane were counted using the Nikon Elements
Basic Research Software.
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Chapter 2: Repurposing the anti-psychotic trifluoperazine as an anti-metastasis agent

(This chapter will appear in Molecular Pharmacology for publication (03/2015) including co-
authors: Jian Li, Carolina Zheng, Yiyi Li, Nengtai Ouyang, Basil Rigas, Stanley Zucker, and
Jian Cao)

Since cancer cell invasion is a critical determinant of metastasis, targeting invasion is a
viable approach to prevent metastasis. Utilizing a novel three-dimensional high throughput
invasion assay, we screened a National Cancer Institute compound library and discovered
compounds demonstrating inhibitory effects on cancer cell invasion. One hit, trifluoperazine,
suppresses invasion of human cancer cell lines while displaying a limited cytotoxicity profile.
This inhibition is due to the interference with cancer cell migratory ability, but not proteolytic
activity. Treatment of cancer cells with trifluoperazine significantly reduces angiogenesis and
prevents cancer cell invasion through a chorioallantoic basement membrane. Mechanistically,
treatment results in decreased phosphorylated AKT (Ser*”® and Thr3%) and B-catenin (Ser®?).
Lack of phosphorylation of Ser®? of B-catenin prevents B-catenin nuclear relocation resulting in
decreased expression of vascular endothelial growth factor, likely mediated through dopamine
receptor D2. Taken together, we have demonstrated that trifluoperazine is responsible for
reducing the angiogenic and invasive potential of aggressive cancer cells through dopamine
receptor D2 to modulate the B-catenin pathway and propose that trifluoperazine may be used as
an anti-metastasis chemotherapeutic.
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2.1 BACKGROUND:
A. Target-based drug screening vs. phenotype-based drug screening

Target-based drug screening is based on information about disease mechanism and
current treatments, but focuses only on particular molecules involved in the disease, disregarding
the complex context in which the disease would manifest [240]. Compound libraries are
screened only after a battery of tests are designed to examine the ability of the potential drugs to
affect a chosen target that has been implicated in whichever disease is under investigation [240].
While the advent of the knowledge from the Human Genome Project and improvement in
molecular technologies was predicted to propel the ability of researchers to successfully employ
target-based drug screening, in reality the ‘highly superior’ work process of target-based
screening did not deliver as expected [240]. Target selection is generally relegated to a certain
class of molecules and the compounds chosen to pursue are only targeted to one member of the
family; however, there are several diseases for which it is evident single-molecule targeting is
not effective [240].

Phenotype-based drug screening, specifically regarding cancer, has the potential to
circumvent limitations of targeted drug design. Unlike target-specific screening approaches,
phenotypic screening involves the unbiased testing of compounds in cells or systems without
knowing their targets and assaying for the desired cellular/systems effect [240]. These screening
assays represent a practical approach to systems biology for drug discovery, because they
directly measure disease-relevant cellular responses without the need for complex in silico
models whose application to predicting human cell responses has been disappointing to date
[240]. Two recent studies highlight reduced productivity by the pharmaceutical industry related
to taking up a target-based drug screening mechanism for drug discovery; it has been reported
that the majority of the first-in-class drugs approved by the FDA during the time period from
1999-2008 were identified via phenotypic screening and the attrition rate of drugs in the Phase I-
I11 have been highest since the target-based drug discovery methods began to be utilized (early
1990s) [240-242]. However, while the end-result of phenotypic screening may be an increase in
drugs making it to patients, phenotype-based screening is plagued by the challenge of
characterizing the mechanism of action of drugs which are responsible for their pharmacological
activity. This can be a time-consuming and arduous process.

B. Lack of drugs targeting cancer metastasis

Patients that present with metastatic cancers are largely considered incurable and those
that have no evidence of dissemination will frequently relapse later [243], as they often harbor
micrometastases that are not apparent at the time of diagnosis [3]. Local therapies designed to
target primary tumors have improved, but are insufficient mechanisms by which to treat
disseminated cancers [244]. This leaves a large gap in clinical treatments for cancer and there is
a definite need to rapidly identify agents capable of inhibiting cancer metastasis. A strategy to
combat metastasis includes pursuing drug development for compounds that can attenuate cell
invasion and migration, as they are critical steps in the complex metastatic cascade [245]. The
metastatic process was long considered a unidirectional event, with cells leaving the primary
tumor at later stages of disease and colonizing distant organs. The course of metastasis has been
redefined to include not only the distribution of cancer cells to secondary organs, but also the re-
seeding and perpetuation of the established tumors by circulating cancer cells [244, 246].
Because a tumor can shed members of its cell population that can eventually replenish primary
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and even secondary tumors, isolating novel compounds capable of inhibiting cell invasion will
be an effective strategy for all stages of the disease.

Oncology is one of the largest areas of pharmaceutical research, making up a large
portion of research and development. The complexity of cancer as a disease presents the major
challenge to developing effective therapeutics, i.e.: those that kill or modulate those malignant
cells while leaving normal cells unharmed [247]. While metastasis is often the reason for
treatment failure, it is generally not an endpoint that is taken into consideration when evaluating
potential anti-cancer drugs. Cancer drug development has traditionally focused on anti-mitotic
effects of compounds, not anti-metastatic ones, but anti-mitotic drugs are only part of the
mechanism by which to combat cancer. In order to address the lack of effective drugs targeting
invasion and metastasis, we employed our three-dimensional (3-D) high throughput screen
(HTS) to identify novel treatment agents. Screening drugs against cancer cells is generally done
in a two-dimensional (2-D) format, assaying for cell proliferation and/or cytotoxicity on a flat
surface. While this is an accepted method, it has become apparent that promising compounds
identified via this strategy are not always as effective in vivo as would be predicted [248]. In
order to increase the possibility for isolating drugs that will be efficacious in the clinic, use of a
3-D model is beneficial. A 3-D HTS format allows for monitoring of invasive behavior, not just
2-D migratory ability, and this format allows rapid screening of drugs in an in vitro setting that
partially recapitulates in vivo matrix conditions and therefore in vivo cancer cell phenotypes,
potentially increasing the likelihood of finding clinically efficient anti-invasive agents.

