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ABSTRACT
Relaxin (RLNZ2) promotes cell migration/invasion, cell growth, and neoangiogenesis through

binding to the relaxin receptor RXFP1 in many types of cancers. However, there have been no
studies to determine the role of this system in brain tumors, especially in Glioblastoma Multiforme
(GB), the most lethal primary brain tumor in adults. GB is a systemic brain disease and aggressively
invades brain tissue. In this study, we have identified RXFP1 receptor, but not RLN2, in GB cell
lines and primary GB cells from patients. RLN2 treatment resulted in a significant increase in
migration of GB cell line and primary GB cells. To determine molecular mechanisms that facilitate
RXFP1-mediated migration in GB cells, we employed a pseudopodia assay and 2D LC-MS/MS to
investigate the protein composition at cell protrusions (pseudopodia) during GB cell migration. We
also observed the expression of known mediators promoting tissue invasion upon RLN2 treatment.
We identified PGRMC1, a candidate protein from 2D LC-MS/MS as a novel relaxin target protein in
RXFP1-expressing brain tumor cells. RLN2 treatment also caused an increase in cathepsin (cath)-B
and -L and enhanced production of as the small Rho-GTPases Racl and Cdc42 in GB cells.
Collectively, these findings indicate that RXFP1-induced cell migration is mediated by the
upregulation and intracellular actions of Racl, Cdc42 and by cath-B and cath—L who serve as matrix
modulating factors to facilitate brain tumor cells migration. PGRMC1 also contributes to RXFP1-
mediated cell migration through an as yet unknown mechanism. RLN2 is not present in the brain.
We determined the role of a peptide ligand of RXFP1, the newly discovered C1g/TNF related
peptide (CTRP)8-derived P74 peptide, in promoting migration in GB cells. Similar to relaxin, P74
was found to have pro-migratory effects on GB cells. The biological activity of this peptide was also
similar to relaxin and caused the upregulation of cath-B, cath-D and cath-L in the primary GB cells,
thus, indicating that P74 might serve as a novel RXFP1 activating peptide ligand. We conclude that

RXFP1 receptor signaling plays a key role in brain tumors cell migration and invasion.
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CHAPTER 1: INTRODUCTION

1.1 The relaxin family of peptides
Overview

The insulin/relaxin superfamily of peptide hormones is made up of ten peptide
hormones including; insulin, insulin-like growth factors (IGF) | and 1, and seven
members of the relaxin-like peptide family, which are a sub group of this superfamily. In
humans, the relaxin family of peptide hormones consists of seven members on the basis
of structural similarity. They are relaxin-1 (Hudson, Haley et al. 1983) , relaxin-2
(Hudson, John et al. 1984) and relaxin-3, also known as insulin-like peptide 7 (Bathgate,
Samuel et al. 2002) plus, the insulin/relaxin-like peptides INSL3 also called Leydig
insulin-like peptide and relaxin-like factor (RLF) (Adham, Burkhardt et al. 1993) , INSL4
also known as placentin and early placenta insulin-like (EPIL)(Chassin, Laurent et al.
1995), INSL5 (Conklin, Lofton-Day et al. 1999) and INSL6 (Lok, Johnston et al. 2000).
These seven genes are located on three different chromosomes (Wilkinson, Speed et al.
2005). RLN1 and RLN2 genes are present in a tight cluster with INSL4 and INSL6 genes
on chromosome 9, at 9p24. RLN3 and INSL3 are mapped on chromosome 19 at 19p13.3
and 19p13.2, respectively, whereas INSLS5 is the only member that is located at position
1p31.1 on chromosome 1.

Structure of the relaxin family peptides

All peptides within the relaxin family share high structural similarity due to the
presence of six cysteine residues that form three disulfide cross-links. One intrachain
disulfide bond within the A-chain, and two interchain disulfide bonds between the A- and B-

chains (Fig.1.1).



Figurel.1 Structure of the processed mature active form of relaxin family peptide hormones
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1.1.1 The discovery of relaxin

Relaxin, a 6 kDa peptide hormone was discovered by F. L. Hisaw in 1926. In
1983, the first human relaxin gene was identified and named H1-relaxin (Hudson, Haley
et al. 1983) followed by the discovery of a second H2-relaxin gene in 1984 (Crawford,
Hudson et al. 1984). Unlike most mammals which possess only the RLN1-encoded
relaxin-1 peptide, humans and higher primates possess two separate genes, the RLN1-
encoded relaxin-1 peptide, and the RLN2-encoded relaxin-2 peptide. These separate
genes were thought to be a consequence of a gene duplication event (Gunnersen, Fu et al.
1996). H2-relaxin is the functional equivalent of H1-relaxin in other species. A third H3-
relaxin gene was later found in humans and other species (Bathgate, Samuel et al. 2002).

Production and structure of relaxin

Relaxin is first synthesized as a 21 kDa preprohormone with a signal peptide and
three distinct regions or chains designated A, B and C. In endoplasmic reticulum (ER), the
signal peptide is cleaved and results in prorelaxin, which is stored in secretory granules prior
to secretion. The prorelaxin becomes a mature 6 kDa relaxin as a result of the cleavage of the
C-chain which is transported to the cell membrane where it is released into the bloodstream

(Adham, Burkhardt et al. 1993).



Like insulin and other members within the relaxin family peptides, the structure of
the processed form of relaxin is comprised of two polypeptide chains, the A- and B- chain.
There are 22 amino acids in the A-chain (Schwabe, McDonald et al. 1976) and 32 amino
acids in the B-chain (Schwabe and McDonald 1977). Both A-chain and B-chain make up for
the molecular weight of around 6 kDa. X-ray crystallography revealed the tertiary structure
of relaxin and demonstrated that the A-chain is comprised of two alpha helices connected by
a short loop, while the B-chain is composed of one alpha helix and one strand. The two
chains are linked via two disulphide bridges. The amino acid motif Arg*3-x-x-x-Arg'’ —x-x-
lle?’ located in the middle of the B-chain forms a binding surface required for the interaction
of relaxin with the large extracellular domain of its G protein coupled receptor (GPCR), the
relaxin family peptide receptor 1 (RXFP1) (Bullesbach and Schwabe 2000). Recently, the
interaction of relaxin with RXFP1 has been shown to involve residues Tyr*, Lys", and
Phe?® at C-terminal part of the A-chain (Park, Semyonov et al. 2008). The activity of relaxin
signaling through RXFP1 depends on interactions of the RXFP1 with both the B- and A-

chains.

Expression of relaxins

H2-relaxin is expressed in a wide range of reproductive organs. It is mainly produced
in the corpus luteum but also expressed in endometrium, decidual placenta, trophoblast,
mammary gland, prostate and seminal vesicles (Hudson, John et al. 1984; Winslow, Shih et
al. 1992; Gunnersen, Fu et al. 1996; Bryant-Greenwood, Yamamoto et al. 2009). In non-
reproductive organs, H2-relaxin has been found in human atrial and ventricular myocardium

and blood vessels (Dschietzig, Richter et al. 2001). H2-relaxin is the major stored and



circulating form of the relaxin peptides (Winslow, Shih et al. 1992) and a cognate ligand for
RXFP1 receptor. Throughout this thesis, the human RLN2 gene and peptide product H2-
relaxin will be referred to as relaxin. For the other isoform of relaxin, RLN1 gene is
expressed in the decidua, placental trophoblast, and prostate gland (Hansell, Bryant-
Greenwood et al. 1991; Gunnersen, Fu et al. 1996) as well as breast (Tashima, Mazoujian et
al. 1994), human atrial and ventricular myocardium, arteries and veins (Dschietzig, Richter
etal. 2001). RLN3 appears to be predominantly expressed in the brain, especially in regions
known to be involved in the regulation of hypothalamo-pituitary secretory function and

stress response. (Bathgate, Samuel et al. 2002).

1.2 Relaxin family peptide receptors (RXFPs)
Overview

The most significant advancement in the area of relaxin has been the elucidation of
the receptors for relaxin in 2002. The relaxin family peptide receptors (RXFPs) are a group
of four GPCRs which have been identified to date as receptors for the relaxin family
peptides. There are four members in RXFPs group including the leucine-rich repeat (LRR)-
containing RXFP1 and RXFP2, and the small peptide-like RXFP3 and RXFP4. These four
receptors were originally named as leucine-rich G protein coupled receptor 7 (LGR7),
leucine-rich G protein coupled receptor 8 (LGR8), GPCR135 and GPCR142 respectively.
(Bathgate, Ivell et al. 2006).

There is binding of the ligands to the various RXFP receptors due to the similarity of
the structure of the peptides within relaxin family (Table 1.2). The process by which the

relaxins activate their receptors is complicated and depends on compatible structural features



of both the ligands and the receptors. RXFP1 is able to bind to H2-relaxin, H1- relaxin, H3-

relaxin and INSL3, but its main activating and high affinity binding ligand is H2-relaxin

(Hsu, Nakabayashi et al. 2002; Sudo, Kumagai et al. 2003). RXFP2 is the endogenous

receptor for INSL3 (Kumagai, Hsu et al. 2002) and RXFP3 (GPCR135; SALPR) is activated

by relaxin-3 and INSL5. Unlike relaxin-3, INSL5 binds to RXFP3 with poor affinity and acts

as a weak antagonist (Liu, Kuei et al. 2005). RXFP4 (GPCR142; GPR100) interacts with

INSL5 (main ligand) and weakly with H3 relaxin.

Table 1.2 Ligand Potencies of receptors for relaxin and relaxin-related peptides

Receptor Ligand Potencies References
RXFP1(LGR7) H2-relaxin >H1-relaxin> H3-relaxin >> | (Hsu, Nakabayashi et al.
INSL3 2002; Sudo, Kumagai et al.

2003)

RXFP2(LGRS) INSL3 > H2-relaxin >> H3-relaxin (Kumagai, Hsu et al. 2002;
Sudo, Kumagai et al. 2003)

RXFP3(GPCR135; | H3-relaxin > H3-relaxin (B chain)>>INSL5 | (Liu, Eriste et al. 2003)

SALPR)

RXFP4(GPCR142; | INSL5 = H3-relaxin > H3- relaxin (B chain) | (Liu, Eriste et al. 2003; Liu,

GPR100) Kuei et al. 2005)




1.2.1 Relaxin family peptide receptor 1 (RXFP1)

RXFP1 structure

The RXFP1 receptor was identified based on its homology to the other members of
the glycoprotein hormone receptor subfamily and shares the highest homology of about 60%
amino acid sequence identity with the RXFP2 receptor (Hsu, Nakabayashi et al. 2002).
RXFP1 belongs to a subfamily of the rhodopsin-like GPCR family called leucine-rich repeat
containing G protein-coupled receptor (LGR). Three important domains of RXFP1 receptor
were identified, including the ectodomains which comprise over half the size of each
receptor, the typical seven transmembrane domain-spanning regions followed by the
cytoplasmic domain of the C-terminal tail. The ectodomain can be further divided into two
parts. The first part is the major component of the ectodomain and contains ten leucine-rich
repeats (LRRs) and their capping structures. Located at the extreme amino terminus of the
RXFP1 is the unique cysteine-rich low-density lipoprotein class A or LDL-A module
(Fig.1.2.1-1), a distinctive structural feature of RXFP1 not observed in other human GPCR
(Hsu 2003).

There are two ligand binding sites in RXFP1 which are necessary for inducing
receptor activation. The primary high affinity ligand-binding site of RXFP1 located at
specific residues in the LRRs of the ectodomain interacts with B-chain residues of the relaxin
and results in a conformational change of the receptor. The secondary low affinity ligand
binding site is in the second extracellular loop of the transmembrane region which interacts
with the A-chain of relaxin (Sudo, Kumagai et al. 2003; Halls, Bond et al. 2005).

Apart from the two ligand binding sites in RXFP1, the presence of the unique LDL-A

domain at N-terminus of receptor is essential for inducing receptor activation. A mutant



RXFP1 receptor with the LDL-a domain replaced by the LDL-a domain of the LDL receptor
LB2 binds relaxin normally but does not permit signaling (Hopkins, Layfield et al. 2007).
Beside its role in ligand-induced receptor signaling, the LDL-a domain also plays a role in
receptor maturation and trafficking to the cell membrane (Kern, Agoulnik et al. 2007).
Alternative splicing of RXFP1, which is a common occurrence with GPCRs, is an
important feature and may modulate the function of the receptor. RXFP1 contains 17 introns
and 18 exons; as a result of differential splicing, numerous splice variants have been
described for RXFP1 (Muda, He et al. 2005; Scott, Layfield et al. 2006; Kern and Bryant-
Greenwood 2009) and other members of LGR family, such as follicle-stimulating hormone
receptor (FSHR) (Song, Park et al. 2002; Gerasimova, Thanasoula et al. 2010), thyroid-
stimulating hormone receptor (TSHR) (Ando, Sarlis et al. 2001), and luteinizing hormone
receptor (LHR) (Madhra, Gay et al. 2004; Nakamura, Yamashita et al. 2004). Some variants
contained transmembrane domains whereas other splice forms were composed exclusively of
ectodomain fragments. Further analysis of the localization of these variants demonstrated
that some were expressed on the cell surface, while others were retained within the ER and,
yet, other variants were partially secreted into the media (Muda, He et al. 2005; Scott,
Layfield et al. 2006; Kern, Hubbard et al. 2008). So far, most of these identified splice
variants do not bind to ligand (Muda, He et al. 2005; Kern, Hubbard et al. 2008). Those
variants that lack LDL-a module and are expressed at the cell surface have been shown to
bind to the ligand but lost the ability to generate a signal (Scott, Layfield et al. 2006).
Additionally, some of these variants function as dominant-negative counterparts of the wild

type RXFP1 by preventing its homodimerization, maturation, and subsequent trafficking to



the cell surface, resulting in loss of function of receptor (Scott, Tregear et al. 2005; Scott,
Layfield et al. 2006; Kern, Hubbard et al. 2008).

Figure 1.2.1-1 Structure of RXFP1 receptor
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Signaling pathways of RXFP1

Binding of relaxin to its native GPCR RXFP1 induces the cell type specific activation
of multiple pathways (Kong, Shilling et al. 2010). These pathways include cyclic 3'-5’
adenosine monophosphate (CAMP) signaling, mitogen activated protein kinases (MAPKS)
signaling, nitric oxide (NO) signaling, peroxisome proliferator-activated receptor gamma

(PPARgamma) signaling, and interaction with glucocorticoid receptor (GR) (Fig.1.2.1-2).



Figure 1.2.1-2 Potential signaling pathways of relaxin-RXFP1
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The elevation of both intracellular and extracellular cCAMP is the most extensively
studied to date as are the major signaling pathways activated in cells expressing RXFP1 (Fei,
Gross et al. 1990; Bartsch, Bartlick et al. 2001). The increase in CAMP has been found to be
biphasic and involves the interaction of the receptor with up to three distinct type of G-
protein coupling, G, Gyop and Giz (Halls, Bathgate et al. 2006). The coupling of RXFP1 to
the combination of these G-proteins varies with cell type and creates diverse cellular
responses. For example, RXFP1 expressed in HEK293 cells, primary cultures of rat cardiac
fibroblast and THP-1 cell lines can couple to all three G-protein pathways. In contrast,
endogenous expression of RXFP1in primary cultures of rat renal myofibroblast or colon
carcinoma cell lines can only couple to G, and G, pathways (Halls, Hewitson et al. 2009).

The biphasic nature of cAMP accumulation suggests that it may be involved in more than



one pathway. In the initial phase of RXFP1 activation which occurs within 1-2 minutes upon
ligand binding the cCAMP increase is likely caused by an activation of G, and inhibition of
Goon- A delayed cAMP increase occurs after 10-20 minutes and is mediated by the By
subunits of Gjz which results in the activation of the phosphatidyl inositol 3 kinase (P13K)
and protein kinase C zeta (PKC{). Activated PKC( then translocates to the cell membrane to
activate adenylyl cyclase (AC) which produces the second phase of cAMP accumulation.
CAMP can go on to activate protein kinase A (PKA), which has the ability to phosphorylate
many signaling proteins. The activation of the Gis-G g, -PI3K- PKC{ cAMP pathway by
RXFP1 requires the last 10 amino acids of the receptor C terminus especially Arg(752) and
the coupling of the receptor to this pathway depends on the localization in membrane raft
microdomains (Halls, van der Westhuizen et al. 2009). For the cCAMP downstream targets
Gs and G,op, the pathway affects CAMP-response element (CRE) important for control of
gene transcription. Meanwhile, the Gj3 pathway is the only pathway that affects the nuclear
factor kappaB (NF- kB) mediated gene transcription (Halls, Bathgate et al. 2007).

The concentration of relaxin that interacts with RXFP1 affects the CAMP signaling
response. The classical pathway of CAMP production generates physiological actions by
coupling RXFP1 to the Gs, G4op and Giz and occurs in response to nanomolar concentrations
of relaxin. However, further complexity of relaxin stimulated cAMP signaling pathway may
also occur in signalosomes that specifically respond to sub-picomolar concentrations of
relaxin (Halls and Cooper 2010). These pre-assembled RXFP1 containing protein complexes
are essential for generating the signaling since they facilitate the activation of downstream
targets. RXFP1 is pre-coupled to adenylyl cyclase 2 (AC2) via the A-kinase-anchoring

protein 79 (AKAP79). When an ultra-low concentration of relaxin binds to RXFP1, there is
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an activation of AC2 that results in the production of CAMP. The negative regulation of these
signalosomes occurs when B-arrestin-2 binds to RXFP1 and recruits two other proteins, the
phosphodiesterase PDE4D3 and PKA to the protein complex (Fig.1.2.1-3). Importantly, the
signalosomes will dissociate with the activation of RXFP1 at nanomolar concentrations of
relaxin. Thus, relaxin stimulates a non-classical mechanism of cAMP production through
signalosomes at picomolar concentrations. At nanomolar and higher concentrations, relaxin
activates the classical signaling pathway which induces cAMP production through Gas, Ggos
and Gis.

Figure 1.2.1-3 The components of the constitutively assembled RXFP1 signalosome
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Relaxin has also been shown to stimulate the activation of MAPK and
extracellular signal-regulated kinase (ERK1/2) in some cell types which endogenously
express RXFPL1. These cell types include human endothelial stromal cells, THP-1
mononuclear leukemia cells, primary human smooth muscle cells from coronary artery

and pulmonary artery, and Hela cervical cancer cells. In THP-1 cells, relaxin induces

11



MAP kinase pathway activation and this is essential for increasing the expression of the
gene for vascular endothelial growth factor (VEGF) (Zhang, Liu et al. 2002; Dschietzig,
Bartsch et al. 2003). Additionally, relaxin binds to RXFP1 and activates PI3K/ Akt/
ERK1/2 and PKC{ pathway to induce MMP-9 expression in fibrochondrocytes (Ahmad,
Wang et al. 2012).

Binding of relaxin to RXFP1 also activates NO production and induces
vasodialation via two different pathways. The first pathway occurs when relaxin binds to
RXFP1 and activates PI3K. Activated PI3K stimulates Akt which results in the activation
of endothelial nitric oxide synthase 11 (NOS I11) via phosphorylation of Ser1179. The
following is another pathway which is involved in the increase of cAMP levels in cells,
which then activates PKA. Activated PKA can phosphorylate and inactivate the inhibitor
subunit of transcription factor NF- kB, IkB-a, which leads to the translocation of NF- kB
into the nucleus, and increases nitric oxide synthase I (NOSII) gene expression (Nistri
and Bani 2003).

More recently, relaxin has been shown to activate the PPARgamma pathway via
signals through RXFP1 in HEK-293T cells over-expressing RXFP1. These results were
confirmed in endogenously expressing RXFP1+ THP1 cells (Singh and Bennett 2009; Singh
and Bennett 2010). PPARgamma is a nuclear receptor that induces transcription of target
genes. Further it was reported that relaxin infusion in non-pregnant rats also increased wall
thickness and inner diameter of brain parenchymal arterioles, effects that are known to be
mediated by PPARgamma signaling (Chan and Cipolla 2011).

Apart from acting via RXFP1, relaxin can also bind to and activate GR, a steroid

receptor to inhibit endotoxin-stimulated tumor necrosis factor and interleukin-6 secretion by
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human macrophages. This effect is independent of RXFP1 since inactivated relaxin which
cannot bind to RXFP1 still causes this effect in cells. The results of this study suggest that
there may be cross-talk between RXFP1 and GR pathways in cells expressing both receptor
systems (Dschietzig, Bartsch et al. 2009).

Distribution of RXFP1 receptor

The RXFP1 receptor distribution has been observed both at a transcriptional level
and protein level using reverse transcriptase polymerase chain reaction (RT-PCR),
Northern blot or in situ hybridization for mMRNA detection and immunohistochemistry or
receptor autoradiography for protein detection. Human RXFP1 transcripts have been
identified in reproductive organs, including the placenta, uterus, ovary, testis and prostate
as well as in many non-reproductive organ sites such as the brain, kidney, adrenal, skin,
lung, liver, thyroid, salivary glands, heart, muscle, peripheral bloods cells and bone
marrow (Hsu, Nakabayashi et al. 2002; Luna, Riesewijk et al. 2004; Mazella, Tang et al.
2004; Bathgate, Ivell et al. 2006). Human RXFP1 protein has been detected in uterus,
cervix, vagina, nipple, and breast (lvell, Balvers et al. 2003; Bond, Parry et al. 2004;
Luna, Riesewijk et al. 2004; Krusche, Kroll et al. 2007) . The expression of RXFP1 is

consistent with known relaxin binding sites.

1.3 Function of Relaxin-RXFP1 system

1.3.1 Physiological functions

Relaxin is commonly known as a pregnancy hormone and has had a long history as a
reproductive hormone since its discovery in 1926 (Fevold 1930; Hisaw 1926). RXFP1

expression has been detected in many sites in reproductive organs corresponding to relaxin
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binding sites and action. In the human, relaxin is produced mainly by the corpus luteum, in
both pregnant and non-pregnant females, and was detected during both the follicular and
luteal phases of the menstrual cycle (Wreje, Kristiansson et al. 1995). During menstruation
the body produces relaxin that rises to a peak around 30-150 pg/ml within approximately 14
days of ovulation and then declines (Bryant, Panter et al. 1975). During pregnancy, the
primary sources for relaxin are the corpus luteum and placenta. Relaxin can be detected in
serum in conception cycles during the time of missed period. Relaxin secretions rapidly rise
and peak at a concentration of 1-2 ng/mL by the middle of the first trimester of pregnancy,
then it gradually declines by approximately 20% and remains stable until delivery (Weiss
1991).

In female reproductive tissues, relaxin has a diverse range of effects in maternal
adjustments of pregnancy (Conrad 2011). These include ovarian follicle growth and
ovulation (Shirota, Tateishi et al. 2005), preparation of the endometrium for implantation,
facilitating embryo implantation by thickening of the uterus and extensive vascularisation
(Einspanier, Muller et al. 2001), development of mammary nipples and mammary glands
(Sherwood 2004), and preparation of the uterus and cervix for pregnancy and delivery by
cervical softening and widening of the pubic symphysis together with stimulating collagen
remodeling within the birth canal for parturition (Sherwood 2004; Parry and VVodstrcil 2007).
The action of relaxin to inhibit spontaneous myometrial contraction was observed in some
species but not in humans, sheep and cows (Sherwood 2004; Bathgate, Ivell et al. 2006).
Additionally, relaxin acts through RXFP1 to promote epithelial and stromal cell proliferation
and inhibit apoptosis in rat (Burger and Sherwood 1998) and mouse cervix and vagina in

order to facilitate parturition (Yao, Agoulnik et al. 2008). Relaxin’s action on glucose
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metabolism may involve enhancement of insulin action by the ability of relaxin to increase
the affinity of insulin binding to human and rat adipocytes. Thus, relaxin might have a
protective effect against gestational diabetes in pregnancy (Weiss 1991).

In males, relaxin is produced by the prostate gland and secreted into the seminal
fluid. Studies conducted in the past have suggested a role for relaxin in improving sperm
motility (Lessing, Brenner et al. 1986; Sasaki, Kohsaka et al. 2001; Sherwood 2004).

Mice deficient in relaxin or RXFP1 were generated to study the function of this
ligand-receptor system. Female RXFP1 knockout mice showed normal fertility and litter
size. However, severe impairment of nipple development during pregnancy as well as
defective parturition reflecting impaired cervical ripening was observed in those mice
(Krajnc-Franken, van Disseldorp et al. 2004). These data are in line with the phenotype of
relaxin knockout female mice (Zhao, Roche et al. 1999) which support the role of relaxin in
nipple development and facilitating birth by softening the cervix (Sherwood 2004). Male
mice deficient in relaxin showed a decrease in fertility with disrupted spermatogenesis
associated with an increased apoptosis of spermatocytes (Samuel, Tian et al. 2003). These
phenotype observations can also be seen in RXFP1 knockout male mice (Krajnc-Franken,
van Disseldorp et al. 2004).

1.3.2 Disease related functions

There is evidence to suggest that relaxin and RXFP1 can have multiple and diverse
effects on several tissues and cells outside reproductive organs with significant therapeutic
and clinical implications (Conrad and Novak 2004; Adams, Schott et al. 2012; Lee, Choi et

al. 2012; Nair, Samuel et al. 2012).
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1.3.2-1 Anti-fibrotic agent

One of the relaxin’s actions that has been of increasing interest for researchers is its
ability to stimulate the breakdown of collagen, a major component of all organs within the
body. Relaxin not only stimulates collagen remodeling within the birth canal in preparation
for parturition but also acts on cells and tissues to inhibit fibrosis. This is a process involving
tissue scarring as a result of excessive collagen deposition that occurs in various internal
organs, including lungs, liver, kidney and skin and causes loss of organ function. Relaxin
may serve as a potential antifibrotic therapeutic agent. Recent in vitro and in vivo studies
have confirmed that relaxin acts at multiple levels to inhibit fibrogenesis and collagen
overexpression associated with fibrosis in several organs such as lung (Tang, Samuel et al.
2009) , kidney (Hewitson, Ho et al. 2010) , liver (Bennett, Heimann et al. 2009) and heart
(Du, Xu et al. 2009). The general mechanism of relaxin for inhibiting fibrogenesis in these
organs is inhibition of the activity of transforming growth factor 1 (TGF-B1), a potent
profibrotic factor, and the down regulation of Smad signaling (Heeg, Koziolek et al. 2005;
Mookerjee, Hewitson et al. 2009). This results in the decrease of collagen types | and I11
expression and promotes fibronectin degradation. Furthermore, relaxin alters the production
and/or activity of matrix metalloproteinases (MMPs), their endogenous inhibitors called the
tissue inhibitors of metalloproteinases (TIMPs) and other proteolytic enzymes to promote the
ECM degradation (Unemori, Pickford etal. 1996; McDonald, Sarkar et al. 2003; Mookerjee,

Unemori et al. 2005).

16



1.3.2-2 Cardiovascular protection

Heart and blood vessels are specific relaxin targets. Relaxin is a potent vasodilator of
the systemic and coronary circulation (Teichman, Unemori et al. 2009). Several mechanisms
for vasodilaton via relaxin have been reported. These include upregulation of the expression
of the inducible NO synthase isoform in vascular smooth muscle cells which results in the
stimulation of the production of endogenous NO (Failli, Nistri et al. 2002; Masini, Nistri et
al. 2004), increasing the level at which MMPs modify the extracellar matrix of the vessel
wall (Conrad and Novak 2004) and the activation of the PI3K-Akt-endothelial NOs (eNOS)
vasodilatory pathway (McGuane, Debrah et al. 2011). In addition, relaxin has been shown to
inhibit apoptosis in cardiomyocytes through the Akt/ protein kinase B (PKB) pathway
(Moore, Tan etal. 2007). These effects suggest that relaxin may serve a potential theraputic
role against cardiovascular disease (Bani and Bigazzi 2011). Currently, relaxin is in phase 111
clinical trials for the treatment of acute heart failure due to its ability to induce vasodilation

and influence renal function (Teerlink, Metra et al. 2009).

1.3.2-3 Wound healing

The relaxin/RXFP1 system has been shown to be involved in the regulation of wound
healing by increasing vasodilation together with organization of collagen around an injury
site, reducing tissue granulation, inflammation, and necrosis at a wound site, and, finally,
promoting angiogenesis (Stewart 2009; Brecht, Bartsch et al. 2011). The action of
vascularization is through the local induction of VEGF and/or basic fibroblast growth factor

(bFGF) as demonstrated in THP-1 cells in vitro and ischemic wound sites in vivo (Baylis and
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Corman 1998). Moreover, the injection of relaxin improves muscle regeneration after

traumatic injury by stimulating blood vessel and tissue development (Li, Negishi et al. 2005).

1.3.2-4 Neoplastic tissues

Relaxin and RXFP1 have been detected in various tumor types, including breast
cancer, prostate cancer, thyroid cancer, colorectal cancer, endometrial cancer and lung
cancer, with increased ligand-receptor gene expression in neoplastic tissues compared to
normal healthy tissue in the same organ (Tashima, Mazoujian et al. 1994; Hombach-
Klonisch, Buchmann et al. 2000; Alfonso, Nunez et al. 2005; Hombach-Klonisch, Bialek et
al. 2006; Kamat, Feng et al. 2006; Silvertown, Ng et al. 2006). Relaxin and RXFP1 were also
detected in neighboring normal stromal cells suggesting autocrine and paracrine functions for
this ligand-receptor system in tumor tissues (Klonisch, Bialek et al. 2007). Relaxin/RXFP1
signaling has been linked to a number of critical tissue and cellular functions important for
tumor growth, tumor angiogenesis and tumor cell migration/invasion. These events can be
seen in various types of cancers presented in the following section.

Prostate cancer

The injection of relaxin producing PC-3 human prostate cancer cell line into mice
increased growth of PC3 prostate tumor xenografts. Relaxin was also shown to generate an
advanced angiogenic tumor phenotype that coincides with increased VEGF gene expression
(Silvertown, Ng et al. 2006). RT-PCR analysis revealed significantly elevated relaxin gene
activity in recurrent human prostate cancer tissues as compared to normal tissues. In the
same study, stimulation with relaxin increased cell proliferation, invasiveness, and adhesion

in both androgen-responsive LNCaP and androgen receptor—negative PC-3 human prostate
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adenocarcinoma cells (Feng, Agoulnik et al. 2007). Opposite effects were observed after
suppression of endogenous relaxin/RXFP1 expression (Feng, Agoulnik et al. 2007).
Suppression of relaxin signaling in PC-3 human prostate cancer cells by RXFP1-specific
small interfering RNA (siRNA) inhibited tumor growth in vivo through increased apoptosis
and decreased proliferation (Feng, Agoulnik et al. 2010).
Breast cancer

In MCF-7 breast cancer cells, relaxin at low nanomolar concentrations, caused an
increase in cell proliferation whereas stimulating the cells at high micromolar concentrations
resulted in the inhibition of cell proliferation and changes in cell differentiation (Bani, Riva
et al. 1994). Treatment with relaxin in two human breast cancers cell lines MCF-7 and SK-
BR3 promoted in vitro invasiveness by increasing MMP levels in these cells (Binder,
Hagemann et al. 2002). Furthermore, overexpression of relaxin in CF.33MT, canine
mammary cell line, increased a significant migratory action but did not affect mitogenesis
(Silvertown, Geddes et al. 2003). The concentration of relaxin in serum of patients with
active metastasis breast cancer was found to be significantly higher than in a control
population of healthy people and patients with other diseases, indicating the involvement of
relaxin in promoting an invasion phenotype in human breast cancer patients (Binder, Simon
et al. 2004).
Thyroid cancer

In two human follicular thyroid carcinoma cell lines, FTC-133 and FTC-238,

recombinant relaxin and secreted prorelaxin caused an RXFP1-dependent increase in
migration without affecting tumor cell proliferation (Hombach-Klonisch, Bialek et al. 2006).

Injection of relaxin transfectants of human thyroid carcinoma cells (FTC133-RLN2) in the
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nude mice caused large and fast-growing tumors with significantly increased number of
proliferating cells. These grafted tumors contained multiple blood vessels, suggesting
increased vascularisation. This was confirmed by the detection of endothelail cell marker
CD31 in tumor sections suggesting that relaxin can enhance in vivo tumor growth and
angiogenesis (Radestock, Willing et al. 2010). Recently, relaxin has been shown to be
involved in the upregulation of MMPs and induce the formation of MMP-14-enriched
invadopodia that lead to increased collagenolytic thyroid cancer cell invasion (Bialek,
Kunanuvat et al. 2011).
Endometrium cancer

Similar to other types of cancer, high levels of relaxin have been detected by
immunohistochemical tests in high-grade tumors with increased depth of myometrial
invasion of emdometrium cancer patients. Quantitative RT-PCR showed significantly higher
RXFP1 receptor expression in cancer samples. The same study showed that patients with
high relaxin expressing tumors had a significantly shorter survival time (Kamat, Feng et al.

2006).

Intracellular pathways and mediators associated with the activation of the relaxin-
RXFP1 in cancer

Major efforts have been undertaken to understand the role and molecular mechanism
of the relaxin/RXFP1 system in tumor growth, angiogenesis and tumor cell

migration/invasion.
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Tumor cell growth and angiogenesis

Relaxin may utilize NO as a possible mechanism to promote tumor cell growth. Ina
concentration-dependent way, NO can either suppress or promote tumor cell growth. NO
promotes tumor cell growth at high concentrations, whereas low levels of NO results in
inhibiting tumor cell growth (Chinje and Stratford 1997). The other mechanism that is
involved in relaxin’s action in tumor growth is the PK A pathway. Relaxin has been shown to
activate PKA in many cell types including the human MCF-7 and THP-1 cells (Parsell, Mak
et al. 1996). Activation of PKA phosphorylates NF- kB and increases the transcriptional
activity of NF- xB which promotes tumor growth (Zhong, SuYang etal. 1997). Impairing of
PKA and NF- kB signaling was shown to inhibit relaxin-mediated castrate-resistant growth
of prostate cancer cell lines and induce apoptosis (Vinall, Mahaffey et al. 2011).