C. Drug Repurposing

Another potential mechanism by which to alleviate a lack of effective cancer drugs, in
addition to rethinking the current drug discovery paradigm, is drug repurposing or repositioning.
This term refers to the idea that currently known entities that are either on the market for another
purpose or have otherwise made it through safety trials can be assessed for anti-cancer
properties, effectively cutting down on the time and money it takes to get effective anti-cancer
drugs to a patient [249]. These known molecular entities already have targets associated with
their action and mechanisms for assessing biomarkers related to drug activity already exist [249].
Furthermore, absorption, distribution, metabolism, excretion, and toxicity (ADMET) data are
usually already known, potentially all the way through Phase IV (post-market surveillance)
safety data [250]. If one considers the normal drug discovery pipeline, drug approval can take up
to 17 years with nine years devoted to initial steps such as target discovery and validation,
screening design, and ascertaining ADMET properties alone [250]. Since repositioning of a
chemical entity that has failed a clinical trial or is already FDA approved would have required
these steps to be taken already, drug repositioning can reduce the process to less than ten years.

Taking into account that 95% of oncology drugs that make it to Phase I clinical trials fail
to gain approval by the FDA, it may be wise to contemplate known drugs and compounds as
novel tools in cancer treatment [249]. To make this point more clearly, “blockbuster drugs”
from the early 1990s frequently have secondary indications unrelated to their primary indication
and there is an assumption that secondary uses for any particular drug will increase in the future
due to discovery of additional side-effects or mechanisms of action in separate disease classes
[251]. It is estimated that repurposing drugs can improve Phase Il success to 25% from 10% and
Phase 111 success to 65% from 50% [252]. A host of drugs that are not currently indicated for
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cancer treatment, in fact have anti-cancer properties. These drugs derive from vastly different
classes of medications, including sedatives, non-steroidal anti-inflammatory drugs (NSAIDs),
statins, immunosuppressants, anti-human immunodeficiency virus (HIV) drugs , and anti-
microbial drugs [249, 250].

This particular idea has caught the attention of medicinal chemists and pharmacologists
alike, but perhaps more importantly, the National Institutes of Health have taken up this strategy
in an attempt to make the drug discovery process more successful and eventually improve
current standards of care in various disease models [253]. After round-table meetings amongst
those in both academia and industry, the NIH National Center for Advancing Translational
Sciences (NCATS) introduced a program entitled “Discovering New Therapeutic Uses for
Existing Molecules” (New Therapeutic Uses) in 2012 [254]. This program encourages
partnerships between the pharmaceutical industry and academia, but its main goal is to take
currently available drugs that have already undergone extensive development and screen them
for potential roles in a host of diseases outside of their original purpose (NCATS Pharmaceutical
Collection [NPC]). The main idea would be to have a molecule that is better studied than a
totally new chemical entity and determine whether it has potential in alternate disease treatment
and develop it from there. In this way, there is less likelihood that clinical trials designed for the
disease of interest would fail early in the pipeline, as it already has been assessed for ADMET
and safety. For this reason, it was of great interest to assess the ability of some of the known
drugs in our compound library for action against the invasive behavior of cancer cells.

In this work, we set out to identify novel anti-invasion compounds by using our high-
throughput, three-dimensional invasion assay. We screened the NCI-DTP compound library
Diversity Set Il and identified over 50 compounds with anti-invasive capacity. We chose one
compound, trifluoperazine, to examine further. We identified that trifluoperazine may exert its
anti-invasive capacity by antagonizing dopamine receptor D2 (DRD2) and modulating
downstream signaling through Akt and p-catenin.
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2.2 RESULTS:

Identification of compounds capable of inhibiting cancer cell invasion

To identify small molecule compounds capable of inhibiting cancer cell invasion, a novel 3-D
high-throughput invasion assay was utilized to screen the National Cancer Institute’s
Developmental Therapeutics Program (NCI-DTP) compound library (Diversity Set 1) against
aggressive, androgen-independent PC3 human prostate cancer cells. This particular compound
library includes 1,974 compounds and covers a wide variety of chemical structures. After
incubating compounds (10 uM) with PC3 cells assembled in the 3-D invasion assay with type |
collagen in a 96-well plate for 24 hours, invaded cells were quantified based on the number of
cells that were able to escape the original cell-matrix dot and invade through the adjacent cell-
free collagen. The positive hits were defined as any compound that impeded 50% of invasion
compared to the DMSO vehicle control. Of the 1974 compounds screened, 84 compounds were
found to inhibit invasion. To segregate the inhibitory hits from cytotoxic compounds, we
analyzed the available Glsg data of those positive compounds from the NCI-60 human cell line
screening dataset. We defined that compounds with a half maximal inhibitory concentration
(Glso) of more than 1 uM to be of interest and 56 compounds that we identified fit within this
parameter (Figure 29A). One of the hits, trifluoperazine (TFP), is a Food and Drug
Administration (FDA) approved antipsychotic drug. Since this hit is already clinically used as a
well-tolerated, first line drug for patients in the acute phase of schizophrenia [255] (suggesting
low systemic toxicity) and potentially has a novel function in inhibition of cancer cell invasion,
the ability of TFP to impede cancer cell invasion and the working mechanism of this drug were
further evaluated.

Validating TFP as an anti-invasion drug

To evaluate the potency of TFP, the dose dependent effects of TFP on cancer cell
invasion were assessed. To determine if inhibition of cancer cell invasion by TFP is not
relegated to prostate cancer cells, an additional cancer cell line, human fibrosarcoma HT1080
was assessed. The cancer cells were assembled in a 3-D collagen matrix similar to the PC-3 cells
and exposed to increasing doses of TFP up to 10 uM. The HT1080 cells exposed to TFP
demonstrated a dose-dependent decrease in invasive behavior as compared to vehicle control
cells (Figure 29B and 29C). We continued to use HT1080 for the remainder of these
experiments because of their highly aggressive, invasive nature.
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Figure 29: Identification of the new role of TFP on inhibition of cancer cell invasion. A)
Classification of the compound library according to invasive ability. Of the 1974 compounds assessed,
63 of compounds were found to inhibit cancer cell invasion at 10 pM concentration, while inhibition of
cancer cell invasion by another 21 compounds was due to cytotoxicity of the compounds. B)
Representative bright field images of HT1080 cells in a 3-D invasion assay demonstrates TFP reduces
cell invasion at 2.5 uM concentration as compared to vehicle control. Cells in the invasion zone were
compared. C) Dose dependent inhibition of HT1080 cell invasion examined by the 3-D invasion assay in
the presence of different doses of TFP for 18 hours.