Tumor growth depends on blood supply and blood vessel formation. Angiogenesis,
thus, constitutes an important component in the control of cancer progression. (Kerbel 2008).
The process of angiogenesis is regulated by several different pro- and anti-angiogenic
factors. An imbalance between these factors could cause a tumor to switch to an angiogenic
phenotype (Huang and Bao 2004). The action of relaxin in angiogenesis is thought to involve
the upregulation of VEGF, one of the main pro-angiogenic factors. VEGF is also an enzyme
required for NO synthesis, called NO synthase (NOS), to promote neovascularization and
enhanced blood flow carrying oxygen and cellular nutrients to the tumor (Parsell, Mak et al.
1996; Silvertown, Ng et al. 2006).
Tumor cell invasion

The cellular pathways that involve the MMPs, a family of 23 zinc containing

enzymes and their inhibitors called TIMPs, are important actors in the degradation of ECM
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components. The roles of MMPs in cancer are numerous and include the following functions:
(i) provide a suitable microenvironment for tumor cells to establish by remodeling of the
ECM and cleavage of membrane bound growth factors which affect tumor progression
(Kessenbrock, Plaks et al. 2010) (ii) activate pro-angiogenic factors such as bFGF and VEGF
to promote angiogenesis (Egeblad and Werb 2002; Han, Fahd et al. 2011) , (iii) degrade
basement membrane components associated with capillary and lymphatic vessels to help
tumor cells invade the surrounding cells. MMPs also promote the migration of tumor cells by
removing sites of cell adhesion and cleaving the cell-cell and cell-matrix receptor
interactions (McCawley and Matrisian 2001). Relaxin upregulates the expression and/or
secretion of collagenase 1 (MMP-1) and 3 (MMP-13), gelatinase A (MMP-2) and B (MMP-
9), stromelysinl (MMP-3) and transmembrane metalloproteases such as MMP-14 (MT1-
MMP) in different cancer types. A broad spectrum of MMP-inhibitors abolished the effect of
relaxin on the upregulation of MMPs expression indicating that there is an association
between the upregulation of MMPs expression and relaxin-induced invasiveness in cancer
cells (Binder, Hagemann et al. 2002; Kamat, Feng et al. 2006; Bialek, Kunanuvat et al.
2011).

The signaling cascades contributing to relaxin’s modulation of MMPs expression and
activity in cancer remain largely unknown. However, two recent studies have shown that
relaxin signals through RXFP1lvia ERK1/2 signaling pathways to upregulate MMPs in
fibrocartilaginous cells (Ahmad, Wang et al. 2012), human dermal fibroblasts and primary
rat renal myofibroblasts (Chow, Chew et al. 2012). These finding suggested that ERK1/2
could be one of the signaling pathways that mediates the effect of relaxin on the upregulation

of MMPs expression in cancer cells.
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Lysosomal acid hydrolases of the cathepsin (cath) family is another relaxin target
enzyme, which were identified in thyroid cancer that facilitates the action of the
relaxin/RXFP1 system in tumor cell migration and invasion. Cathepsins are a class of
proteases which are localized in lysosomes and classified into cysteine, serine, and aspartate
hydrolases based on structure and crucial amino acid in the active site of the protease
(Rawlings and Barrett 1999). A main physiological role for cathepsins is their involvement in
the turnover of proteins delivered to the lysosomes. However, several members of the
cathepsins have been implicated in cancer progression, in particular, the cysteine cathepsins-
B and -L and the aspartate cathepsin-D. Relaxin significantly increased production and
secretion of cathepsin-L and cathepsin-D. In thyroid cancer cells, both proteases contribute to
cell migration/invasion through elastin matrices. Furthermore, relaxin has an impact on the
intracellular distribution of procathepsin-L, as a different distribution of procathepsin-L in
relaxin over-producing thyroid cancer cells was observed as compared to control cells
(Hombach-Klonisch, Bialek et al. 2006).

S100A4 is also another major target molecule of relaxin in tumor cell migration/
invasion that has been identified recently. This protein is a member of the S100 family of
calcium-binding proteins and directly involved in tumor metastasis in various human cancer
types (Chen, Zheng et al. 2012; Dahlmann, Sack et al. 2012; Yang, Zhao et al. 2012). Human
thyroid carcinoma cells when expressing relaxin or treated with recombinant human relaxin
showed a strong increase in S100A4 production at both the transcriptional and protein level
and promoted cell migration. The upregulation of S100A4 by relaxin also promoted

xenograft angiogenesis. Thus, S100A4 is a major mediator of the actions of relaxin on
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thyroid carcinoma cell motility and in vivo thyroid tumor angiogenesis (Radestock, Willing
et al. 2010).

Our group have found that the small Rho-like GTPase proteins Racl and Cdc42
which are important for formation of laemellopodia and filopodial pseudopodia,
respectively, were upregulated in relaxin-producing thyroid cancer cells and contributed to
the high motility of these cells. In addition, Rac1 and Cdc42 activity is markedly increased in
these relaxin producing clones (data unpublished). Both Racl and CdC42 act upstream of a
signaling cascade which causes dynamic changes in the actin cytoskeletal organization and
enhances cell motility, suggesting that relaxin/RXFP1 signals through Racl and Cdc42 to
increase tumor cell motility by the formation of lamellopodia and filopodia at the leading

edge of migration cells.

1.4 P74 peptide and Complement C1q tumor necrosis factor (TNF) related protein 8

(CTRPs) (C1g/TNF8 or CTRPS)

1.4.1 P74 is a short, linear peptide derived from the collagen domain of the CTRP8

As aresult of a search for peptide agonists for the GPCR family, Compugen Ltd. (Tel
Aviv, Israel) were able to identify multiple natural peptide ligands including two novel
peptides derived from the same precursor, P74 (CGEN-25009) and P59 (CGEN-25010) that
can activate RXFP1 and RXFP2 receptors (Shemesh, Shemesh et al. 2008). Further
examination of P74 and P59 was done by testing for CAMP accumulation (Halls, Bathgate et
al. 2006) as well as a GPCR activation assay. The two assays demonstrated that P74 and P59

treatment showed an increase in CAMP production with both RXFP1- and RXFP2-

24



transfected Chinese hamster ovary cells (CHO-K1) as compared to untransfected CHO-K1
cells, suggesting that these two peptides stimulate a cellular pathway through activation of
RXFP1 and RXFP2 receptors (Shemesh, Hermesh et al. 2009).

Both P74 and P59 are short linear peptides derived from a collagen-containing
domain of complement Clg tumor necrosis factor-related protein 8 Swiss-Prot ID;
C1QT8_HUMAN (CTRP8). The sequences of these two peptides are similar to the CTRP8
with a slight modification to enhance stability and functionality (Shemesh, Shemesh et al.
2008). These two peptides share the same sequence, with the exception that P74 contains a
duplication of a specific motif. While P74 is 33 amino acids in length, P59 is shorter by 10

amino acids from the C-terminus (Fig.1.4.1).

Figure 1.4.1 Sequences of P74 and P59 which are short linear peptides derived from a

collagen-containing domain of the CTRP8 protein

Cys26,29,30 Cys113 Cys158
__00 [
huCTRP8 N-terminal Collage Clq domain

(NM_207419.3)
aal 17 72 1 252 aa

GOKGQVGPPGAAVRRAYAAFSVGRRAYAAFSY ™ P74
GQKGQVGPPGAAVRRAYAAFSVG = P59

Relaxin signaling through RXFP1 has been shown previously to induce a matrix
degradation in human lung fibroblasts in vitro and inhibit pulmonary fibrosis in vivo
(Unemori, Pickford et al. 1996). P74, a simple peptide agonist for RXFP1was used to

investigate the anti-inflammatory and anti fibrotic activity of relaxin both in in vitro assays
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and in an in vivo bleomycin-induced pulmonary fibrosis model. Similar to relaxin, P74 was
found to inhibit the effect on TGF Bl-induced collagen deposition in human dermal
fibroblasts and also to enhance MMP-2 expression. The biological activity of P74 in the
stimulation of cAMP, cyclic guanosine monophosphate ( cGMP), and NO in the THP-1
human cell line was also similar to relaxin. In bleomycin-induced pulmonary fibrosis mouse
model, administration of P74 in a preventive or therapeutic mode resulted in a significant
reduction in lung inflammation and injury (Pini, Shemesh et al. 2010).These finding
indicated that P74 might serve as a novel RXFP1 activating peptide ligand.

P74 is derived from C1q tumor necrosis factor (TNF) and related protein 8 (CTRPS).
CTRP8 might also serve as a novel ligand for RXFP1 receptor for several reasons: (i) P74
and CTRP8 share a collagen and globular C1g domain, suggesting that either of these
structures may be involved in RXFP1 binding; (ii) while P74 is being chemically synthesized
as a peptide, CTRPS8 is a secreted glycoprotein and could interact with RXFP1 in various
tissue types. Therefore, CTRP8 is worthy of further attention and additional investigation as

a possible novel ligand for RXFP1 receptor.

1.4.2 CTRPs family and CTRP8

The sequence homology between C1qg tumor necrosis factor (TNF) and related
protein (CTRP) family members and adiponectin, so called adiponectin paralogs, suggested
an involvement of CTRPs in metabolism and immunity (Wong, Wang et al. 2004). Both
CTRPs and adiponectin belong to the C1g/TNF protein superfamily (Kishore, Gaboriaud et
al. 2004). Currently, fifteen members of the CTRPs (CTRPs 1 through 15) have been

identified (Schaffler and Buechler 2012). They are secreted proteins circulating in plasma
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and form homotrimers as their basic structural units (Pajvani, Du et al. 2003; Kishore,
Gaboriaud et al. 2004). Unlike adiponectin which acts as an adipokine produced by
adipocytes to monitor and control metabolism in the whole body, (Fasshauer, Paschke et al.
2004; Lihn, Pedersen et al. 2005) CTRPs are widely expressed by many different tissues and
play important and diverse roles in various biological properties, including the immune,
endocrine, skeletal, neuronal, vascular, and sensory systems (Kishore, Gaboriaud et al.
2004).
CTRP8 gene expression and structure

Peterson and his group identified and characterized a novel adiponectin paralog,
known as CTRP8 (Peterson, Wei et al. 2009). The CTRP8 gene is expressed in humans and
some vertebrates such as cat, squirrel, and bats. The CTRP8 gene is absent in the mouse
genome and, thus, prevents gene deletion studies. The function of CTRP8 is still unresolved.
In human tissue, CTRP8 transcripts are expressed in low levels; testis and lung are two major
sites of CTRP8 expression in humans (Peterson, Wei et al. 2009). Like other members in the
CTRPs family, the CTRP8 protein of 252-amino acids consists of four domains including a
signal peptide (SP), an N-terminus with two conserved Cysteine residues, a collagen domain
with fourteen Gly-X-Y repeats, and a C-terminal C1q globular domain (Fig. 1.4.1). The
CTRP8 amino acid sequence is highly conserved among humans and other vertebrates
sharing 57% to 98% identity. Among CTRP family members, CTRP1 and CTRP6 show the
closest sequence homology to CTRP8. When CTRP8 is secreted from mammalian cells, it

forms homotrimers (Schaffler and Buechler 2012).
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1.5 Brain tumors

Overview
There are two main types of brain tumors: primary brain tumors originate in the brain
itself, whereas secondary brain tumors are often referred to as brain metastases. Secondary
brain tumors are made of cancerous cells from tumors located at distant sites in the body that
metastasized to the brain (Schouten, Rutten et al. 2002). Our study focuses on primary brain
tumors. The properties and characteristics of gliomas, in particular the glioblastoma
multiforme (GBM) World Health Organization (WHO) classification grade IV are reviewed.

Primary Brain Tumors

The incidence of primary brain tumors worldwide is approximately 7 per 100,000
individuals per year (Furnari, Fenton et al. 2007). Brain tumors present as different
histopathological types and can occur at any age. Brain tumors are the second most common
type of childhood cancer after leukaemia and about 300 children are diagnosed with a brain
tumor each year world-wide. GBM are more common in older people.

Types and grading of primary brain tumor

There are over 120 different types of primary brain tumors classified using an
international standard introduced by the WHO on the basis of the cell type that tumors are
derived from and the given grade according to histological appearances (Louis, Ohgaki et al.
2007). Primary brain tumors are generally named according to the cell of origin of the tumor.
About half of all primary brain tumors develop from the cells that support the nerve cells of
the brain, called glial cells. In contrast, some primary brain tumors grow outside the brain
itself usually from the lining tissues (meninges), and are most frequently called meningiomas.

The grading systems also consider a malignancy scale which is an indication of
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aggressiveness to benefit treatment planning and predict outcomes for brain tumors. The
grading of tumors varies from one (1) to four (1), with one (1) being the most benign and four

(1V) the most malignant.

Gliomas make up the majority of primary tumors which account for 30 — 40 % of all
brain tumors. Gliomas originate from glial cells and tend to grow in the cerebral hemispheres
but may also occur in the brain stem, optic nerves, spinal cord, and cerebellum. Various types
of glial cells including astrocytes, oligodendrocytes and ependymal cells can develop three
subgroups of glioma referred to as astrocytomas, oligodendrogliomas, and ependymomas
respectively (Riemenschneider, Jeuken et al. 2010). Astrocytomas are the most common type
of glioma in both adults and children. This type of glioma is divided into two main groups
according to the WHO guidelines. The first group is focal astrocytomas including pilocytic
astrocytoma (WHO grade 1), which is more often diagnosed in children. The other
astrocytomas are called diffuse astrocytomas since these do not have a clear boundary
between the tumor and normal brain tissue. Depending on the degree of malignancy, diffuse
astrocytomas can be subdivided as diffuse astrocytomas and variants (WHO grade 1),
anaplastic astrocytomas (WHO grade I11), and glioblastoma and variants (WHO grade V)
(Huttner 2012). Oligodendrogliomas represent 5% to 6% of all gliomas. Tumors derived from
oligodendrocytes include grade Il (oliogodendrogliomas) and grade Il neoplasms
(oligoastrocytoma). This type of glioma is more slowly progressive and sensitive to
chemotheraputics (Ohgaki and Kleihues 2005). Ependymomas originate from the ependymal
cells that line the ventricles of the brain and the center of the spinal cord. Ependymomas are

relatively rare tumors in adults, accounting for only 2-3% of primary brain tumors.
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Glioblastoma multiforme (GBM)

WHO grade IV GBM is the most common and lethal type of malignant brain
cancer in adults and accounts for more than 50% of primary malignant brain tumors
(Schwartzbaum, Fisher et al. 2006). The current therapy for GBM involves total surgical
resection followed by combination of radiation therapy and temozolomide (TMZ),
chemotherapeutic drug that has been shown to prolong patient survival (Villano, Seery et
al. 2009; Fialho, Salunkhe et al. 2012). Even with substantial progress of early diagnosis
and a combined therapeutics approach, the mean survival time of adult patients with GBM
is only about 15 months after diagnosis (Smith and Jenkins 2000; Stupp, Mason et al.
2005). GBMs are located preferentially in the cerebral hemispheres and spread along
white matters tract. These tumors are more frequently found de novo (primary GBMs),
without any evidence of a less malignant precursor lesion. Less that 10% of these tumors
develop from lower-grade astrocytomas (WHO grade I1) or anaplastic astrocytomas
(WHO grade I11), so called secondary GBMs (Winger, Macdonald et al. 1989). GBMs are
characterized by extensive heterogeneity at the cellular and molecular levels.
Microscopically, GBMs are composed of mixed pleomorphic tumor cells, ranging from
small-cell tumors with scant cytoplasm to multinucleate giant cells. High mitotic activity,
including atypical forms, are frequent along with neovascularisation, and an area of
central necrosis surrounded by a highly proliferating peripheral region (Brat, Prayson et al.
2008). On the molecular level, GBMs are characterized by intense resistance to apoptosis
and genomic instability (Furnari, Fenton et al. 2007). Recently the WHO subdivided
GBMs into three variants including gliosarcomas, giant cell and small cell glioblastomas

(Louis, Ohgaki et al. 2007).
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Gliobalstoma and cell migration and invasion

One of the clinically most challenging hallmarks of malignant GBMs is their invasive
behavior, which is characterized by rapid and infiltrative growth into the surrounding brain
tissue and therefore enhances the destructiveness of the GBMs (Demuth and Berens 2004). This
invasiveness is a major cause of death in GBM patients since no effective therapy is available.
GBM tumor cells infiltrate the normal brain cells usually along blood vessels and white matter
tracts, extending along either neuronal fiber perivascular spaces or subependymal spaces. This
means they are often found at a long distance from the original tumor sites (Rutka, Apodaca et
al. 1988). Another prominent characteristic of GBM invasiveness which makes this deadly
tumor uncontrollable is that the speed of cell migration is higher than other types of cancer, up
to 100 um/h (Gerlee and Nelander 2012).

Invasion of GBM tumors is facilitated by migration and degradation of ECM barriers
(Teodorczyk and Martin-Villalba 2010). Like other cancers, GBM tumor cell migration
involves a complex series of events in a continuous cycle. The migrating cell becomes polarized
upon the exposure to a chemoattractant molecule which leads to the formation of membrane
protrusions at the leading edge. The leading front then binds to ECM proteins, inducing forward
movement of the cell body and release/retraction of the rear part of the cells (Friedl and Brocker
2000; Yamaguchi, Wyckoff et al. 2005). The complicated process of GBM cell migration and
invasion is stimulated by both autocrine and paracrine factors that act on a large array of cell
surface-bound receptors to activate various signaling pathways to facilitate each mechanism
(Hoelzinger, Demuth et al. 2007). Additionally, growth factors, adhesion molecule and ECM
components are all implicated in GBM cell migration (Demuth and Berens 2004). In the

initiation phase of cell migration, cytoskletal rearrangement is required to form membrane
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protrusions including the extension at the leading edge of pseudopodia, lamellipodia, filopodia,
and invadopodia. These membrane protrusions are the prerequisite for the onset and
maintenance of cell motility in glioblastoma (GB) cells. Several recent reviews have
highlighted the important role of each of these structures, particularly invadopodia with focal
degradation of the ECM, in facilitating invasion of the brain (Stylli, Kaye et al. 2008; Sibony-
Benyamini and Gil-Henn 2012; Yamaguchi 2012). There are many different actin regulatory
proteins which include cortactin, Neural Wiskott-Aldrich syndrome protein (N-WASP), Actin-
related protein complex (ARP2/3 complex) , cofilin, fascin and formin and are involved in the
formation of cell protrusions (Lorenz, Yamaguchi et al. 2004; Yamaguchi, Lorenz et al. 2005;
Lizarraga, Poincloux et al. 2009; Li, Dawson et al. 2010). Each actin regulator is controlled by
Rho family GTPases, including Racl, RhoA and Cdc42 which are key signaling elements that
mediate receptor-initiated signaling in the regulation of glioblastoma invasion (Khalil and El-
Sibai 2012). These GTPases regulate cell morphology and actin dynamics, and stimulate cell
squeezing through narrow extracellular spaces that are typical of the brain parenchyma. Rho
stimulates the formation of stress fibers and focal adhesion, while Rac is responsible for the
laemellopodia formation. Cdc42 acts on the formation of filopodia and regulates cell polarity
(Nobes and Hall 1999; Ridley, Schwartz et al. 2003). Attachment of cells to the ECM is also
necessary for glioblastoma cell invasion, and mostly meditated by integrins. This adhesion
molecule has been reported to initiate diverse intracellular signalling pathways including PI3K,
Akt, mammalian target of rapamycin (mTOR) and MAP kinases to promote glioblastoma cell
migration and invasion (D'Abaco and Kaye 2007; Weber, Parat et al. 2011). In order to degrade
ECM barriers, GB cells secrete several classes of proteolytic enzymes including MMPs e.g.

MMP-2, MMP-9 and MMP-14), a disintegrin and metalloproteinase (ADAMS), cathepsins and
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urokinase-type plasminogen activator (UPA) (Levicar, Nuttall et al. 2003; Chetty, Vanamala et
al. 2012). Each of these proteases may act alone, or together with the others to support the

invasive behavior of brain tumor cells.

1.6 Rational for this study

The role of the relaxin/RXFP1 system on tumor cell migration and invasion has been
shown for various types of cancer. Brain cancer is considered to be one of the most aggressive
human cancers with a highly invasive nature that shortens the survival time of patients. So far
neither relaxin nor RXFP1 expression has been studied in brain cancer, and the role of the
relaxin/RXFP1 system in brain cancer is currently unknown. This is the first time that we
demonstrate a possible link between brain cancer and the role of RXFP1 which is expressed in
brain cancer patients. Our goal is to identify molecular pathways that facilitate the RXFP1-
mediated increase in migration of brain cancer cells and relate these data to primary cells from
brain cancer patients. This study contributes to a better understanding of the molecular
mechanisms involved in brain tumor cell invasion and can lead to the identification of

molecular targets for therapeutic intervention in the case of this devastating cancer.

1.7 Hypothesis and objectives

1.7.1 Hypothesis

RXFP1 enhances glioblastoma cell migration and brain tissue invasion.
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1.7.2 Objectives

1. To study the bioactivity of RXFP1 in brain cancer cell migration/invasion

2. To determine RLN2/RXFP1-induced pseudopodial target proteins at the leading edge of
migration

To determine the role of P74, a new peptide ligand for RXFPZ1in promoting migration in GB
cells
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CHAPTER 2: MATERIALS AND METHODS

Cell culture
Cell lines

Human glioblastoma astrocytoma cell lines U87MG, T98G, LN-18, A-172, LNT-229, U-251, and
U-373 were propagated in Dulbecco’s Modified Eagle’s medium and F-12 1:1 (DME/F12, Hyclone,
Thermo Scientific, Waltham, MA, USA) and 10% fetal bovine serum (FBS, Invitrogen, ON,
Canada) and maintained at 37°C in a humidified atmosphere with 95% air and 5% CO,. The cells

were routinely passaged every 2 or 3 days.

Primary human brain tumor cells

Primary human brain tumor cells were isolated from surgically resected tumor specimens from brain
tumor patients at the local Health Science Centre. The samples were obtained following informed
consent, with approval from University and Pathology ethics boards. Tumor tissues derived from
different histological types of brain cancer glioblastoma (GB), astrocytoma, meningioma,
oligodendroglioma) were washed twice with sterile phosphate buffer saline (PBS) without calcium
and magnesium, minced and tissue pieces were digested with 0.5 mg/mL collagenase and 10 pg/mL
DNAse (Sigma, St Louis, MO, USA) for 20-40 min at 37°C in DME/F12 medium with frequent
shaking. Enzymatic activities were inhibited by adding culture medium (DME/F12 containing 10%
FBS) and digested tissue pieces were filtered through a 40 um pore nylon mesh (BD Bioscience, San
Diego, CA, USA) into a sterile conical tube. The mesh was washed once with culture medium and

cells were centrifuged at 800 rpm for 5 min. The supernatant was removed and the cell pellet was
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resuspended in hypotonic buffer (NH4Cl, KHCO3 and EDTA-Nay) to lyse erythrocytes for 5 min at
room temperature (RT) before adding sterile PBS and pelleting cells at 800 rpm for 5 min. The pellet
was resuspended, seeded into 6-well plates, and grown in DME/F12 medium supplemented with
10% FBS, 1X penicillin/ streptomycin (Gibco/BRL, Grand Island, NY, USA) and 1X amphotericin
B (Sigma, St Louis, MO, USA) and maintained at 37°C in a humidified atmosphere with 95% air

and 5% CO,.

Recombinant human relaxin and P74 peptide

Recombinant human relaxin (rhRLNZ2) was a generous gift from Corthera Inc. The P74 peptide
used in experiments is derived from a modified protein sequence derived from Complement C1q
tumor necrosis factor-related protein 8 (C1QT8 HUMAN) (Shemesh, Toporik et al. 2008). The
peptides (P74 and scramble control) were chemically synthesized by EZBiolab (Carmel, IN,
USA) and purity was verified by HPLC. Peptide sequences are:

P74 : GOKGQVGPPGAAVRRAYAAFSVGRRAYAAFSV

Scramble control: GSKMEGGSPGAPVQKRFFAFSVGRK

Total RNA Extraction and Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from the human glioblastoma and astrocytoma cell lines and primary
human brain tumor cells for RT-PCR analysis using the Trizol reagent (Invitrogen, ON, Canada)
according to the manufacturers’ protocols. RNA concentration was determined
spectrophotometrically at 260 nm and 280 nm using a Nanovue spectrophotometer (GE Healthcare,
ON, Canada). To assess the quality of total RNA samples, total RNA was separated by
electrophoresis through a 1% agarose gel made in 1X Tris-acetate-EDTA (TAE) buffer containing

0.5 pg/mL ethidium bromide. Only samples with distinct 18S and 28S rRNA bands with a ratio of
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approximately 2:1 showing no signs of degradation were considered for cONAs synthesis. Total
RNA (1pg) obtained from the human glioblastoma and astrocytoma cell lines and primary human
brain tumor cells were used for cDNA synthesis. cDNAs were synthesized by using SuperScript 11
reverse transcriptase kit (Invitrogen, ON , Canada) and random hexamers (Promega, Madison, WI,
USA). Briefly, 1 pg of total RNA was diluted to 0.1 pg/uL in a 10 pL volume with pure water
followed by addition of 50 ng/pL random hexamers and 100 pmol/L deoxynucleotide triphosphate
(dNTP) (Invitrogen, ON , Canada) and further incubation at 65°C for 10 min and subsequently
chilling on iced water. Synthesis of cDNA was performed by adding RT master mix containing 5X
First Strand buffer , 0.1 M DTT , and 200 unit/uL SuperScriptll reverse transcriptase. The reverse
transcription reaction was incubated in a programmed thermal cycler under the following conditions:
25 °C 10 min, 42 °C 50 min, 72 °C 15 min, and cDNAs were stored at -20°C until used. All PCR
reactions were carried out in 25uL (Table 2.1)

Table 2.1 PCR master-mix

Reagent One reaction volume (pL)
Double distilled water (ddH,0) 18.8

10X PCR Buffer, Minus Mg 2.5

50 mM Magnesium Chloride 1.0

100pmol/L dNTPs 0.5

20 nM Forward Primer 0.5

20 nM Reverse Primer 0.5

(5 U/uL) Taq DNA polymerase 0.2

cDNA 1

Total 25
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For amplification of all transcripts of interest from cell lines and primary cells, the PCR cycles
consisted of an initial denaturation step of 3 min at 95°C followed by 40 cycles of 1 min
denaturation step at 95°C, annealing for 1 min at specific temperature (Table 2.2), and a 2 min
elongation step at 72°C employing the PCR primer pairs (Table 2.2). Included in each PCR
reaction was positive control cONA from cell line or plasmid to increase confidence in negative
PCR results. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also used in order to
control for experimental variations in the amount of RNA used in RT-PCR. PCR products were
separated on a 1% agarose gel in TAE buffer and visualized by ethidium bromide staining. The
pictures of the gel were documented by a FluorChem-8900 chemiluminescence and gel imager

(Alpha Innotech Corp, San Leandro, CA).
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Table 2.2 Primer sequences used for RT-PCR

Target gene | Primer Primer sequence Annealing Size of
from5' to 3' temperature product
(¢C) (bp)

RLN1 Forward | TCTGTTTACTACTGAACCAATTT 55 485
Reverse | TTAGGCAACATTTCTCAAACAG

RLN2 Forward | TCTGTTTACTACTGAACCAATTT 55 485
Reverse | CATGGCAACATTTATTAGCCAA

RLN3 Forward | ACGGGGTCAGGCTTTGCGGC 55 266
Reverse | TCGGCTGCCCCGAAGAACCCC

RXFP1 Forward | ACTTCCCAATATCCTTTTGAGGCA 60 492
Reverse | CATGTGTTGACAGAGAGGTTTATC

RXFP2 Forward | ATTCAAAGACTTACATCAGCTAAC 60 363
Reverse | AAAAGGTGAGGTGATAGTTCCG

CTRP8 Forward | ACGGCCCACTATAGACATCGAA 58 350
Reverse | TGTAGTTCCAGGTGTGCACGTT

GAPDH Forward | CATCACCATCTTCCAGGAGCG 60 443
Reverse | TGACCTTGCCCACAGCCTTG

Abbreviations: bp, base pairs

BrdU assay

Cells were seeded at a density of 4x10° cell per well in DME/F12 medium with 10% FBS in 96-well

tissue culture plates and left overnight at 37°C. The medium was changed to serum- free medium

and cells were incubated for additional 24 h at 37°C prior to rhRLN2 treatment. Next day the

medium was removed and replaced with serum-free medium supplemented with rhRLN2 (100
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pg/mL =17 pM, and 100 ng/mL = 17 nM). Each concentration was tested in triplicate . Twenty-four
hours after the addition of rhRLN2, a colorimetric BrdU cell proliferation ELISA (Roche
Diagnostics, Canada) was used according to the manufacturer’s instructions. Ten pL of BrdU
labeling solution was added to each well of the 96-well plate. Cells were incubated for 3.5 h at 37°C
in a water-saturated CO, incubator. Thereafter, plates were drained, fixed for 30 min and 100 pL of
BrdU antiserum was added to each well. Plates were incubated for 60 min at RT, drained, washed,
and incubated with 100 pL/well of substrate solution for 10 min at RT. Finally, 25 pL of 1M H,SO,
was added to each well, incubated for 1 min on a shaker at 300 rpm, and absorbance was measured

within 5 min at 450 nm in an ELISA reader (Perkin Elmer, Boston, USA).

Cell viability assay (WST assay)

The WST assay measures dehydrogenase activity in mitochondria and is generally used as a measure
of proliferation (Holthaus, Treccani et al. 2012). Both, the proliferation of the T98G cells upon
relaxin treatment and the cytotoxicity of P74 peptide were assessed using the reagent WST (Roche
Diagnostics, Canada). Cells were seeded and serum starved according to the same procedure as
described for the BrdU assay. After treatment for 24 h with different concentration of rhRLN2 (100
pg/mL=17 pM, and 100 ng/mL=17 nM) and P74 peptide (0.5 nM, 1nM, 5 nM, 10 nM, 100 nM and
3 uM), WST was applied and cells were incubated according to the instructions by the manufacturer
(Roche Diagnostics, Canada). Conversion of WST to formazan was measured at 450 nm by
microplate spectrophotometry (Perkin Elmer, Boston, USA). Untreated cells were defined as 100%

viable cells.
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Motility Assay

Before the motility experiments, cells were seeded at 30% confluence with DME/F12 medium with
10% FBS and left overnight at 37°C. The next day, cells were washed twice with 1X PBS and grown
in DME/F12 medium with 1% FBS 24 h prior to the motility assay. Cellular motility and migration
were evaluated in 24-well Transwell chambers (Costar, Corning, NY).The upper and lower culture
compartments were separated by polycarbonate filters with 8-um pore size. A total of 1x10° cells (at
70% confluency) were put in DME/F12 medium plus 1% FBS and placed on the upper chamber of
the filters. The following substances were added to the wells (lower chamber): either human
recombinant RLN2 at 100 pg/mL (17pM), and 100 ng/mL(17nM) and P74 peptide (3uM) dissolved
in DME/F12 medium with 1% FBS. DME/F12 medium containing 1% FBS served as a negative
control and was placed in the bottom of the chamber. Migration was allowed to proceed for 24 h at
37°C in a humidified incubator at 5% CO,, 20% O, atmosphere. Thereafter, cells on top of the filter
were wiped off with cotton swabs and migrated cells that had traversed the membrane pores to the
lower surface of the membrane were washed with chilled PBS, incubated for 5 min in 1:1
PBS/methanol (EMD, Quebec, Canada) and 10 min in methanol before staining with 0.1% toluidine
blue in 2.5% sodium carbonate ( Sigma, St Louis, MO, USA). Migrated cells were counted under the
light microscope (Olympus, Markham, ON, Canada) at 10-fold magnification in five separate high-

power fields per filter. Experiments were performed in triplicates.

Scanning Electron Microscopy (SEM)
The day before the experiment, cells were washed twice with 1X PBS and grown in DME/F12
medium with 1% FBS overnight. To allow the migrating cells to develop pseudopodia, experiment

was performed in 6-well plates with insert filters containing 3.0 pum porous track-etched
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polyethylene terephthalate membranes cell culture inserts (BD Bioscience, San Diego, CA, USA).
Cells (7.5X10°) were placed into the upper filter compartment and incubated with the companion
plate in a 5%, 20% O, CO,atmosphere at 37 °C for 1 h to allow the tips of pseudopodia to penetrate
the pores and reach the underside of the filters. Cells on both sides of the filter were rinsed with PBS,
fixed with Karnovskys Fixative (4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.2; all Sigma) for 1h at RT. Filters were further fixed for 1h at RT each in 1% OsO,4 and
2% uranyl acetate. Upon fixation, the filters were then prepared for SEM examination by
dehydration in a series of graded ethyl alcohol solutions (50%, 70%, 95%, and 100%). The final
dehydration step was accomplished in 100% methanol (gradient grade, EMD chemicals, ON,
Canada). The filters were cut into small pieces, sputter-coated with gold-palladium (Edwards S150B,
West Sussex, UK) and subsequently examined in a Cambridge Stereoscan 120 SEM (Cambridge,
UK) with EDAX Genesis imaging software (Mahwah, New Jersey, USA). Images of cells on both

sides of the filters were taken at 20 kV using various magnifications.

Pseudopodia assay

Pseudopodia assays were performed with slight modifications as described previously (Cho and
Klemke 2002). Before the assay, U87MG GB cell lines were washed twice with 1X PBS and grown
in DME/F12 medium with 1% FBS overnight. The next day, U87MG cells were pre-treated for 24 h
with human recombinant RLN2 100 ng/mL or DME/F12 medium with 1% FBS (control).
Purification of pseudopodia was performed in 6-well plates with insert filters containing 3.0 um
porous track-etched polyethylene terephthalate membranes (BD Bioscience, San Diego, CA, USA).
Each filter was seeded with 7.5X10 cells on the upper chamber and incubated in a 5% CO,, 20% O,

humidified incubator at 37°C for 1 h to allow the tips of pseudopodia to reach the underside of the
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filter. This was done in the absence and presence of rhRLN2 at 100 ng/mL dissolved in DME/F12
medium with 1% FBS and added to the lower chamber only. After 1h, pseudopodia were isolated by
dipping the underside of each filter in 100 pL of lysis buffer (50mM Tris-HCI, pH7.4, 3mM NaCl ,
2mM MgCl;, 0.1%SDS , 0.1 % NP-40 (Igepal), protease inhibitor cocktail; Sigma, St Louis, MO,
USA) for 10 seconds. The remaining cell body was collected by adding 100 pL of lysis buffer onto
the top of each filter. Pseudopodia and cell body lysates from ten filters were pooled separately and
subjected to three freeze/ thaw cycles (dry ice for 3 min and thawed at 37°C for 1 min). Lysates were
centrifuged at 13,000 x g for 20 min at 4°C and supernatants of pseudopodia lysates were dried in a
speed vacuum (Thermo Fisher Scientific, Mississauga ON, Canada), resuspended in double distilled
water to make a 10x concentrated pseudopodia supernatant and protein concentration was measured

using the Micro BCA Protein Assay Kit (Pierce, ON, Canada).

Proteomic analysis

Pseudopodia for proteomic analysis were obtained from untreated and RLN2-treated U87TMG
cells as described in the pseudopodia assay section. Proteomic analysis was carried out at the
Manitoba Centre for Proteomics and Systems Biology using two dimensional high performance
liquid chromatography - mass spectrometry analysis (2D LC-MS/MS). The workflow and

experimental design for Proteomics analysis performed in this study are shown in (Fig.2.1).