To ensure that the inhibition of invasive behavior was not due to toxicity from TFP
exposure, both normal fibroblasts (murine NIH/3T3) and HT1080 cells were analyzed for
chronic (repeated exposures for 3 days) toxicity in the presence of increasing doses of TFP using
an MTT viability analysis. The chronic cytotoxicity assay did not show any significant cell
death (Figure 30A). Given the consideration that cells behave differently in two-dimensional (2-
D) culture as opposed to 3-D culture in response to cytotoxic agents [256], cytotoxicity of TFP
was also determined in the 3-D culture system in the presence or absence of TFP for 24 hours,
followed by imaging-based determination of cytotoxicity using propidium iodide (PI). As
negative and positive controls for cell death, cells embedded in collagen were also treated with
DMSO alone or 1 uM staurosporine (STS), an apoptosis inducer, respectively. Induction of cell
death by STS resulted in PI positive staining. Consistent with the 2-D MTT cytotoxicity assays,
TFP did not cause cell death in the 3-D milieu (Figure 30B). Collectively these data indicate that
the reduction in invasive capacity of cancer cells observed is not a result of cell death, but rather
inhibition of the drivers of invasion.

62



p -]

— ® 0 ul — e 0 M
123""3-63“"‘“ :HE 341 & 0863 uM
Ec v 1.25 uM = = ¥ 1.25 uM
§§2_+2.5pm Ezz +25uM
a ; [ak] ; ]
= @ =2
= = = om
@ S 1 o £ 11
E 5 x s

= =

|_!T-|.|jg.|'_‘| MIH/ATS
24 48 [ 24 43 72
Time {Hours) Time (Hours)

1 puM 5TS

Figure 30: TFP does not induce significant cell death in either a 2-D or 3-D culture milieu. A) No
significant effect by TFP on HT1080 (left panel) and NIH/3T3 (right panel) cell growth examined in a 2-
D platform by MTT assay in the presence of different concentrations of TFP up to 72 hours B) TFP at 2.5
UM concentration does not cause HT1080 cell death as examined by propidium iodide staining in the 3-D
invasion assay. Staurosporine (STS) serves as a positive control for cell death.

Inhibition of cancer cell migration by TFP without affecting global protease activity

Cancer cell migratory ability and proteolytic activity are two critical determinants of
cancer cell invasion [257]. To determine which pathological process of cell invasion is
interfered with by TFP, both cell migratory ability examined by transwell migration assays,
scratch wound assays, and proteolytic activity examined by substrate degradation assays were
assessed. PC3 cells and C4-2b cells are inhibited from migrating by TFP treatment based on
transwell migration assay analyses (Figure 31A). HT1080 cells treated with TFP had
significantly reduced migratory ability as compared to vehicle control (Figure 31B and 31C).
Importantly, TFP had no effect on the migratory ability of the immortalized fibroblastic cell line
NIH/3T3 (Figure 31B and 31C).
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Figure 31: TFP inhibits cell migration amongst several cell lines. A) Transwell migration assays
reveal inhibition of cancer cell migration among PC3 cells and C4-2b by TFP at 10 uM concentration. B
and C) Treatment of HT1080 cells with TFP results in a significant decrease in cell migration based on
wound healing analysis, while exhibiting no effect by TFP on NIH/3T3 wound closure. NIS-Elements
imaging software was used for wound closure analysis. Representative images are shown.

In order to rule out the possibility that TFP interferes with the global proteolytic activity
of the cells, a protease assay was employed to monitor enzymatic activity using a fluorescently-
labeled general protease substrate. The cell lysate from HT1080 cells treated with increasing
doses of TFP were incubated with fluorescently-labeled general protease substrate followed by
analyzing substrate cleavage on a fluorescence spectrophotometer. Treatment of HT1080 cells
with TFP had no significant effects on global protease activity at any dose as compared to
DMSO control (Figure 32A). It has been demonstrated that HT1080 cells express a variety of
matrix metalloproteinases, specifically MMP-2, -9, and -14, which have been correlated with
migratory behavior [9, 123]. Gelatin zymography of conditioned media from HT1080 cells
treated with TFP in increasing doses show no changes in MMP-2 or MMP-9 gelatinolytic
activity from any group (Figure 32B). Since MMP-14 is a physiological activator of proMMP-2,
our results suggest the possibility that TFP does not affect MMP-14 activity. Taken together,
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these data suggest that reduction of cancer cell invasion by TFP is via inhibition of cell migratory
ability, rather than protease activity.
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Figure 32: TFP does not cause alteration of proteolytic activity in treated HT1080 cells. A) TFP has
no effect on HT1080 cell proteolytic activities as examined by a fluorescent substrate degradation assay.
B) TFP treatment of HT1080 cells does not influence the expression of MMP-2 and MMP-9 and does not
influence the activation of either of the gelatinases as observed in gelatin zymography.

Effects on angiogenesis and basement membrane invasion by TFP in vivo

Cell migration is essential to angiogenesis and invasion [258]. We next sought to
determine if exposure to TFP of invasive cancer cells results in reduced angiogenesis and
invasion through underlying basement membrane in vivo, by using the chicken chorioallantoic
membrane (CAM) assay. HT1080 cells pre-treated with TFP were adsorbed to an inert sponge
and implanted on the surface of CAM of chicken embryos. After a four day incubation,
neovascularization induced by HT1080 cells significantly decreased in the presence of TFP as
compared to DMSO controls (Figure 33A and 33B). This result is not due to TFP inhibiting
endothelial cell migration, as human umbilical vein endothelial cells (HUVEC) treated with TFP
had no change in network formation capacity (data not shown).
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Figure 33: TFP reduces angiogenesis as examined by a chicken chorioallantoic membrane (CAM)
assay. A) Representative image of a CAM assay demonstrates that treatment of HT1080 cells with TFP

reduces the ability of those cells to induce angiogenesis. B) Quantification of neovasculature induced by
HT1080 cells in the CAM assay. 2.5 uM treatment results in a significant decrease in angiogenesis.
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In an effort to determine the mechanism of the TFP mediated reduction in angiogenesis,
the effect of TFP on secretion of vascular endothelial growth factor (VEGF), a major soluble
protein involved in vascular dynamics [259], was examined. Conditioned media from HT1080
cells treated with or without TFP was evaluated by enzyme-linked immunosorbent assay
(ELISA) to quantify secretion of VEGF. The conditioned media collected from HT1080 cells
treated with TFP demonstrated a decreased amount of soluble VEGF in a dose responsive
fashion (Figure 34A). This data suggests that TFP is able to inhibit the production of VEGF,
leading to a decrease in angiogenesis in vivo.