Sample preparation: To determine the quality of samples preparation, 15 pg of pseudopodia lysates
from untreated and RLN2-treated U87MG cells were loaded and separated on a precast 4-12% bis-
Tris-acrylamide gradient gel (Invitrogen, ON, Canada). The gels were stained using Gel-Code Blue
Coomassie Pierce, ON, Canada). Each 100 pg protein sample was adjusted to 100 puL with 100 mM

ammonium bicarbonate buffer. Samples were reduced with 10 mM dithiothreitol (DTT) for 40 min
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at 56°C followed by alkylation using 50 mM iodoacetamide (IAA) for 30 min at RT. Excess IAA
was neutralized by the addition of 17 mM DTT. Proteins were digested with sequencing-grade
trypsin (Promega, Madison, WI, USA) at a 1:50 enzyme: substrate ratio overnight at 37°C. Samples
were frozen at —80 °C and dried using a SpeedVac. Trypsin-digested peptides were purified using a
reversed-phase Scalar C-18 (1 x 100 mm, 5 pm, 100 A) column (Agilent Technologies, Inc., Santa

Clara, CA, USA).

2D LC-MS/MS: Peptide digests (100 ug) were purified using a two dimensional LC method
(Dwivedi, Dhindsa et al. 2009). Briefly, dried peptide samples were fractionated in the first
dimension employing a high-pH (pH10) reversed-phase separation on C18 X-Terra column (1 x 100
mm, 5 pm, 100 A; Waters Corporation, Milford, MA,USA) with an Agilent 1100 series high
performance liquid chromatography (HPLC) system. Both eluents A (water) and B (90%
acetonitrile) contained 20 mM ammonium formate buffer (pH 10.0). Using a gradient of 1% to 40%
of solvent B (1% acetonitrile/min, 150 pL/min flow rate), twenty fractions were collected from the
C18 X-Terra column separation, vacuum-dried, re-dissolved and applied to second dimension
separation using a splitless nano-flow Tempo LC system (Eksigent, Dublin, CA) with sample
injection via a PepMap100 trap column (0.3 x5 mm, 5 um, 100 A, Dionex, Sunnyvale, CA). A 100
um X 150 mm analytical column packed with 5 um Luna C18(2) was used prior to MS/MS analysis.
Both eluant A (2% acetonitrile in water) and eluant B (98% acetonitrile) contained 0.1% formic acid
as ion-pairing modifier. A 0.35% acetonitrile/min linear gradient (0-35% B in 200 min, 500 nL/min)
was used for peptide elution, followed by a 5-min wash with 80% eluent B. A QSTAR Elite QqTOF
mass spectrometer (Applied Biosystems, Concord, ON, Canada) was used in standard MS/MS data-
dependent acquisition mode with a nano-electrospray ionization source. Data acquisition in QSTAR

Elite was set to positive ion mode using Analyst® QS 2.0 software (Applied Biosystems). Survey
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MS spectra were collected (m/z 400 to 1500) for 1 sec followed by three MS/MS measurements on
the most intense parent ions (80 counts/s threshold, +2 to +4 charge state, and m/z 100 to 1500 mass
range for MS/MS), using the manufacturer's ‘smart exit’ setting. Parent ions previously targeted

were excluded from repetitive MS/MS acquisition for 60 sec (mass tolerance of 50 mDa).

Database searching and protein identification: The MS/MS data were searched by two database
search engines: ProteinPilot (PP) software version 2.0.1 (Applied Biosystems/ MDS Sciex,
Concord, ON, Canada) which employs the Paragon™ search algorithm and The Global Proteome
Machine (GPM) Version 2.0.0.4 (Beavis Informatics Ltd., Winnipeg, MB, Canada)(Craig and
Beavis 2004) for peptide matching and protein identification. Search parameters were as follows: (i)
Trypsin was selected as the enzyme (ii) one missed cleavage allowed; (iii) fixed modification,
carbamidomethylation of cysteines; (iv) variable modification, oxidation of methionine; (v) peptide
tolerance, 3.0 Da; and (vi) MS/MS tolerance, 0.4 Da. Those protein candidates with greater than or

equal to 95% identification confidence were used for further analysis.

Protein Categorization: The identified proteins were classified based on the Protein Analysis
Through Evolutionary Relationships (PANTHER) system (http://www.pantherdb.org), a unique
resource that classifies genes and proteins by their functions. The PANTHER ontology, a highly
controlled vocabulary (ontology terms) by biological process, molecular function and molecular
pathway was used to categorize proteins into families and subfamilies with shared functions

(Thomas, Campbell et al. 2003).
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Figure 2.1 Outline of the experimental workflow for identifying candidate proteins at the leading
edge involved in relaxin/RXFP1-induced migration in U87 GB cells. Pseudopodial proteins were
isolated from rhRLN2-treated and untreated U87 cells. Protein samples were digested into peptides
using trypsin. The peptides were separated by HPLC, eluted and transferred into a mass
spectrometer. The mass spectrum (MS) revealed the masses and intensities of peptides eluting from
the column at any given time. Fragmentation of individual peptides revealed the fragment MS/MS
spectra, which contains information about the peptide sequence. The data from MS/MS spectra were
used to identify peptides and identify the corresponding proteins using bioinformatic tools. Finally

the identified proteins were categorized according to their molecular function.
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Western blot analysis

For detection of target proteins, cells were seeded at 30% confluence (1X10° cells/ mL) with
DME/F12 medium with 10% FBS and grown overnight at 37°C. Cells were washed twice with 1X
PBS, grown in DME/F12 medium with 1% FBS for 24 h and then treated with either human
recombinant RLN2 (100 pg/mL and 100 ng/mL) or P74 peptide (3uM) dissolved in DME/F12
medium with 1% FBS for 24 h prior to isolation with 250 ul of lysis buffer (50mM Tris-HCI, pH7.4,
3mM NaCl, 2mM MgCl,, 0.1%SDS, 0.1 % NP-40 (Igepal), protease inhibitor cocktail; Sigma, St
Louis, MO, USA). Protein concentration was determined by BCA Protein Assay Kit (Pierce, ON,
Canada) prior to storage at -80°C until Western blot analysis. Samples were incubated at 90°C for 5
min. Depending on the size of the protein of interest, 30 ug of whole cell lysate of each sample was
loaded on a 10-15% SDS-PAGE gel. As a standard, 5 pl of Precision Plus Protein all blue standards
(Thermo Fisher Scientific, ON, Canada) was loaded. After SDS-PAGE, gels were transferred to
nitrocellulose membrane in transfer buffer (500mM glycine, 50mM Tris-HCI, and 20% methanol) at
100 volt for 1 h. Membranes were blocked with Tris-buffered saline (TBS/0.01% Tween 20 (TBST)
plus 5% skimmed milk) for 1 hr at RT. All primary antibodies (Table 2.3) were dissolved in 5% milk
in TBST and incubated with the membranes overnight at 4°C on a rotator. The next day, membranes
were washed with TBST three times for 5 min prior to incubation with the appropriate secondary
antibodies (Table 2.4) coupled to horseradish peroxidase (HRP) for 1 h at RT on a rotator. After
washing the membranes 3X 5 min, signals were visualized using ECL reagent (Pierce) according to
the manufacturer’s instructions. Blots were exposed to an x-ray film and developed. If necessary,
blot was stripped with stripping buffer (200 mM glycine adjusted p H to 2.5, and 0.005% Tween20)

for 15 min and probed again.
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Table 2.3 Primary antibody used for Western blot analysis

Primary Antibody | Dilution Source Expected size
PGRMC1 1:2000 #ab80941 25kDa
Abcam, Canada
TfR1 clone H68.4 1:500 # 13-6800 85kDa
Invitrogen, Canada
MMP-14 1:2000 #ab51074 66 kDa
Abcam, Canada
Cdc42 1:1000 #2462 21kDa
Cell signaling technology
Racl 1:1000 #2467 21kDa
Cell signaling technology
Cathepsin-B 1:500 Dr. E. Weber-Martin * proform (40 kDa)
Luther University, ** heavy chain (HC) (30 kDa)
Halle ,Germany
Procathepsin-L clone | 1:500 Dr. E. Weber-Martin * proform (43 kDa)
2D4 Luther University, **single-chain(31kDa)
Halle ,Germany *** heavy chain (HC) (24 kDa)
Cathepsin-D 1:500 Dr. E. Weber-Martin * proform (52 kDa)
Luther University, **heavy chain (HC) (25 kDa)
Halle ,Germany
B-actin 1:10000 #A5441 Sigma 43 kDa
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Table 2.4 Secondary antibodies used for Western blot analysis

Secondary Antibody Dilution Source

Goat anti rabbit-HRP conjugated 1:10000 # 111-005-045
Jackson Immuno Research

Laboratories

1:2000 #7074

Cell Signaling technology

Goat anti mouse —HRP conjugated 1:10000 #A5278 Sigma

Densitometry analysis of immunoblots

Densitometric analysis of bands was carried out with the ImageJ software (Abramoff et al., 2004).
The gel analysis tool was used to obtain the absolute intensities for each experimental protein band
and corresponding Beta actin band served as a loading control. The relative intensities were

calculated from the ratio of protein bands to Beta actin absolute intensities.

Statistical analysis

The statistical analysis was carried out with the SPSS program, version 14.0 for Windows and Excel
software. To test differences among treatments, one way analysis of variance (One way-ANOVA)
was applied. When this test determined statistically significant differences, a posthoc comparison
was made using the Tukey’s test. Analyses with a confidence level of 95% (p<0.05) were considered

significant.
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CHAPTER 3: RESULTS AND FIGURES

3.1 RXFP1 is expressed in human primary brain tumor cells and GB cell lines

We have established a cell bank of primary cells derived from patients with brain tumors in
collaboration with the Department of Neurosurgery. In the present study, 32 cases of human primary
brain tumor cells with known clinical pathology (Table 3.1) were selected. Total RNA was extracted
to determine the expression of RLN2 and RXFP1 using RT-PCR analysis. We also checked for the
expression of RLN2 and RXFP1 in several established GB cell lines (Fig. 3.1) and human astrocytes.
We found that RXFP1 was expressed in 15 of 32 (46.88%) primary cells and 4 of 7 (57.14%) GB
cell lines, while human astrocytes showed very weak RXFP1 expression. In both human primary
cellsand GB cell lines, RXFP1 showed different expression levels (Fig. 3.1). The clinical pathology
of the 15 cases of RXFP1 positive primary GB cells showed that 10 of 15 (66.67%) were
glioblastoma WHO grade 1V, 3 of 15 (20%) were recurrent cases of glioblastoma WHO grade 1V,
and 2 of 15 (13.33%) were meningioma. For two RXFP1 positive meningioma cases, one case was a
meningioma WHO grade I, while the other case was an invasive meningioma WHO grade Il. Rapid
progression in growth and invasiveness in GB tumor growth may be linked to RXFP1 induction as
exemplified in the one case of PBS-12 primary GB cells. Here, post-operatively the tumor
progressed rapidly within 10 days (PBS-12.1; second operation) (Fig. 3.1A). This coincided with an
increased expression of RXFPL1. In contrast to RXFP1 expression, none of the human primary brain
tumor cells and GB cell lines expressed RLN2 transcripts (Fig. 3.1). Although RXFP1 is the main
and most specific receptor to H2-relaxin, both H1- and H3-relaxin are also known to show weaker
interaction with RXFP1 (Hsu, Nakabayashi et al. 2002; Sudo, Kumagai et al. 2003; van der

Westhuizen, Halls et al. 2008). Evidence shows that RLN2 induced both RXFP1 and RXFP2
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receptors to stimulate CAMP production in cultured cells (Hsu, Nakabayashi et al. 2002; Hsu,
Nakabayashi et al. 2003) indicating that circulating RLNZ2 can signal through both of these receptors
in vivo to generate physiological actions. This information led us to investigate the expression of
RLN2 and RXFP1 and the expression of the other relaxin isoforms RLN1 and RLN3 as well as
RXFP2 in the human primary brain tumor cells, GB cell lines, and human astrocyte to determine a
complete expression profile of this ligand-receptor system. None of the cases of primary cells, GB
cell lines and human astrocytes expressed RLN1, RLN3 and RXFP2 transcripts (data not shown). In
this study, we selected two RXFP1 positive human GB cell lines (U87MG and T98G) and some of
RXFP1 positive human primary GB cells (PBS-1, PBS-10 and PBS-12.1) to study the function of

RXFP1.

Table 3.1 Histopathological diagnosis of all 32 studied brain tumor cases correlates with RXFP1

expression detected using RT-PCR

Patient 1D Histopathological diagnosis RXFP1 expression
PBS-H2009:328-1 GB with oligodendroglial component +
PBS-H2009:328-2 GB +
PBS-H2009:328-6 GB (small cell variant) +
PBS-H2009:328-10 GB +
PBS-H2009:328-11 GB recurrent with oliogo component +
PBS-H2009:328-12 GB (cyst) +
PBS-H2009:328-12.1 GB (second operation) +
PBS-H2009:328-16 GB +
PBS-H2009:328-17 GB +
PBS-H2009:328-19 GB 0
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PBS-H2009:328-21

GB (recurrent)

PBS-H2009:328-22

Oligodendroglioma WHO gradell, increased
proliferative index and reactive changes

PBS-H2009:328-24
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GB
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GB
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GB

PBS-H2009:328-36
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GB
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GB
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Anaplastic Astrocytoma; WHO grade 111
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Meningioma with brain invasion; WHO grade 11

PBS-H2009:328-45

Meningioma WHO grade |

PBS-H2009:328-46

PBS-H2009:328-47
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PBS-H2009:328-49

PBS-H2009:328-51
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proliferative index

GB
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Abbreviations: PBS stands for Primary Brain tumor Study; GB: Glioblastoma multiforme; WHO:
The World Health Organization; (0) indicates no expression of RXFP1 transcripts; (+) indicates

expression of RXFP1 transcripts

Figure 3.1 Expression of RXFP1land RLN2 in (A) human primary brain tumor cells and (B) in GB
cell lines by RT-PCR. (A) None of the human primary brain tumor cells expressed RLN2. However,
human primary brain tumor cells expressed RXFP1 receptor at different levels. In one case (PBS-
12), the onset of RXFP1 expression correlated with fast progression of the GB. Primary PBS-12 GB
cells showed a higher expression of RXFP1 after 10 days of rapid progression (PBS-12.1) indicated
by asterisk (**). (B) None of the GB cell lines expressed RLN2 where as four GB cell lines, A-172,
LN-18, T98G, and U87MG expressed RXFP1. While T98G and U87MG showed a strong expression
of RXFP1, A-172, and LN-18 showed weak expression of the receptor. Human astrocytes showed

weak expression of RXFPL.
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3.2 Recombinant human RLN2 (rhRLN2) increases cell motility of GB cell lines and primary
GB cells

Transwell filter assays were employed to investigate the role of RXFP1 in rhRLN2-induced
U87MG, T98G and PBS-10 cells motility. The upper and lower culture compartments were
separated by filters with an 8 um pore size. The cells were seeded into the upper chamber and
incubated for 24 h in the absence (control) and presence of two different rhRLN2 concentrations.
rhRLN2 at 100 pg/ mL (17 pM) and 100 ng/ mL (17 nM) were added as a chemoattractant in the
lower chamber. Treatment of cells with rhRLN2 resulted in a significant increase (2—4-fold) in cell
motility in U87MG and T98G and PBS-10 primary GB cells, although the magnitude of change was
greater in UB7MG cells. In US7MG cells, both 100 pg/ mL and 100 ng/ mL of rhRLNZ significantly
increased cell motility in a concentration-dependent manner with P=0.002 and P=0.001, respectively
(Fig. 3.2-1A). rhRLN2 at 100 ng/ mL significantly increased cell motility in T98G (Fig. 3.2-1B) and
PBS-10 (Fig. 3.2-1C) with P=0.02 and P=0.005, respectively. Similar to U87MG cells, we observed
the concentration-dependent increase in cell motility in PBS-10, while we did not observe this effect
in T98G. Thus, we determined that rhRLN2 was highly effective in promoting migration of US7TMG,
T98G and also PBS-10 cells suggesting a functionally intact RXFP1 was expressed in these GB
cells. These results also indicated that RXFP1 expression plays a role in GB cell motility and led us

54



to explore the potential mechanisms for this effect. To exclude a rhRLN2-induced increase in cell
proliferation and cell number to be responsible for the increased number of migrated cells, two
different proliferation based assays were employed. We performed BrdU assays on U87MG cells
and WST assays on T98G cells. After 24 h exposure to rhRLN2, we found no significant increase in
cell proliferation in U87MG (Fig. 3.2-2A) or T98G (Fig. 3.2-2B). Our results suggest that rhRLN2
does not act as a growth factor in U87MG and T98G cell lines and confirms that the higher number
of migrated cells counted following rhRLN2 treatment was not due to an increase in cell

proliferation.
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Figure 3.2-1 Effect of rhRLN2 on cell motility. Cell motility in U87MG, T98G and PBS-10 cells
was assessed using transwell chambers. All U87MG, T98G and PBS-10 cells displayed an increase
(2—4-fold) in cell motility. (A) 100 pg/ mL and 100 ng/ mL of rhRLN2 significantly increased
motility in comparison to untreated U87MG cells. (B) only 100 ng/ mL of rhRLN2 significantly
increased cell motility in T98G and (C) PBS-10. The results shown are representative of three

separate experiments with three filter sets per experiment and are expressed as mean = S.E.
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Figure 3.2-2 Effect of rhRLN2 on cell proliferation. BrdU proliferation assays were performed to
study the effect of rhRLN2 in U87MG cells growth, while WST assays were employed to measure
the cell viability of T98G upon rhRLN2 treatment. (A) rhRLN2 did not affect US7TMG cell
proliferation as determined by the BrdU incorporation assay. (B) WST assays showed no effect of
rhRLN2 on T98G cell proliferation. The results shown are representative of three separate

experiments with triplicate wells per experiment and are expressed as mean + S.E.
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3.3 Scanning electron microscopy (SEM) analysis of migrating US7MG cell line

An important step in GB cell migration and tissue invasion is the development of cell protrusions at
the leading edge of the migration front. We employed SEM to visualize the migrating front of
U87MG cells. Cells were plated on filters with no stimulus and allowed to migrate through a 3-um
for 1 h. Thereafter, USB7TMG cells partially traversed the filters by extending their pseudopodial

protrusions to the underside of the filters (Fig. 3.3).
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Figure 3.3 Scanning electron microscope images of U87MG cells after 1 h migration time. (A) on
the top of the filters, cell showed pseudopodia at the leading edge trying to migrate through the pore
of the filter (B) at the bottom of the filters, leading edge pseudopodial extensions started to appear at

the pores.
U 87MG
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(A) Top of the filter (B) Bottom of the filter

3.4 ldentification of candidate proteins at the migration front of U87MG cell line

To further investigate the potential mechanisms for relaxin/ RXFP1-induced cell migration, we used
pseudopodia assays followed by 2D LC-MS/MS to identify and select candidate proteins involved in
relaxin/ RXFP1-induced migration in the RXFP1 positive human GB cell line US87MG.
Pseudopodial proteins were isolated from rhRLN2-treated and untreated U87MG cells and analyzed
by LC-MS/ MS. The workflow and experimental design performed in this study are shown and
described in the material and methods section. MS/ MS spectra were searched for protein
identification using two database search engines: The Global Proteome Machine (GPM) software
and ProteinPilot (PP) software. GPM uses a probability-based scoring algorithm to derive from a
protein database the most likely peptide sequence matching the experiment spectrum while PP
asscess each MS/MS spectrum from a data set to determine which spectra are worth scoring. Thus,

PP acts as a filter to remove spectra that are less likely to yield reliable peptide identification. The
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confidence level of the protein identification of GPM is represented by log (e) values where log (e)-
1.3 equals a 95% confidence value. In contrast, PP uses different algorithrims to calculate protein
confidence as represented by unused score, where unused score =1.3 equals a 95% confidence value.
We used two search engines which have different parameters for higher reliability and increased
sensitivity and accuracy of protein identification. PP software identified a total of 620 proteins in
rhRLN2-treated U87MG cells, whereas 443 proteins were identified in untreated U87MG cells. The
GPM software identified a total of 744 proteins and 564 proteins in rhRLN2-treated U87MG cells
and untreated U87MG cells, respectively. The lists of identified proteins from both database search
engines were combined in each group (rhRLN2-treated and untreated cells) in order to construct a
more reliable protein list. Only those proteins identified in both search engines were considered for
future analysis. This resulted in a total of 535 and 401 proteins identified both database search
engines in rhRLN2-treated and untreated U887MG cells, respectively. Of those, 301 proteins were
found in both rhRLN2-treated and untreated cells. By contrast, 234 out of 535 proteins and 100 out
of 401 proteins were exclusively observed in rhRLN2-treated or untreated cells, respectively (Fig.
3.4-1). We further separately classified these proteins from each group including the uniquely
proteins observed in rhRLN2-treated or untreated cells and the common proteins that are observed in

both rhRLN2-treated or untreated cells according to their reported molecular functions using the

PANTHER Classification System (www.pantherdb.org/) as shown in (Fig. 3.4-2). The majority of
the identified proteins from each group were classified in similar functions including enzyme,
cytoskeletal proteins, transporter/transfer/carrier proteins, nucleic acid binding proteins, signaling
molecule, enzyme modulator, membrane traffic proteins, transcription factor, receptor, extracellular
matrix proteins and chaperon. We calculated the percentages of identified proteins in each category

by the total number of categories observed within each group and also observed similar percentage

59


http://www.pantherdb.org/

of identified proteins in most of categories when compared between the three groups. However, the
differences of the percentages of identified proteins in some categories which include cytoskeleton
proteins, receptor, membrane trafficking proteins, extracellular matrix proteins, and chaperon were

observed within each group (Table 3.4-1).

To identify candidate proteins at the leading edge involved in relaxin/ RXFP1-induced migration in
U87MG GB cells, we focused mainly on the 234 proteins which were uniquely observed in the
rhRLN2-treated cells. These 234 unique proteins detected in the rhRLN2-treated cells were
classified into 11 groups which provided a broad functional overview of the pseudopodial proteome
from rhRLN2-treated cells in the RXFP1 positive human GB cell line U87MG. Among these 11
groups, we initially focused on the receptors group since they may contain members that can serve as
suitable tissue markers. Furthermore, binding of ligand to a cell surface receptor can stimulate
signaling events that may be inhibited to suppress migration. Nine proteins were classified in this
receptor group. We used several criteria to select candidate proteins involved in relaxin/ RXFP1-
induced migration of U87MG cells. First, we scanned for proteins known to be involved in
carcinogenesis and tumor cell migration/ invasion. Secondly, based on the log (e)-value from LC-
MS/ MS analysis which is a statistical score indicating the significance of protein identification we
considered only those proteins with a score of below log (e)-10. Another criteria was based on the
number of unique peptide fragments reported from LC-MS/ MS analysis upon tryptic digest of a
protein. Every MS/ MS spectrum is assigned to one or more proteins according to the spectrum of
non-unique and unique peptides identified within this MS spectrum. Non-unique peptides are the
peptide fragments that can be shared among multiple proteins. In contrast, unique peptides are the
peptides that only occur in one protein and therefore increase identification confidence of that

particular protein. In this study, we selected only the proteins which were identified at least by two
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unique peptides. Of the nine cell-surface receptor proteins of the 234 unique proteins identified in
the rhRLN2-treated cells, six candidate proteins were involved in carcinogenesis and tumor cell
migration/ invasion (Table 3.4-2). Based on the criteria above, two proteins, transferrin receptor
proteinl (TfR1) and membrane-associated progesterone receptor component 1 (PGRMC1) were
selected for further studies. TfR1 is known to be overexpressed in gliomas and correlates with tumor
grading (Recht, Torres et al. 1990). This receptor is implicated in the increase of tumor cell
proliferation since growing tumor cells have an increased iron supply required for functioning of
numerous iron-containing proteins (Richardson and Ponka 1997). Accordingly, it was suggested that
TfR1 represents an important target for ligand-directed brain tumor immunotherapy for anti-
proliferative effects (Wang, Tian et al. 2010). PGRMC1, a hormone receptor component and binding
partner for P450 proteins, is over-expressed in breast tumors and in cancer cell lines from the colon,
thyroid, ovary, lung, and cervix (Crudden, Loesel et al. 2005). PGRMC1 mRNA was observed more
frequently in high-grade than low-grade tumors (Carroll, Zhang et al. 1995; Gonzalez-Aguero,
Ondarza et al. 2001). Moreover, this interesting protein promotes multiple phenotypes in cancer
cells, including apoptotic resistance, anchorage-independent growth, invasion, tumor growth, and

metastasis (Peluso, Romak et al. 2008; Peluso, Gawkowska et al. 2009; Ahmed, Rohe et al. 2010).
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Figure 3.4-1 A total of 535 proteins were identified in rhRLN2-treated U87MG and 401 proteins
were identified in untreated U7MG cells. Among those, 301 proteins were found in both rhRLN2-
treated and untreated cells, while 234 out of 535 proteins and 100 out of 401 proteins were uniquely

observed in the rhRLN2-treated cells or untreated cells, respectively

GPM&PP

+rhRLN2 -rhRLN2
(401)
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Figure 3.4-2 Classification by molecular function of the 234 unique proteins detected in rhRLN2-
treated cells, the 100 unique proteins detected in untreated cells and the 301 common proteins that
are observed in both rhRLN2-treated and untreated cells were done using the PANTHER database
(http://www.pantherdb.org/). For the 234 unique proteins detected in rhRLN2-treated cells, which
we focused on were classified to 11 categories. Of these categories, we selected the candidate

proteins form the surface receptor group.
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Molecular function classification of common proteins detected in
untreated and rhRLN2-treated US7MG cells

_ Chaperon 27
Receptor 5

Transcription factor
3

Membrane traffic
protein 5

Enzyme modulator
24

Signaling molecule

12
Transporter/transfer/

carrier protein
21

64



Table 3.4-1 Molecular function of proteins identified from rhRLN2-treated U87MG cells and

untreated US7MG cells

Molecular function Untreated | % of total | rhRLN2 | % of total Common | % of total
treated proteins

Enzyme 28 28.00 68 29.06 83 27.57
Cytoskeletal protein 12 12.00 12 5.00 45 14.95
Transporter/transfer/carrier proteins 6 6.00 18 8.00 21 6.98
Nucleic acid binding 18 18.00 44 18.80 54 17.94
Signaling molecule 4 4.00 5 2.00 12 3.99
Enzyme modulator 5 5.00 11 5.00 24 7.97
Membrane traffic proteins 8 8.00 18 8.00 5 1.66
Transcription factor 2 2.00 7 3.00 3 1.00
Receptor 1 1.00 9 4.00 5 1.66
Extracellular matrix proteins 0 0 3 1.00 0 0
Chaperon 0 0 0 0 27 8.97
Unclassified 16 16.00 39 16.00 22 7.31
Total 100 100 234 100 301 100
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Table 3.4-2 The LC-MS/ MS data of the receptor category. Log (e)-value is the base -10 log of the
expectation that any particular protein assignment was made at random, therefore, reflects the
statistical score indicating the significance of protein identification. The lower the log (e)-value of
the selected candidate proteins, the more significant the score which increases the chance that a

peptide match is correct for this protein identification.

Unique Relationship between References
log(e) peplt?clljes Name receptors and cancer
tumor growth, migration/ (Recht, Torres et al.
-34.6 4 Transferrin receptor invasion 1990; O'Donnell, Yu et
' protein al. 2006; Chirasani,
Markovic et al. 2009)
; hindi .| no relation to migration/ invasion -
17.9 3 Ribosome delng protein
tumor growth, migration/ (Crudden, Loesel et al.
173 3 Membrane-associated invasion 2005; O'Donnell, Yu et
' progesterone receptor al. 2006; Ahmed, Rohe et
al. 2010)
tumor metastasis (Saitoh, Wang et al.
123 9 Lysosome r_nembrane 1992)
protein 2
cell migration/ metastasis (Kim, Jung et al. 2011,
-11.0 2 Galectin-3-binding protein Noma, Simizu et al.
2012)
_ _ tumor metastasis (Wang, Liu et al. 2012;
Tyrosine-protein Zheng, Zhou et al. 2012)
-7.3 2 phosphatase non-receptor
type 1
. . : no relation to migration/ invasion -
6.2 1 Signal recognition particle
9 kDa protein
no relation to migration/ invasion -
-3.0 1 Niemann-Pick C1 protein
. ] tumor suppressor, metastasis Henshall, S.M., et al.,
2.4 1 Zinc-alpha-2-glycoprotein (2006)
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3.5 Verification of candidate proteins from 2D LC-MS/ MS analysis U87MG cell line

We employed Western blot analysis for the detection of TfR1 and PGRMC1 pseudopodial candidate
proteins identified by 2D LC-MS/ MS analysis in of rhRLN2-treated U87MG cells. Protein extracts
of purified pseudopodia (extracted from the lower part of the membrane) and cell bodies (extracted
from the upper part of the membrane) from migrating rhRLN2-treated and untreated U87MG cells
were used. However, we failed to detect both candidate proteins in the pseudopodial protein fraction.
Even though we increased the number of the filters used for purifying pseudopodia from these cells,
the concentration of the pseudopodial proteins was below the limit of detection. By contrast, we
were able to detect the two candidate proteins, TfR1 and PGRMCL, in the protein extracts from the
cell bodies in rhRLN2-treated and untreated U87MG cells. We also observed an upregulation of
PGRMCL in rhRLN2-treated cells when compared with the untreated U87MG cells. There was no
change of TfR1 expression between rhRLN2-treated cells and the untreated cells (data not shown).
Protein extracts of cellular bodies of the upper part of the membrane reflect an almost complete
protein spectrum of the cells, except for parts of the invading pseudopodia. Since we successfully
detected the two candidate proteins in U87MG cell bodies, we therefore decided to use whole cell
lysates to try and confirm the expression of our candidate proteins in U87MG cells exposed to 100
pg/ mL and 100 ng/ mL rhRLN2 for 24 h; the latter relaxin concentration was used in the mass
spectrometry experiments. Western blot analysis revealed that 100 ng/mL of rhRLN2 treatment
significantly upregulated PGRMC1 protein levels (P=0.033) (Fig 3.5), but failed to do so with TfR1
(data not shown). We also observed the expression of both candidate proteins in T98G cell lines and
some of primary RXFP1+ GB cells. However, there were no differences in TFRC1 and PGRMCL1

expression between rhRLN2 -treated cells and untreated cells.
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Figure 3.5 Western blot analysis and quantitative densitometry of the protein expressions of
PGRMCL1 in U87MG cell line (control, 100 pg/ mL and 100 ng/mL of rhRLN2). Treatment with 100
pg/ mL rhRLN2 caused a higher and borderline significant increase in PGRMC1 protein expression.
This trend became significant when U87MG were treated with 100 ng/ mL of rhRLNZ2, resulting in a
marked increase in the expression of PGRMC1 when compared with the control (P=0.033). Asterisk
indicates P < 0.05 when compared to control (no treatment). For all panels, data represent three

observations for each experiment and are expressed as mean+S.E.
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3.6 Known mediators of relaxin-RXFP1 action in cell invasion are upregulated upon rhRLN2
treatment of GB cell lines and primary GB cells

The objective of this study was to investigate the role of the relaxin receptor RXFP1 in brain cancer
and to determine RXFP1-mediated mechanisms in tumor cell migration and tissue invasion. We
discovered PGRMCL as a novel candidate that is upregulated in rhRLN2-treated U87MG cells.

However, tumor cell migration and tissue invasion are complicated processes involving numerous
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protein networks. Recent studies suggest that relaxin is produced by many types of cancer cells and
acts on RXFP1 to induce metastasis via some mediators such as MMPs and their tissue inhibitors
TIMPs (Binder, Hagemann et al. 2002; Bialek, Kunanuvat et al. 2011), lysosomal acid hydrolases
(Hombach-Klonisch, Bialek et al. 2006), and small GTPases (unpublished data). This led us to
hypothesize that some of these known mediators of relaxin’s action might also be involved in
relaxin/ RXFP1-induced migration in GB cells. To test our hypothesis, we used a similar approach as
for detecting candidate proteins by mass spectrometry. We selected RXFP1 positive U87MG and
T98G cell lines and incubated these cells for 24 h with 100 pg/ mL and 100 ng/ mL of rhRLN2. We
also selected RXFP1 positive primary cells (PBS-1, PBS-10 and PBS-12.1) and incubated the cells
for 24 h with rhRLN2 at 100 ng/ mL. Thereafter, we collected whole cell lysates and performed
Western blot analysis. Along with candidate proteins identified by mass spectrometry analysis, we
detected the expression of MMP-14 , the lysosomal acid hydrolases cath-B , cath-D, cath-L, and the

small GTPases (Racl and Cdc42) (Table 3.6).
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Table 3.6 Protein expression data for six relaxin mediators investigated in untreated (-rhRLNZ2) and

rhRLN2-treated cells (+rhRLN2) U87MG cell lines and primary cells using Western blot analysis.

Relaxin GB cell lines Primary cells

targets Us7TMG T98G PBS-1 PBS-10 PBS-12.1

-rhRLN2 | +rhRLN2 | -rhRLN2 | +rhRLN2 -rhRLN2 +rhRLN2 | -rhRLN2 | +rhRLN2 -rhRLN2 +rhRLN2

1. Matrix metello proteinases

MMP-14 + NC + NC + NC + NC + NC

2. Lysosomal acid anhydrases

Cath-B + 1 0 0 + 1 ¥ 1 + 1
Cath-L + 1 0 0 + 0 0 0 + NC
Cath-D + 1 + NC + 1 0 0 0 0

3. Small GTPases

Racl + 1 + NC + 1 + 1 + 1

Cdc42 + 1 + NC + 1 + 1 + 1

(0) indicates no expression; (+) indicates protein expression; (T) upregulation; (NC) no change

We observed that MMP-14 was present in all selected GB cell lines and primary GB cells but we
observed no change in MMP-14 protein levels upon treatment with rhRLN2 (Table 3.6). The
production of two cysteine cathepsins, cath-B and cath-L, and the aspartic protease cath-D in whole
cell protein extracts of untreated and rhRLN2-treated GB cells was determined by Western blot. In
GB cell lines, T98G was devoid of cath-B and cath-L expression as determined by Western blot
analysis. By contrast, we found that T98G expressed cath-D but showed no significant change in
cath-D expression (Table 3.6). U87MG were the GB cell line to express all three cathepsins. The

three known immunoreactive forms of cath-L resembling the proform (43 kDa), single-chain (31
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kDa), and heavy chain (24 kDa) as well as procath-D 52 kDa and heavy chain cath-D 25 kDa were
detected in cellular protein extracted of U87MG cell lines. The amount of the three processing
products of cath-L and two forms of cath-D were increased upon rhRLN2 treatment (both at 100pg/
mL and 100 ng/ mL). rhRLN2 treatment at 100 ng/mL showed a significant upregulation of the
processed cath-L (heavy chain, 24 kDa) (P=0.026) (Fig 3.6-1A), whereas in U87MG treated with
100 ng/mL rhRLN2 the increase in cath-D heavy chain was insignificance (P=0.06) as shown by
quantitative western blot analysis (Fig. 3.6-1B). These data suggested complete processing into the
active form of cath-L and cath-D in rhRLN2-treated U87MG cells. The cath-B antibody only
detected heavy chain cath-B in the U87MG cells where as no bands for the pro cath-B. We found
that both 100 ng/ mL and 100 ng/ mL of rhRLN2 treatment resulted in a significantly increased
production of heavy chain cath-B (P=0.034 and P=0.031, respectively) (Fig.3.6-1C) indicating
complete processing and activation of this powerful protease in US7MG.