To directly examine if TFP is capable of inhibition of cancer cell invasion through
basement membrane in vivo, the CAM invasion assay was employed. The CAM consists of the
chorionic epithelium and underlying allantoic membrane that is primarily made of type IV
collagen [260], which simulates the basement membrane of human epithelium [261]. Invasion
of cancer cells through the epithelium and basement membrane of the upper CAM into
connective tissue was examined by hematoxylin and eosin (H&E) staining. DMSO-treated
HT1080 cells that were loaded into 2 mm diameter plastic rings over the CAM invaded into the
connective tissues through the breached basement membrane. In contrast, TFP-treated HT1080
cells failed to cross through the basement membrane. Instead, the TFP-treated cells only grew on
the top of the CAM (Figure 34B). This reduction in invasion, along with the decrease in
angiogenesis, suggests that TFP is effective at inhibiting invasion in vivo.
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Figure 34: TFP treatment of HT1080 cells reduces VEGF secretion and invasion through basement
membrane in the CAM assay. A) TFP treatment reduces soluble VEGF. HT1080 cells treated with
various doses of TFP demonstrate a reduction in VEGF expression as determined by VEGF ELISA. B)
H&E staining of a tissue section collected from the CAM assay shows that HT1080 cells implanted on the
CAM surface can invade through the underlying membrane whereas TFP treatment reduces the ability of
these cells to invade, but continue to grow.
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Dissection of the mechanism of TFP-inhibited cell migration via a cascade of DRD2, Akt
and p-catenin

To aid in determining the molecular mechanism by which TFP reduces cancer cell
invasive ability, antibody microarrays (Kinexus) were employed using HT1080 cells treated with
or without TFP. These arrays simultaneously detected the presence and relative quantities of
over 500 pan-specific and over 300 phospho-site specific antibodies by comparing the relative
signal from lysates derived from treated and untreated cells (Table 2).

Target Protein Name Phospho Site | Z-ratio
(Human) (HT1080TF,
HT1080D)

Erkl (MAPK3)+ Erk2 (MAPK1) Pan-specific 2.36
NFkappaB p65 S536 1.94
Trail Pan-specific 1.55
PKCg T655 1.53
elFAE Pan-specific 1.50
STAT?2 Pan-specific 1.45
Smad2 S467 1.43
Paxillin 1 Y118 1.38
PKCg T514 1.37
Src Pan-specific 1.36
PKCI/i T564 1.33
Jun Pan-specific 1.28
SOCS2 Pan-specific 121
S6Kb1 Pan-specific 1.17
LAR Pan-specific 1.17
STAT3 Pan-specific 1.16
Hsp27 S82 1.08
RSK1/2 S380/S386 1.04
NBS1 S343 -1.00
MEK1/2 (MAP2K1/2) Pan-specific -1.01
CDK1 (CDC2) Pan-specific -1.01
ACK1 Pan-specific -1.01
c-1AP1 Pan-specific -1.02
JAK?2 Pan-specific -1.04
Erkl (MAPK3)+ Erk2 (MAPK1) Y204 -1.07
IkBb Pan-specific -1.08
Jun S73 -1.09
IRS1 Y1179 -1.14
Cdc25C Pan-specific -1.14
AIF Pan-specific -1.17
Cofilin 2 S3 -1.23
CDK2 Pan-specific -1.24
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Catenin bl Pan-specific -1.25
CDK®6 Pan-specific -1.32
CDK1 (CDC2) Pan-specific -1.33
MEK2 (MAP2K?2) T394 -1.45
PTEN $380+T382+S3 | -1.50
DDIT3(CHOP) gin-specific -1.88
Dabl Y198 -1.93
PTP1D Pan-specific -2.82

Table 2: Short-list of top hits from the Kinexus Antibody Microarray comparing vehicle-
treated control cells to trifluoperazine treated cells. Those proteins whose microarray intensity
increased compared to control under trifluoperazine treatment are listed in pink. Those whose intensity
decreased after treatment are listed in blue.

The data from the antibody array was analyzed using the DAVID bioinformatics program
[262, 263]. Input of the top hits from the antibody array into the DAVID program identified
potential pathways involved, including the focal adhesion kinase pathway and the B-catenin
pathway. Given the ability of each of these pathways to influence cell migration, we attempted
to validate each pathway to determine the mechanism of action of TFP in inhibition of cancer
cell migration. Considering that glycogen synthase kinase-3 (GSK-3) plays a role in the
turnover of B-Catenin as part of the destruction complex for B-catenin, the phosphorylation state
of GSK3-B and phosphatase and tensin homolog (PTEN) were assessed. PTEN can negatively
regulate protein kinase B (Akt), which can exert effects upon GSK3- [264]. Based on western
blotting, GSK3-B undergoes no increase in phosphorylation at Ser9 (Figure 35), which is usually
indicative of inactivation [264]. There is no significant changes in phosphorylation state of
PTEN (Ser380) (Figure 35), which suggests that there is likely no change in PTEN stability,
discounting this molecule as a key player in the changes observed upon TFP treatment.

Upon further analysis, we found that treatment with TFP reduces the phosphorylation of
B-catenin at Ser®®?in HT1080 cells, while NIH/3T3 cells, which do not respond to TFP treatment
in terms of cell migratory ability, exhibit no change in p-B-catenin*? (Figure 36A). This
particular phospho-site has not been documented to be acted upon by GSK3-B. Ser®?
phosphorylation of pB-catenin is associated with [-catenin stabilization and subsequent
translocation to the nucleus for transcription of downstream targets, some of which are
associated with invasive behavior and angiogenesis [265, 266]. Accordingly,
immunofluorescent staining of HT1080 cells with anti-p-Ser®®2-B-catenin antibody resulted in
significant nuclear staining of p-B-catenin in HT1080 cells treated with DMSO control. In
contrast, HT1080 cells treated with TFP displayed decreased p-Ser®®2-B-catenin in the cytoplasm
and nucleus (Figure 36D). This decreased phosphorylated B-catenin was accompanied by
reduced B-catenin activity examined by a TOPflash reporter luciferase assay (Figure 36B).