In the primary cells, Western blot analysis showed that cath-B exists as single-chain and heavy chain
form in all selected cases of primary cells. Treatment with 100 ng/ mL of rhRLN2 increased the
cath-B expression in all primary GB cells tested (PBS-1, PBS-10 and PBS-12.1) (Fig. 3.6-2A). The
expression of cath-L varied among primary cells. PBS-10 cells showed no expression of cath-L,
while cath-L was expressed in PBS-1 and PBS12.1 cells. No change in cath-L expression was
observed upon rhRLN2 treatment in PBS-12 where as in PBS-1, rhRLN2 treatment (100 ng/ mL)
caused an increase in all three cath-L forms [proform (43 kDa), single-chain (31 kDa), heavy chain
(24 kDa)] (Fig. 3.6-2B). Western blot analysis revealed no expression of cath-D in PBS-10 and PBS-
12.1. In contrast, procath-D (52 kDa) and heavy chain cath-D (25 kDa) were detected in PBS-1 and
rhRLNZ2 at 100 ng/ mL slightly increased the expression of heavy chain cath-D as compared to

untreated cells (Fig. 3.6-2B).
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Figure 3.6-1 Protein levels of cath-B, -D and -L in untreated and rhRLN2-treated US7MG. (A)
Immmunoblots of procath-L (43 kDa), single-chain cath-L (31 kDa) and heavy-chain cath-L active
form (24 kDa) in U87MG. Densitometry analysis of all bands recognized by anti-cathL were plotted
in different colors but within the same bar representing a total cath-L with black box denoted the
proform , light grey box denoted the single chains and white box represented heavy chain form
(active form) of cath-L. (B) Immunoblots for cath-D and densitometric analysis of procath-D (52
kDa) and processed cath-D (25 kDa) in untreated and rhRLN2-treated U87MG. Densitometry
analysis of all bands recognized by anti-cath-D were plotted in different colors but within the same
bar representing a total cath-D with black box denoted the proform, and light grey box denoted the
active form. (C) Western blot detection of cath-B expression in untreated and rhRLN2-treated
U87MG cells. Only the active form of cath-B was recognized by anti-cathB. Quantitative analysis of
cath-B expression in U87MG treated with 100 pg/ mL and 100 ng/ mL rhRLN2 by densitometry
showed a significantly increased in cath-B protein. Results from three independent experiments are

shown as meanzS.E. (P<0.05). Beta-actin served as a loading control.
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Figure 3.6-2 Protein levels of cath-B, -L and -D in primary cells upon rhRLN2 (100 ng/ml)
treatment. (A) Representative Western blots showed a marked increase in cathB in PBS-1, PBS-10

and PBS-12.1. (B) Representative Western blots demonstrated an increase of cath-L and -D in

PBS-1.
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Cdc42 and Racl are members of the Rho family of small GTPases which play critical roles during
invasion of brain cancer cells. Both Cdc42 and Racl were ubiquitously expressed in all selected GB
cell lines and primary GB cells. We detected a significant increase in both Cdc42 (P=0.04) and Racl

(P=0.04) expression in U87MG upon treatment with 100 ng/mL rhRLN2 (Fig 3.6-3A, 3B). Western
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blot analysis of three cases of primary GB cells (PBS-1, PBS-10, PBS-12.1) showed a consistent
increase in Racl and Cdc42 protein levels in rhRLN2-treated cells when compared with untreated

cells (Fig 3.6-4A , 4B).

Figure 3.6-3 Protein levels of Cdc42 and Racl in untreated and rhRLN2-treated (100 ng/mL)
U87MG. Immmunoblots of (A) Cdc42 and (B) Racl in U87MG. Densitometric analysis showed a

significant upregulation of both Cdc42 and Raclin rhRLN2-treated (100 ng/mL) U87MG cells.
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Figure 3.6-4 Protein levels of Cdc42 and Racl in three cases of primary cells. Representative

Western blots showed a marked increase in (A) Cdc42, (B) Racl in PBS-1, PBS-10 and PBS- 12.1

GB cells.
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3.7 C1q tumor necrosis factor-related protein 8 (CTRP) 8 is a novel RXFP1 ligand
CTRP8 expression in human GB cell lines and primary GB cells

The fact that we did not detect the expression of either RLN1 or RLN2 in GB cells led us to
hypothesize that there is another ligand which can bind to RXFP1 and activate this receptor in GB
cells. It has recently been shown that a small peptide derived from the secreted multimeric Clq

tumor necrosis factor-related protein 8 (C1QT8; also named CTRP8) was able to serve as a novel
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ligand for RXFP1 (Shemesh, Hermesh et al. 2009; Pini, Shemesh et al. 2010). Thus, we investigated
by RT-PCR analysis the expression of CTRP8 in GB cell lines, 32 cases of primary GB cells, and
human astrocytes (Fig 3.7-1A, 1B). CTRP8 transcripts at various levels of expression were detected
in all GB cell lines. We also detected CTRP8 transcripts in human astrocytes (Fig 3.7-1B). CTRP8
transcripts were also detected in 29 of 32 (90.63%) cases of primary GB cells (Fig 3.7-1A). The
expression of CTRP8 in established and primary GB cells suggested that this secreted protein may

have the potential to serve as a novel ligand for RXFP1 in the normal and diseased brain.

Figure 3.7-1 Expression of CTRP8 in human primary GB cells (A) and in GB cell lines (B). PBS
stands for Primary Brain tumor Study. (A) Human primary GB cells expressed CTRP8 at different

levels. (B) Human astrocytes and all GB cell lines expressed CTRPS8.
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CTRP8-derived peptide P74 showed no toxicity in U87MG and T98G GB cell lines

RT-PCR analysis revealed the CTRP8 expression in GB cell lines and primary GB cells. We
hypothesized that CTRP8 may act as an agonist in RXFP1 signaling. We used the previously
described P74 peptide (Shemesh, Hermesh et al. 2009) encoding for the collagen domain and Clq
globular domain of human CTRP8 and previously shown to interact with RXFP1 to investigate the
role of this potential new peptide ligand for RXFP1-promoted migration in human GB cells. First,
WST assays were employed to assess the cytotoxicity of the peptide in U87MG and T98G cell lines.

Exposure of GB cells to concentrations of P74 peptide as high as 3 uM failed to cause cytotoxicity

as determined by WST assays (Fig. 3.7-2).

Figure 3.7-2 Effect of P74 peptide on the viability of (A) U87MG and (B) T98G cells detected by
WST assay. Cells were treated with 0.1nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 100 nM and 3uM of the
peptide for 24 h. Results on the cell viability measured by WST assay are given in percent related to

untreated controls. Bars represent mean + S.E. (n=3). P74 at all peptide concentrations tested was

non-toxic to (A) U87MG and (B) T98G cells.

A. B.
UB7MG 24h T98G 24h
150;
[ T 100;
S 2
= 2
= X 504
0
> & & & & >
s °¢° Q,>o Q@o N '&o \QQ«‘ oY (’o(&o Q{\<§ Q(;}‘é \‘$ 6&& ,@‘Q \@“é 'b§

Peptide Treatment Peptide Treatment

78



P74 increased cell motility of UB7MG and T98G and RXFP1+ primary GB cells

U87MG and T98G GB cell lines as well as two cases of primary GB cells (PBS-1 and PBS-10) were
used to evaluate the effect of P74 on RXFP1-mediated cell motility by employing transwell filter
assays. The upper and lower culture compartments were separated by filters with an 8 um pore size.
The cells were seeded into the upper chamber and incubated for 24 h in the absence (control) or
presence of P74 peptide at 3 M added to the lower chamber. rhRLN2 (100 ng/ mL equaling 17 nM)
was added to the lower chamber as a positive control. Similar to rhRLNZ2, treatment with P74 caused
a significant increase in cell motility in U87MG (P=0.01) and T98G (P=0.03) cell lines and in the
two cases of primary GB cells tested (PBS-1 (P=0.04) and PBS-10 (P=0.025) (Fig. 3.7-3).

Scrambled control peptide was also used at 3 uM and showed no increase in cell motility.
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Figure 3.7-3 P74 induced effects on cell motility of UB7MG, T98G, PBS-1 and PBS-10 GB cellsin
transwell motility assays. The cells were allowed to migrate for 24 h in the absence or presence of 3
UM P74 peptide and rhRLN2 (100 ng/ mL equaling 17 nM). The latter served as positive control.
Quantitation of the number of migrated cells using bright field microscopy revealed a (A, B) 1.8-
fold,, and (C,D) 2.3 fold significant increase in cell motility in the presence of P74 and rhRLNZ2,
respectively, compared to scramble control and untreated cells. The results shown are representative

of three separate experiments with three filter sets per experiment. Data are expressed as mean+S.E.
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P74 peptide treatment upregulates cathepsins in primary GB cells

We had observed changes in cath-B, -D and cath-L production upon rhRLN2 treatment of US7TMG,
PBS-1 and PBS-10 cells. The same cells were selected for a 24h treatment with P74 peptide.
Proteins were extracted and Western blot analysis revealed the presence of cath-B, -D, and -L
(Fig.3.7-4). In contrast to rhRLN2 treatment, P74 treatment failed to induce changes in the
expression of all three cathepsins as shown for relaxin with U87MG. However, P74 peptide
treatment caused the upregulation of cath-B when compared with untreated cells in both PBS-1 and
PBS-10. P74 peptide also caused an increase in cath-L and cath-D protein in PBS-1 (Fig.3.7-4). We
were unable to detect cath-L and cath-D in PBS-10 (Table 3.6). These results indicate that similar to
rhRLNZ2, the CTRP8-derived P74 peptide was able to cause the upregulation of cathepsins in GB
cells suggesting that the interaction of this peptide with RXFP1 can regulate the quantity and activity

level of different cathepsins and facilitate GB cell migration and tissue invasion.

Figure 3.7-4 Protein level of cath-B, -L and -D in primary GB cells upon P74 peptide treatment. (A)
Representative Western blots showed a marked increase in cathB in PBS-1, and PBS-10 when
treated with P74 peptide as compared to untreated cells. Marked increases in cath-L and cath-D were

observed in PBS-1 when treated with the P74 peptide compared to untreated cells.
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CHAPTER 4: DISCUSSION

We hypothesized that RXFP1 enhances glioblastoma cell migration and invasion. The main
objective of our investigation was to determine the mechanisms by which RXFP1 can facilitate the
invasion of glioblastoma brain tumor cells. In this study, we investigated the gene expression of
RLN2 and RXFP1 in different types of brain tumors and also in GB cell lines by RT-PCR. In
addition, we determined the expression of other relaxin isoforms, RLN1and RLN3, and RXFP2
receptor to provide a complete expression profile of this ligand -receptor system in human GB. Of all
transcripts tested, RXFP1 was the only one expressed in brain tumor cell lines and primary cells.
Previously, RXFP1 transcripts have been demonstrated in normal human brain using RT-PCR (Hsu,
Nakabayashi et al. 2002). In rats, RXFP1 mRNA was located in the circumventricular organs and the
neurosecretory magnocellular hypothalamus nuclei which are responsible for controlling plasma
osmolality (Sunn, Egli et al. 2002; Burazin, Johnson et al. 2005). No information is currently
available on the gene expression of the relaxin-RXFP1 ligand-receptor system in brain tumors.
Earlier studies reported RXFP1 transcripts in many types of cancer such as breast, prostate,
endometrium and thyroid cancer and plays an important role in cancer progression. (Radestock,
Hoang-Vu et al. 2005; Hombach-Klonisch, Bialek et al. 2006; Kamat, Feng et al. 2006; Feng,
Agoulnik et al. 2007). We identified here, for the first time, GB cell lines and human primary brain
tumor cells as a novel source of RXFP1 receptor, whereas weak detection of RXFP1 mRNA was
observed in human astrocytes. This suggested a potential role for this receptor in brain tumors and
astrocytes. We showed that GB cell lines and 15 of 32 cases primary cells of human primary brain
tumor cells with different clinical pathology expressed RXFP1 transcripts. RXFP1 expression was
not restricted to one type of brain cancer but was found in GB WHO grade 1V as well as menigioma

and astrocytoma. The expression of RXFP1 in most cases of GB and the GB recurrent cases may
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have important and specific roles in the high grade tumors and also in the recurrent brain tumors.
The function of RXFP1 in cancer is related to tumor cell growth, cell invasion and angiogenesis
(Silvertown, Summerlee et al. 2003). The highly invasive characteristic of GB prompted us to
hypothesize that expression of RXFP1 may mediate cancer cell migration and invasion in GB.
To study the function of RXFP1 receptor in brain tumor cell migration, we used rhRLN2 due
to the absence of RLN2 in the system. Numerous studies showed that activating RXFP1 signaling
cascades via relaxin regulates the migratory capacity of both normal and tumor cells. Additionally,
relaxin acted mainly as a chemoattractant rather than a chemokinetic agent in inducing migration of
the cells. Relaxin has been shown to stimulate the increase of migration of bronchial epithelial cells
in awound healing assay (Wyatt, Sisson et al. 2002). Another study reported that relaxin was not a
monocyte chemoattractant by itself but it did enhance the capacity of MCP-1 induced chemotaxis
and increased the migratory activity of human leukocytes (Figueiredo, Mui et al. 2006). Recently, it
has been demonstrated that relaxin acts as a chemoattractant to increase the direction of migration of
bone marrow—derived endothelial cells in an RXFP1- and NO-dependent manner (Segal, Sautina et
al. 2012). Relaxin promotes migration and invasion in an RXFP1-dependent manner in various types
of cancers, including breast (Binder, Hagemann et al. 2002; Silvertown, Geddes et al. 2003) , thyroid
(Hombach-Klonisch, Bialek et al. 2006; Radestock, Willing et al. 2010; Bialek, Kunanuvat et al.
2011) , and prostate (Silvertown, Ng et al. 2006). Similarly, we demonstrated that RLN2 increased
the cellular motility of two human GB cell lines (U87MG and T98G) as well as primary human GB
cells (PBS-10). The concentrations of RLN2 used in the motility assay were 100 pg/mL and 100
ng/mL, corresponding to RLN2 concentrations of 1-100 ng/mL that is typically used in most in vitro
studies. One study went even higher and used 1 pg/mL of RLN2 (Filonzi, Cardoso et al. 2007). In

our study, the 100 ng/mL of RLNZ2 significantly increased cellular motility in all cells tested, while
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the 100 pg/mL of RLN2 caused a significant increased in motility only in U87MG cells. Previous
studies have suggested that the concentration of relaxin that interacts with RXFP1 plays an essential
role in activating the signaling pathway to generate the cellular responses. The RXFP1 was recently
shown to be unique among GPCRs in that this receptor exists as a preassembled ready-to-fire
membrane receptor complex able to respond to sub-picomolar concentrations of relaxin (Halls and
Cooper 2010; Halls 2012) . It is possible that RXFP1 expressed in U87MG cells exists as a
preassembled highly sensitive complex that then can be activated by a low concentration of RLNZ at
100 pg/mL (17 picomolar). By contrast, in T98G and PBS-10 cells these complexes may be absent
or arranged in ways that would not allow them to be fully activated at picomolar RLN2
concentrations. We observed that the migration of these GB cells only occurred when RLN2 was
added solely to the lower chamber of the well but not when it was added to both the upper and lower
chambers (data not shown).Our finding supports the notion that relaxin acted mainly as a
chemoattractant to induce cell migration.