Since active Akt has been reported to phosphorylate B-catenin at Ser®® for nuclear
translocation and subsequent interaction with the T-cell factor and lymphocyte enhancer factor
(TCF/LEF) transcription factors [265], Akt phosphorylation at Ser”® and Thr3® was examined
by Western blotting using anti-p-Akt>¢™” and anti-p-Akt™3%® antibodies, respectively. When
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HT1080 cells were treated with TFP for 24 hours, Akt phosphorylation at both phospho- sites
was decreased, suggesting that TFP suppresses activity of Akt and therefore was unable to
activate B-catenin through its kinase activity (Figure 36C).
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Figure 35: TFP does not modulate the phosphorylation of Erk1/2, GSK3-B, and PTEN. HT1080
lysates exposed to various doses of TFP overnight do not demonstrate any significant changes in
phosphorylation of either Erk1/2, GSK3p, and PTEN.
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Figure 36: TFP treatment of HT1080 cells results in a decrease in phosphorylated B-catenin®?,
AKTS78 and AKTTh08 - A) Western blot analysis of HT1080 lysates show that TFP treatment results
in a decrease in p-B-catenin®®2 while there are no changes in TFP-treated NIH/3T3 cells. Total B-
catenin and o/f tubulin were used as controls. B) TFP treatment of HT1080 cells reduces the
transcriptional activity of B-catenin as assessed by TOPflash/FOPflash luciferase activity, expressed in
relative luciferase units (RLUs). C) Decreases of phosphorylated AKT in HT1080 cells treated with TFP
(2.5 uM) for 18 hours examined by Western blot using anti-phospho-AKTSe%73 and AKT 3% antibodies,
respectively. Total AKT and o/f-tubulin were used as controls. D) Immunofluorescent staining of
HT1080 cells treated with TFP shows decreased nuclear p-p-catenins®°2 staining as compared to vehicle
control using anti-phospho-B-catenin antibody. Nuclei were stained by Hoechst. [B-catenin staining and
nuclear staining were superimposed (Overlay) Bar = 50 um.  Enlarged representative images are shown
in the inserts. Bar = 20 pym

p-p-catenin® %2
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TFP effectiveness as an antipsychotic derives from its ability to abrogate dopamine
receptor D2 (DRD2) activity [255]. To determine if TFP-reduced cell migration is working
through DRD2, we first surveyed DRD2 expression in cell lines that differentially respond to
TFP treatment. Employing a real-time PCR approach, we observed that HT1080 cells
demonstrate higher expression of DRD2 as compared to NIH/3T3 cells (Figure 37A).
Interestingly, NIH3T3 cells do not respond to TFP treatment in terms of inhibition of cell
migration (Figure 31C). To further extend and determine whether inhibition of cell migration by
TFP is through antagonistic effects on DRD2, we used an aiRNA interference approach to
downregulate DRD2 expression in HT1080 cells. Effective downregulation of DRD2 was
achieved using DRD2 aiRNA in HT1080 cells demonstrated both at the mRNA and protein
levels (Figure 37B and 37C). By the functional study in terms of cell migration, silencing DRD2
in HT1080 cells results in a decrease in cell migration as compared to controls (Figure 38A).
Since TFP affects protein phosphorylation status of p-catenin®®%? and Akt™% (Figure 36A and
36C), we additionally measured these protein phosphorylation status in DRD2-silenced cells. By
Western blotting using corresponding antibodies, those HT1080 cells with knockdown of DRD2
demonstrate a reduced level of p-B-catenin®®%2 and p-Akt™<2% (Figure 37D and 37E), further
confirming that TFP-reduced cell migration is through antagonistic effects on DRD2.
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Figure 37: Knockdown of DRD2 results in decreased phosphorylated B-catenin®5? and AKT=e"
A) Real-time RT-PCR analysis of NIH/3T3 and HT1080 cells reveals that HT1080 cells express a
relatively high level of DRD2 mRNA as compared to NIH/3T3. The HPRT housekeeping gene was used
as a normalization control. The experiment was repeated three times. B) Silencing of DRD2 by validated
aiRNAs in HT1080 cells examined by real-time RT-PCR. The HPRT housekeeping gene was used as a
normalization control. The experiment was repeated three times. C) aiRNA knockdown of DRD?2 results
in less DRD2 expression examined by western blot using an anti-DRD2 antibody. Mouse brain lysate
was used as a positive control and non specific bands were used as loading control. D) Knockdown of
DRD?2 results in decreased p-B-catenins®%? as demonstrated by western blot analysis using an anti-p-p-
catenin®™%2 antibody. Total B-catenin and B-actin were used as controls. E) p-AKT ™% js reduced when
DRD?2 is knocked down in HT1080 cells examined by western blotting using anti-p-AKT ™% antibodly.
Total AKT and actin were used as controls.

To further support the idea that DRD2 antagonism is the cause of these molecular
changes, we treated HT1080 cells with haloperidol, another FDA approved antipsychotic known
to inhibit DRD2 followed by Western blotting analysis. Consistent with TFP treatment, cells
treated with haloperidol display reduced p-p-catenin®®2 (Figure 38B). In addition, HT1080
cells treated with haloperidol demonstrated reduced migration when assessed via scratch wound,
similar to those treated with TFP (Figure 38C and 38D). These data reinforce our conclusion
that TFP-reduced cell migration is primarily through antagonistic effects on DRD2, while
inhibition of alternate targets of TFP, such as calmodulin or multi-drug resistance [MDR] gene
products, may not be the primary cause of a reduction in p-p-catenin®®®%2 p-AKT™3% and p-
AKTS73  Collectively, our data shows that DRD2 is likely the direct target of TFP and
inhibition of cell migration by TFP is via a DRD2-AKT-B-catenin network that ultimately
modifies migratory behavior.
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Figure 38: Knockdown of DRD2 results in decreased cancer cell migration and inhibition of DRD2
with an alternative antagonist results in decreased migration A) Knockdown of DRD2 results in
reduced cancer cell migration in HT1080 cells examined by a 2-D dot cell migration assay. B)
Haloperidol, as well as TFP reduced p-B-catenins¢5?, examined by western blotting analysis using an
anti- p-B-catenin®*? antibody. Total B-catenin and B-actin were used as controls. C) TFP and
haloperidol decrease HT1080 cell migration as demonstrated by a wound healing migration assay. There
are no effects on NIH/3T3 cells. The experiment was repeated three times. D) Representative images of
wound healing in HT1080 and NIH/3T3 untreated, TFP-treated, and haloperidol-treated cells.
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2.3 DISCUSSION

Unlike other conventional high throughput screening assays for anti-cancer invasion drug
discovery that used biochemical assays for targeting proteolytic activity or various 2-D migration
assays for targeting cancer cell migratory machinery, our unbiased 3-D screening platform has
the capacity to mimic in vivo conditions of cancer invasion for identification of compounds that
efficiently inhibit cancer cell invasion. Utilizing this novel 3-D high throughput invasion assay,
we identified TFP, an FDA approved antipsychotic drug, which was efficient at attenuating
cancer cell invasion through a DRD2-AKT-B-catenin network without causing significant cell
death, as a drug for preventing cancer metastasis. Our data highlight a new potential treatment
strategy by use of an old drug against cancer progression.