Since RLN2 treatment caused increased migration in RXFP1 positive GB cells, we further
determined the mechanism for RXFP1-mediated GB cell migration and tissue invasion. We first
focused on the membrane protrusion of migrating GB cells. The basic mechanism of cell migration
is due to the formation of pseudopodial membrane protusion which results from dynamic actin
cytoskeleton remodeling (Chodniewicz and Klemke 2004). Pseudopodial protrusions and the
formation of related invadopodia has long been associated with tumor cell migration and invasion
(Guirguis, Margulies et al. 1987; Bialek, Kunanuvat et al. 2011; Zuzga, Pelta-Heller et al. 2012). A
number of proteins in pseudopodia have been identified to facilitate cancer cell migration and
invasion (Liu, Sunetal. 2003; Philippar, Roussos et al. 2008; Pichot, Arvanitis et al. 2010). The use

of SEM allowed us to visualize and isolate pseudopodial extensions in migrating U87 MG cells. 2D
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LC-MS/MS analysis identified the protein content in these pseudopodia which was subject to
dynamic alterations, likely for the purpose of assisting the process of RXFP1-mediated GB cell
migration and tissue invasion. Liquid chromatography coupled with tandem mass spectrometry has
been widely used for proteome identification in complex cells and whole tissues (Washburn, Wolters
et al. 2001) and the protein content present in the pseudopodia has been linked to the invasion of
cancer cells (Wang, Hanley et al. 2006; Shankar, Messenberg et al. 2010). Our proteomics analysis
revealed a total of 535 proteins and 401 proteins in RLN2-treated and untreated U87MG cells
respectively. About 301 of those proteins detected were present in both RLN2-treated and untreated
cells. A total of 234 of 535 proteins and 100 of 401 proteins were identified as unique proteins in
RLN2-treated and untreated cells, respectively. This data can be considered in several ways: (i) the
234 proteins which were uniquely observed in RLN2-treated cells resulted from the effect of
rhRLN2 treatment; (ii) the 100 proteins which were only observed in untreated cells were also
noticeably downregulated upon RLN2 treatment; (iii) the 301 proteins which were found in both
RLN2-treated and untreated cells may or may not have been affected by RLN2 since in this present
study, we did not perform quantitative proteomics. Therefore, it is difficult to determine the effect of
RLN2 on these proteins. One objective of this study was to identify proteins involved in RLN2-
RXFP1 induced migration in U87MG cells. We focused on proteins uniquely observed in RLN2-
treated cells and chose the receptor category as our first group. This was done because previous
studies showed that brain tumor cells invasion includes the interaction of cell surface bound
receptors with various autocrine and paracrine factors to activate multiple signaling pathways
facilitating cell migration (Hoelzinger, Demuth et al. 2007). Several cell surface receptors have been
shown to be upregulated in migrating brain tumor cells. The fibroblast growth factor-inducible14

(Fn14), which is a member of the tumor necrosis factor (TNF) superfamily receptors, was found to
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be upregulated in migration-stimulated glioma cells in vitro. In radius motility assay, Fn14 is highly
expressed in cells migrating at the outer tumor edge compared to the non-motile cells at the core,
suggesting the association between the upregulation of this receptor and the effect on migration
(Tran, McDonough et al. 2003). TROY is other member of tumor necrosis factor receptor and is
over-expressed in glioma cells and enriched in lamellipodia. The increased expression of TROY
enhances glioma cell migration and invasion by activating Racl signaling in a Pyk2-dependent
manner (Paulino, Yang et al. 2010).

In selecting candidate proteins from the receptor category, we chose to use those involved in
RXFP1-mediated GB cell migration since it may help to identify the receptor that plays a role in
inducing cell migration. Blockage of the signaling through these newly identified receptors might
attenuate brain tumor cell migration and invasion. TfR1 and PGRMC1 were two selected candidate
proteins in our study because the expression of TfR1 has been known to be upregulated in brain
tumors including astrocytomas and GB where the highest expression was observed (Recht, Torres et
al. 1990) . Even though the major role of TfR1 in gliomas is to induce increased intracellular iron
accumulation resulting in tumor cell proliferation (Hall, Godal et al. 1992) , activating TfR1 by
transferrin has been demonstrated to promote endothelial cell migration and invasion in the
hypertrophic cartilage during endochondral bone formation (Carlevaro, Albini et al. 1997).
Moreover, transferrin secretion has been identified in oligodendrocytes and astrocytes in adult brain
(Connor, Menzies et al. 1990). The presence of transferrin and TfR1 in the brain system suggested
the possibility that TFR1 may play a role in brain tumor cell migration. PGRMCL is induced in
various types of cancers to promote the survival of tumor cells and induce resistance to damage upon
exposure to chemotherapeutics (Crudden, Chitti et al. 2006; Peluso, Liu et al. 2008). Recently,

PGRMC1 receptor has also been shown to enhance cell motility and invasion in A549 lung cancer
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cells, while using siRNA to knockdown PGRMC1 caused a significant decrease in cell migration
indicating the effect of PGRMC1 on A549 cell migration. (Ahmed, Rohe et al. 2010). Using Western
blot analysis, we failed to confirm the presence of these two candidate proteins in isolated
pseudopodial proteins from RLN2-treated and untreated U87MG cells. The concentration of these
proteins in isolated pseudopodial proteins was below the detection level despite the fact that we had
increased the number of the filters to obtain appropriate lysates. Our pseudopodia purification
method was similar to a previous study with slight modifications (Cho and Klemke 2002).
According to this reference method, the yields obtained for pseudopodia protein purification from
COS-7 and NIH-3T3 cells are typically 25-30 pug of protein from each 24-mm well stimulated with
chemokine for 30-60 min (Cho and Klemke 2002). Using different cell type and a different
chemoattractant in our study might have resulted in less concentrated purified pseudopodia protein
extract. Another way of purifying pseudopodia, which gave good yield of pseudopodia protein, has
been described and this method was used to isolate pseudopodia protein from U87MG cells
(Beckner, Chen et al. 2005). Optimization of the pseudopodia isolation method in our study should
be considered for future studies. In contrast to the pseudopodia protein extracts, we were able to
detect TfR1 and PGRMC1in the whole cell lysates of RLN2-treated and untreated cells. However,
only PGRMC1 was found upregulated upon RLN2 treatment which is in agreement with our
proteomic results. Although we were unable to use the pseuodopodia lysates to confirm the
expression of our candidate proteins, detecting the upregulation of PGRMCL1 upon RLNZ2 treatment
in whole cell lysates provides new clues pointing to this novel candidate protein being involved in
relaxin-RXFP1 induced migration in U87MG cells. We cannot exclude that TfR1 is not involved in
relaxin-RXFP1 induced migration since our proteomic experiment has only been done once. The

same procedure needs to be repeated to confirm the presence of these two candidate proteins in
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pseudopodia extracted from RLN2-treated cells to prove that these proteins play a role in relaxin-
RXFP1 induced migration. In addition, the presence of PGRMCL in whole cell lysates of untreated
cells and its upregulation in RLN2- treated cells suggest that this protein may re-distribute from the
cell body to concentrate in the pseudopodia upon RLN2 treatment. Our proteomic data showed an
absence of these proteins in pseudopodia of untreated cells. We also observed the expression of
TfR1 and PGRMCL1 in T98G and primary GB cells (PBS-1, PBS-10 and PBS-12.1) but found no
difference in TfR1 and PGRMC1 expression in response to RLN2 treatment in these GB cells,

indicating that the effect of RLN2 on upregulation of PGRMC1 may be U87MG cell-type specific.

Proteomics analysis is one way to identify proteins and these provide a spectrum of
pseudopodial proteins that may be involved in relaxin-RXFP1 induced migration. However, to
understand the mechanism of relaxin-RXFP1 induced migration, we also observed the expression of
some proteins and known mediators of relaxin action in cell invasion in the whole cell lysates of GB
cell lines (U87MG, T98G) and primary GB cells (PBS-1,PBS-10 and PBS-12.1). We utilized the
same concentrations of RLN2 treatment that were shown to increase GB cell migration. Mediators of
relaxin-RXFP1 action consist of MMPs and their tissue inhibitors (TIMP1-4), TIMPs (Binder,
Hagemann et al. 2002; Bialek, Kunanuvat et al. 2011), lysosomal acid hydrolases of the cathepsin
family (Hombach-Klonisch, Bialek et al. 2006), and small GTPases (unpublished data). The action
of relaxin-RXFP1 on cancer cell migration and invasion is facilitated by MMPs including
collagenase 1 (MMP-1) and 3 (MMP-13), gelatinase A (MMP-2) and B (MMP-9), stromelysinl
(MMP-3), and MMP-14 (MT1-MMP) (Binder, Hagemann et al. 2002; Kamat, Feng et al. 2006;
Bialek, Kunanuvat et al. 2011). We found that MMP-14, which is one of the membrane anchored-
MMPs (MT-MMPs) members, was expressed in all GB cell lines and primary cells but there were no

detectable changes in MMP-14 expression upon RLN2 treatment. This contrasts with previous

88



studies in different cell models which demonstrated that RLN2 is involved in the upregulation of
MMP-14 along with others MMPs. These studies suggested that the effect of relaxin on the
upregulation of MMP species involved in cell migration and invasion may depend on certain cancer
cell types. For example, in human follicular thyroid carcinoma cells relaxin specifically induced the
expression of MMP-2 and MMP-14 (Bialek, Kunanuvat et al. 2011), whereas MMP-2,-7,-9,-13 and-
14 were induced by relaxin in breast cancer cells (Binder, Hagemann et al. 2002). It is well known
that MMP-14, MMP-2, and TIMP-2 are regulated in a coordinated fashion to promote cancer cell
invasion. Activation of pro MMP- 2 requires the binding of the proenzyme of MMP-2 to the MMP-
14/TIMP-2 complex located at the cell surface and is followed by the initiation of the activation
cascade leading to the release of active processed MMP-2 enzyme into the extracellular matrix
(Strongin, Collier et al. 1995). The net activity of MMP-14 and MMP-2 is regulated in a complex
manner depending on TIMP-2 concentration (Itoh, Ito et al. 1998). Increasing expression of TIMP-2
and MMP-2 in GB tissue has been previously documented (Lampert, Machein et al. 1998). In highly
invasive glioblastoma cell models, upregulation of TIMP-2 promotes MMP-2 activation and cell
invasion is not associated with an increase of MMP-14 expression (Lu, Jong et al. 2004). MMP-9
has been reported in numerous studies to play a role in brain tumor cell migration and invasion
(Lakka, Rajan et al. 2002; Gondi, Lakka et al. 2004; Liu, Wu et al. 2010).These findings suggested
that relaxin might enhance brain tumor cell migration by affecting other member of MMPs and

TIMPs, particularly MMP-2, TIMP-2 and MMP-9.

Lysosomal acid hydrolases of the cathepsin family are another group of proteinases
responsive to relaxin (Hombach-Klonisch, Bialek et al. 2006). In normal cells, cathepsins are
synthesized as prepro-enzymes that first undergo proteolytic posttranslational modification; the

signal “pre” sequence is cleaved off within the ER followed by conversion to an intermediate form
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in endosomes, and subsequent completion of the processing process in the acidic lysosomal
compartments to the fully active mature protease. Proteolytic processing and activation of cathepsins
may occur intracellularly (in the lysosome) and/ or extracellularly (von Figura and Hasilik 1986). In
cancer the intracellular trafficking of cathepsins is frequently altered, resulting in the production and
secretion of proforms (Recklies, Poole et al. 1982) and the active form of the enzymes with the
redistribution from perinuclear lysosomes to the pericellular space (Roshy, Sloane et al. 2003). This
altered intracellular trafficking and localization contributes to non-lysosomal functions that have
been linked to tumor growth, migration, invasion and angiogenesis (Mohamed and Sloane 2006). In
this study, we observed the expression of cathepsins under the effect of RLN2. We have identified
cysteine cathepsins, cath-B and cath-L, but not aspartic cath-D, as a novel target of relaxin-RXFP1
in brain tumor cells. Both cath-B and -L have similar proteolytic properties and action in tumor
progression (Arora and Chauhan 2002).They also play a role in promoting brain cancer cell invasion
by degrading the basement membrane and inhibit apoptosis (Levicar, Dewey et al. 2003; Levicar,
Nuttall et al. 2003; Zajc, Hreljac et al. 2006). Reduction of the activity of intracellular cath-B by a
specific inhibitor resulted in decrease in invasion of human melanoma, prostate carcinoma cells
(Szpaderska and Frankfater 2001) and human breast epithelial cells (Premzl, Zavasnik-Bergant et al.
2003).We observed a significant increase in the active form of both cath-B and -L upon RLN2
treatment in U87MG and primary GB cells and this correlated with a significant increase in GB cell
migration which suggests a mechanism of relaxin-RXFP1 induced GB cell migration. Moreover, the
expression of cath-B in U87MG and primary cells confirmed the previous reports of cath-B as being
a biomarker of invasiveness in brain tumor (Colin, Voutsinos-Porche et al. 2009). Absence of the
expression of cath-B in T98G coincided with low invasive phenotype as reported by Formolo et al.

(Formolo, Williams et al. 2011).
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Cath-D may cooperate with cath-B in the process of proteolysis and cancer progression as
procath-B can be activated by cath-D to initiate the proteolytic cascade (Rao 2003). Cath-D serum
levels have been found to be significantly higher in GB patients than in low-grade astrocytoma
patients (Fukuda, Iwadate et al. 2005). RLN2 treatment resulted in increased levels of procath-D and
active cath-D in U7MG and PBS-1 cells that were borderline to becoming statistically relevant.
Thus, cath-D may not be the direct target for RXFP1 mediated cell migration in brain cancer.

Proteases such as MMPs, their inhibitors and cathepsins play key roles in promoting brain
tumor cell migration and invasion. However, tumor cell migration and invasion can be also
supported by other mechanisms that do not involve proteases but, instead, affect the cytoskeleton.
Activation of the small GTPases are central regulators of cell protrusion and responsible for cell
movement and cancer cell migration (Parri and Chiarugi 2010). We observed an increase in the
expression of Racl and Cdc42 in U87MG and primary cells upon RLN2 treatment. This coincided
with the increased motility in these cells. Our data strongly suggest a significant increase in levels of
Cdc42 and Racl in UB7MG and all primary cells. This is in accordance with many studies that have
identified Racl and Cdc42 as two key signaling proteins that play critical roles in the invasive
behavior of glioblastoma (Chan, Coniglio et al. 2005; Yiin, Hu et al. 2009; Fortin, Ennis et al. 2012).
Currently, little information is available about the effects of relaxin-RXFP1 system on small
GTPases that relate to tumor cell migration and invasion. Our group recently studied the effects of
relaxin on Rho-like small GTPases in facilitating invasion of thyroid cancer cells. The relaxin
transfected follicular thyroid carcinoma cell line formed large-sized invadopodia laden with MMP-
14. There was also increased stress fiber formation in the invadopdia indicating that relaxin affected
changes in the actin cytoskeleton. (Bialek, Kunanuvat et al. 2011). This was known to be the

responsibility of Rho GTPases, which contribute to the increased invasion of ECM. One possible
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mechanism of relaxin in facilitating brain tumors cell migration may be that relaxin increased the
level of Racl and Cdc42. This induced the cytoskeleton reorganization and the formation the

protrusion such as pseudopodia or lamellipodia.

The combined results of an increased cath-B and-L, Racl and Cdc42 and PGRMC1
expression upon RLN2 treatment might all contribute to the overall increase of brain tumor cell
migration. The effect of inhibiting these proteins on cell migration is required for future studies to
confirm the action of these proteins in facilitating GB cell migration.

Human brain cancer cells were devoid of RLN1/2 suggesting that other ligands may activate
RXFP1 and facilitate GB cell migartion. The identification of short linear peptides, P74 and P59,
derived from the transition region between collagen domain and globular C1g domain of CTRP8
protein as activators of RXFP1 (Shemesh, Toporik et al. 2008) suggested that instead of RLN2, the
human CTRP8 may be a novel RXFP1 ligand. CTRP8 is known to be predominantly expressed in
human lung and testis but not in normal brain (Peterson, Wei et al. 2009). However no data is
currently available for the expression of this protein in brain tumor cells. We observed CTRP8
expression in 32 cases of primary cells as well as GB cell lines. RT-PCR revealed that 90% of the
cases of the primary cells and 100% of the GB cell lines and human astrocyte expressed CTRP8.
CTRP8 is one of at least 15 C1g/TNF protein family members which have been shown to play major
role inthe metabolic and immune system (Kishore, Gaboriaud et al. 2004). The function of CTRP8
is still unclear but some other members of this family such as CTRP3 (Akiyama, Furukawa et al.
2009), CTRP4 (Li, Wang et al. 2011), and CTRP6 (Takeuchi, Adachi et al. 2011) have been reported
to play arole in cancer. We successfully validated previous findings of the CTRP8-derived peptide,
P74, being an RXFP1 activator similar to relaxin both in vitro and in vivo (Pini, Shemesh et al.

2010). Our present study revealed that P74, similar to relaxin, significantly increased cell migration
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in cell lines (U87MG and T98G) and primary GB cells. Moreover, P74 increased cath-B,-L and —-D
levels in PBS-1 and PBS-10 but failed to induce the increase of cath-B,-L and -D levels in US7TMG
and T98G. Thus, CTRP8-derived P74 peptide was functional and, similar to relaxin, exerted a pro-
migratory effect on human GB cells. The effect of P74 on cathepsin expression was GB cell specific
and itis conceivable that P74 activates different signaling pathway in GB cell lines and primary GB
cells. P74 might bind and activate RXFP1 differently from relaxin. Relaxin is a structurally complex
heterodimeric peptide, whereas P74 is a linear peptide which may trigger different signaling

pathways but, in part at least, lead to the same cellular function.

In conclusion, we reported for the first time the involvement of RXFP1 in the increased
cellular motility and migration of GB cell lines and primary human GB cells. These findings also
suggested that RXFP1 activation increase in GB cell migration involved the small GTPases Racl
and Cdc42 and extrinsic matrix modulating enzymes. Furthermore, this work has identified
PGRMCL1 as a novel relaxin target protein in RXFP1-expressing brain tumor cells. Our findings
implicate a clinically relevant role for RXFP1 in GB invasion and future studies on the effect of
RXFP1 suppression (e.g., SiRNA) on brain tumor cell migration are required to confirm the role of
this GPCR in facilitating GB migration. P74 promises to be a novel candidate ligand for RXFP1 in
brain tumors and additional experiments will elucidate the biological mechanism of this peptide
and/or CTRPS8 in brain cancer cell invasion. Overall, we conclude that RXFP1 and its dependent

signaling pathways may be novel targets for modulating the invasive behavior of brain tumor cells.
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