The cancer drug discovery process has traditionally focused on identifying cytotoxic
agents in lieu of compounds that reduce the mobile phenotype of invasive cancer cells. While
highly effective in some hematologic malignancies, the tumor-shrinkage paradigm is not curative
for most advanced solid cancers. This important point indicates that a phenotype based screening
program targeting cancer invasion has the potential to yield effective, less-toxic drugs. Utilizing
the high-throughput 3-D invasion assay developed in our laboratory [8], Diversity Set 1l from the
NCI collection was screened for compounds that target cancer cell invasion, a critical
determinant of cancer metastasis. Based on our initial screening, TFP is found to be effective at
reducing invasion without notable cytotoxicity, as evidenced not only by the in vitro data
presented here, but also by its wide clinical use and tolerable side effects.

Our findings may have implications for a novel treatment strategy in patients with cancer.
Not only is TFP safe when administered alone to patients, but it has been shown to be safe in
combination with some traditional chemotherapies [267, 268]. Evidence exists that TFP is a
potent calmodulin inhibitor and can contribute to potentiation of cytotoxic actions of traditional
chemotherapeutics in vitro and in vivo [269, 270]. We currently propose that TFP is a valuable
tool specifically for prevention of metastases. In support of this idea, a retrospective study
indicates that cancer patients that were incidentally taking calcium channel antagonists, including
TFP, for several months during their treatments had delayed disease progression and increased
survival rates [271]. The work presented here suggests that TFP has great potential because of
its ability to reduce cancer cell invasion and tumor angiogenesis as a single agent in some cases,
not necessarily related to potentiating chemotherapeutic effects or reversal of multidrug
resistance or calmodulin inhibition.

The angiogenesis data presented here demonstrate that TFP can have far-reaching effects,
even in an in vivo context. Our use of 25 pM concentration of TFP in vivo is justified in that the
volume that contained TFP and tumor cells was small compared to the volume of the entire
chicken embryo and there is an assumption that diffusion through the fluids in the chicken
embryo reduces local concentrations of TFP during a four day incubation period. Furthermore,
the TFP concentration in the CAM assay shows no sign of cytotoxicity, as there is a mass of cells
that grow atop the basement membrane during the length of the experiment even with higher
concentration TFP exposure. Finally, there are reports that identify patient plasma levels of TFP
in the range of 2-36 uM [268], placing our chosen higher concentration within a clinically
relevant range.
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Previous studies have demonstrated that the effect of TFP on neurological diseases is via
antagonism of DRD2 [255]. We postulate based on the data herein that the reduction in
phosphorylated p-catenin and Akt is a result of inhibition of DRD2. DRD2 is a seven
transmembrane domain, G-protein coupled receptor that is highly expressed in certain parts of
the central nervous system, particularly the striatum, and in vasculature and the retina, amongst
other organs [272]. Over several years, evidence that dopamine receptors are expressed in
cancerous cells outside the nervous system has been increasing. DRD2 receptor expression has
been found in abnormally proliferating Jurkat cells, prostate cancer lines (LnCAP), and lung
cancer stem cells [273-275].

Our data specifically indicates that TFP treatment of HT1080 cells leads to a decrease in
phosphorylated B-catenin. Not only does inhibition of DRD2 results in this decrease, but
knockdown of DRD2 in DRD2 expressing HT1080 cells recapitulates the molecular phenotype
of TFP treatment. Further, we have demonstrated that f-catenin inhibition by TFP, potentially
via inhibition of Akt, results in a decrease in f-catenin transcriptional activity and therefore a
downregulation of downstream targets, specifically VEGF. The antibody array indicated that
proteins such as cyclin D1, c-met, c-MYC, and connexin were downregulated, which is relevant,
considering these molecules have been tied to B-catenin activity [276-279]. B-catenin is the
central effector of Wnt signaling and has been associated with neoplastic progression and the
genesis of cancer stem-like cells, which are notoriously resistant to treatment and contribute to
disease progression [280]. While B-catenin is a crucial molecule to cancer, this protein has
traditionally been considered difficult to specifically target because of the nature of its
interacting site participating in several different interactions [281]. A number of recent reports
have focused on identifying specific B-catenin inhibitors, with various strategies being taken to
effectively and specifically disrupt 3-catenin signaling.

Interfering with B-catenin activity can reduce products such as IL-10 that influence the
ability of cancer cells to act in an immunosuppressive fashion [282]. Additionally, it has been
reported that cancer stem-like cells (CSCs) rely on the -catenin pathway for self-renewal [283];
since this particular cell type found in the heterogeneous milieu of tumors are thought to be
responsible for cancer metastasis and relapse it would be beneficial to target the pathways on
which they are reliant. A recent publication that focused on lung CSCs found that TFP treatment
results in a decrease in the (-catenin pathway and loss of some stem-like phenotypes [275]. In
additional support of our findings here, a screening of compounds by Sachlos et al. to identify
anti-CSC therapies revealed that dopamine receptors are found on CSC surfaces as well as
patient breast cancer cells and antipsychotic drugs may be promising avenues of treatment [284].
Therefore, there exists potential for agents such as TFP that reduce B-catenin target gene
products to influence multiple aspects of cancer cell biology that contribute to disease
progression, such as migration and invasion, angiogenesis, local immunosuppression, and
reduction in the clonogenic CSCs that have been widely reported amongst various cancer types
that perpetuate the disease. Since the Wnt/B-catenin pathway is frequently dysregulated in cancer
and mediates some of the cancer stem-like properties of a subpopulation of involved cancer cells,
it is desirable to inhibit this pathway [285, 286]. TFP’s ability to inhibit 3-catenin signaling is
valuable for a broad spectrum of cancers. We have shown that cancer cell lines of various
lineages have functional responses to TFP, specifically those of fibrosarcoma and prostate origin.
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Our observation of this old drug as an anti-invasive agent opens up the possibility of
using an FDA-approved, clinically-used drug “off-label” for patients with cancer. Since TFP is
an approved drug, its pharmacological properties are well known. The FDA approval associated
with TFP implies that it is a safe drug to use in large populations and has tolerable or manageable
side-effects. It has been reported that only 5% of oncology drugs that reach clinical trials will
succeed to approval, but there exists hope in improving these statistics by re-examining known
drugs that might have secondary applications [for review, see [249]]. Repurposing known small
molecules is a strategy to combat the decline in introduction of new molecular entities to the
market [287]. Our work clearly identifies a relatively safe, known drug (TFP) as a potential anti-
invasion cancer drug in addition to its role as an anti-psychotic. The pharmaceutical industry has
been facing a decline in research and development productivity for some time and repurposing
known small molecules is a strategy to combat the decline in introduction of new molecular
entities to the market [287]. As mentioned, this approach has already been embraced by the
National Institutes of Health (NIH), demonstrated by the launch of the program ‘Discovering
New Therapeutic Uses for Existing Molecules’ (New Therapeutic Uses) by NCATS in 2012.
The benefit to this lies in the ability to hasten development of new treatments for difficult
diseases, as these molecular entities have already gone through extensive testing, up to and
including human safety trials in some cases. Toxicities associated with drug treatments are the
most common reason for discontinuation of drug development [288]. Using known molecules
decreases the likelihood of identifying toxic agents and/or being able to circumvent toxicities by
having knowledge on how to employ countermeasures against them [288]. In line with the goals
of the NCATS program, our work clearly identifies a relatively safe, known drug (TFP) as a
potential anti-invasion cancer drug in addition to its traditional role as an anti-psychotic.

In conclusion, we have identified TFP as a potential novel therapeutic agent for invasion
and metastasis via a reduction in phosphorylation of AKT and B-catenin, reducing target gene
expression and invasive behavior. This drug has potential immediate translational value, as this
compound has a relatively low cost and has been used extensively in other clinical situations.
We have identified the potential molecular basis for the anti-invasive activity of TFP, but based
on effects on other properties of cancer cells (e.g. CSC, calcium channels), the clinical
effectiveness of this type of drug use in cancer, remains to be determined. Future studies are
needed to determine whether the cellular and molecular changes that we demonstrated in prostate
cancer and fibrosarcoma cells are recapitulated in a variety of cancer cell types.
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2.4 MATERIALS AND METHODS
Materials

Collagen Type | (acetic acid-extracted native type | collagen from rat tail tendon) and
propidium iodide (PI) were obtained from BD Bioscience Discovery Labware. Diversity Set Il
compound library was obtained from the Developmental Therapeutics Program in the NCI/NIH.
Hoechst nuclear stain was purchased from Invitrogen. Trifluoperazine hydrochloride and
haloperidol were acquired from Sigma-Aldrich. Rabbit anti-p-PTEN, anti-PTEN (total), anti-p-
Erk1/2, anti-Erk1/2 (total), anti-p-GSK3B, anti-GSK3B (total), anti-p-B-catenin®®?, anti-B-
catenin (total), anti-p-AKTSe73 anti-p-AKT™3% and anti-AKT (total) were all purchased from
Cell Signaling Technology (Davers, MA). Anti-DRD2 antibody was purchased from EMD
Biosciences (Billerica, MA). Mouse anti-actin and anti-a/p-tubulin antibodies were purchased
from Cell Signaling Technology (Davers MA). Horseradish peroxidase [HRP] conjugated anti-
rabbit and anti-mouse antibodies were obtained from Rockland Immunochemicals (Gilbertsville,
PA). Alexa Fluor 568 anti-rabbit antibodies were purchased from Molecular Probes, Life
Technologies (Grand Island, NY).

Cell Lines and Treatment of Cells

Cell lines were obtained from the ATCC (Manassas, VA). Cell lines utilized include
human prostate cancer PC3 and human metastatic prostate cancer C4-2b, both of which were
maintained in RPMI 1640 medium (Corning, Mediatech). Human fibrosarcoma HT1080 and
murine fibroblasts NIH/3T3 were maintained in DMEM-high glucose medium (Corning,
Mediatech); all media were supplemented with 10% FBS and 1% penicillin/streptomycin. Cells
were maintained in a humidified environment at 37°C and 5% CO: for all experiments.

3-D High-Throughput Invasion Assay

The 3-D high-throughput invasion assay was performed as previously described [8] .
Briefly, cells were mixed with 3mg/mL neutralized type | collagen. The mixture was dotted into
each well of a 96-well plate and allowed to solidify at 37°C. The cell-matrix dot was then
covered with a layer of 1.5 mg/mL neutralized type | collagen. After solidification of cover
collagen at 37°C, compounds from the NCI library were added at 10 pM and DMSO was used as
a control in complete medium. Incubation was carried out overnight at 37°C and cells were
stained with Pl and Hoechst.

Cell Viability Assay

HT1080 and NIH/3T3 cells were cultured in complete media with or without TFP.
Media and drugs were changed daily and cell viability was monitored by MTT assay [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Promega). Each day, cells were
exposed to MTT and incubated at 37°C for four hours. The reaction was stopped and formazan
crystals were solubilized; the resultant solution was subject to colorimetric spectrophotometry
and read at a wavelength of 570 nm.

Protease Assay

Total proteolytic activity was detected by employing the Fluorescent Detection Kit
(Sigma). Cell lysates were incubated overnight at 37°C with a fluorescein isothiocyanate
(FITC)-labeled casein substrate and subsequently precipitated with trichloroacetic acid (TCA).
The supernatant was assessed for fluorescence intensity after dilution in assay buffer.
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Fluorescence was measured using excitation and emission wavelengths of 485 nm and 535 nm,
respectively, on a SpectraMax Gemini EM (Molecular Devices) fluorescent plate reader.

Chorioallantoic Membrane (CAM) Angiogenesis and Invasion Assay

The CAM assay was performed as previously described [289]. Fertilized white chicken
eggs (SPF Premium, Charles River Laboratory) were incubated at 37°C in 70% humidity for
three days. The embryos were then incubated ex ovo in a sterile Petri dish for seven days.
Gelatin sponges adsorbed with HT1080 cells treated with or without TFP were implanted on the
CAM surface [290] and neovasculature was counted on day four post-implantation. For
histochemical analysis of the chorioallantoic membrane, embryos were treated as for the
angiogenesis assay, except at day 10 the embryos were inoculated with pretreated HT1080 cells
in a sterile 2mm ring. After a four day incubation, CAM segments containing the ring were
formalin fixed and sectioned by microtome into 5 pum sections after paraffin embedding.
Sections were then stained with hematoxylin and counterstained with eosin.

Enzyme-linked immunosorbent assay (ELISA) for vascular endothelial growth factor
(VEGF)

Secreted VEGF was assayed using the R&D Systems Human VEGF DuoSet ELISA kit
(R&D Systems,). Briefly, HT1080 cells were incubated overnight in the presence or absence of
TFP in complete media and the media was then incubated in a 96-well plate that had previously
been coated in the VEGF capture antibody and blocked with filtered 1% BSA and washed in
phosphate buffered saline-Tween (PBS-T [0.05% Tween]). Subsequently, the samples were
removed and the plate incubated with the VEGF detection antibody and streptavidin-HRP at the
concentrations suggested by the manufacturer, with PBS-T washes between each buffer change.
3, 3°,5,5’-tetramethylbenzidine (TMB) was utilized to develop the ELISA and the optical density
was read at 450 nm with a correction wavelength of 540 nm. Concentrations were calculated
based on a standard VEGF curve,

Kinex Antibody Array

Cell lysates from HT1080 cells treated with TFP or with a DMSO control were obtained
according to the protocol suggested by the Kinexus Bioinformatics Corporation (KBC), which
manufactures the Kinex antibody microarray. This assay contains over 700 antibodies against
both phospho- and pan-specific antibodies. The detailed protocols can be found at the KBC
website (www.kinexus.ca). The short list of proteins generated by Kinexus as having the most
fold change (positively or negatively) under trifluoperazine treatment (Table 2) were analyzed
using the DAVID bioinformatics program [262, 263].

Dual Luciferase Assay

To study B-catenin promoter activity, HT1080 cells were transiently transfected with
either TOPflash or FOPflash promoter constructs (Upstate Biotechnology) along with the Renilla
luciferase reporter gene using polyethylenimine (PEI, MW: 250kD, Polysciences) after a 30
minute incubation of DNA and PEI at room temperature. Media was changed 18 hours after
transfection.  Forty-eight hours after transfection and following drug treatment, luciferase
activity of both firefly and Renilla luciferase were measured using the Promega Dual-Glo
Lucifease System with the SpectraMaxL (Molecular Devices).
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Transwell Migration

Transwell migration assays were performed as described previously [123], except nuclei
were stained in Hoechst/PBS (1:2000) for 20 minutes and imaged using a Nikon Eclipse
TE2000-S equipped with a Sutter Instruments SmartShutter System and a QiClick QImaging
camera. Migrated cells were counted with the assistance of the Nikon Elements Basic Research
Software analysis tools.

Scratch Wound Migration Assay

Cells were grown to confluence in a 12-well dish and serum starved with or without TFP
overnight under standard tissue culture conditions. A scratch wound was made in each well the
following morning and cells were washed twice with 1X PBS and supplemented with complete
media containing drugs or vehicle. Cells were allowed to migrate over eight hours, with bright
field images being taken at time O and time 8 hours. Area for time 0 and time 8 hour were
calculated using the Nikon Elements Basic Research Software analysis tools and percent change
was calculated.

2-D dot migration assay

A collagen-cell mixture was dotted in a 96-well dish in a similar fashion to the 3-D
invasion assay. Following collagen solidification, cell-matrix dots were overlaid with complete
media. Cells were allowed to migrate up to 8 hours. Cells were then stained in Hoechst/PBS
(1:2000) and images were captured using the previously described microscope and camera
system. Migration was then quantified by counting nuclei using the Nikon Elements Basic
Research Software analysis tools.

Gelatin zymography

Gelatin zymography was performed as described [239]. After electrophoresis, the gels
were incubated in Triton X-100 to replace SDS followed by incubation in a Tris-based buffer
overnight at 37°C. Staining was accomplished using Coomassie Brilliant Blue and cleared areas
were indicative of gelatinolytic activity.

Immunoblotting and Immunofluorescent staining

Immunoblotting was done according to previously published methods and developed on a
BioRad ChemiDoc [72]. Immunofluorescent staining began by fixing treated cells in 4%
paraformaldehyde in PBS at 4°C, followed by permeabilization in 0.2% Triton X-100 at room
temperature for 10 minutes. Blocking solution was composed of 3% bovine serum albumin/5%
normal goat serum in PBS. After one hour blocking at room temperature, cells were exposed to
anti-p-p-catenin®°2 antibody (Cell Signaling Technology), visualized using the complimentary
secondary fluorescent antibody (anti-rabbit Alexa Fluor 568), counterstained with Hoechst, and
imaged on the Nikon microscope previously described.

Knockdown of DRD2

HT1080 cells were transiently transfected with aiRNA directed against DRD2 (Boston
Biomedical, Inc.). Briefly, aiRNA and RNAiMax (Life Technologies) were incubated together
at room temperature in serum free DMEM. Transfection mixture was added to HT1080 cells and
incubated overnight under standard tissue culture conditions. Four separate aiRNA were tested
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and the most efficient aiRNAs were identified by real-time PCR and chosen to complete
downstream experiments.

Real-Time PCR

Cellular RNA was isolated from the target cells with the Qiagen RNeasy kit. cDNA was
generated using random hexamers and the iScript reverse transcriptase (BioRad). The resultant
cDNA was used for real-time PCR to detect DRD2 transcript levels. cDNA was subject to real-
time PCR using primers generated specifically identifying DRD2 (F: 5°-
CGGACAGACCCCACTACAA -3’, R: 5°- CCTGCTGAATTTCCACTCACC -3°) using the
BioRad MyiQ single-color real-time PCR thermocycler. Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as a normalization control. Results were analyzed
using the BioRad software, MyiQ 2.0.

Statistical Analysis

Data is expressed as the standard error of the mean, as each experiment was repeated
three times. Student’s T-test was used to determine significant differences; any P<0.05 was
considered significant.
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