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Abstract
A turin/MMP-14 proteolytic cascade generates Vasculostatin-40
from extracellular BAIl:

Implications for angiogenesis and tumorigenesis

By Sarah M. Cork, B.S.

Vascular integrity or function i1s compromised in many neurological diseases,
underscoring the 1importance of elucidating fundamental mechanisms of brain
angioregulation. Notably, the exuberant vascular proliferation of glioblastoma multiforme
(GBM), the most common brain malignancy in adults, significantly contributes to its rapid,
aggressive growth and dismal prognosis. Improved understanding of brain-specific
angiogenesis may thus prove a source of therapeutic potential for GBM, and the seven-
transmembrane receptor Brain angiogenesis inhibitor 1 (BAIl) presents a promising target
for such investigation. A potent anti-tumor agent in i vwo models, we show that expression of
BAII is reduced in human gliomas in proportion to tumor severity, and higher levels of BAI1
are significantly associated with prolonged survival in astrocytoma but not GBM patients.
While the forces driving BAII loss in gliomas are incompletely understood, B4/l mRNA
expression 1s inversely correlated with levels of pathological GBM vasculature, implicating an
anti-angiogenic mechanism. Previous work has shown that the anti-tumor effect of BAIl
derives from the proteolysis and secretion of its large extracellular domain, named
Vasculostatin-120  (Vstatl20), a potent angiogenesis inhibitor. Here we show that
extracellular BAIl is proteolytically cleaved to generate an abundant 40-kilodalton product
named Vasculostatin-40 (Vstat40), and identify the site of processing. We demonstrate that
cleavage of Vstat40 from BAIl depends on a two-step process of activation. In the final step
of the cascade, Vstat40 1is directly processed from extracellular BAIl by matrix
metalloproteinase 14 (MMP-14), and this proteolytic event is greatly facilitated by the
upstream activity of proprotein convertases, particularly furin. Vstat40 is observed to inhibit
endothelial cell migration and cord formation in a CD36-dependent manner, and interferes
with vascularization m vivo. While expression of Vstat40 in an LN229-derived inducible
orthotopic xenograft mouse model does not significantly increase subject survival, tumors
expressing Vstat40 show significantly inhibited vascularization as well as altered tumor cell
morphology and reduced levels of apoptosis markers. Taken together, these findings
represent an important advance in our understanding of BAII as both a therapeutic molecule
and a receptor with diverse roles in neurobiology.
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CHAPTER 1.

INTRODUCTION

The figures and some portions of the text of this chapter are currently in press in the

Journal of Molecular Medicine as a review by Cork SM and Van Meir EG, entitled: Emerging roles

for the Brain Angiogenesis Inhibitor family in the regulation of phagocytosis, synaptogenesis,

neurovasculature and tumor development. DOI: 10.1007/s00109-011-0759-x




1.1. An overview of glioma molecular biology

Gliomas, the most common type of primary brain tumor in adults, are also the most
deadly. The World Health Organization identifies multiple grades of malignant glioma: II,
III, also known as anaplastic astrocytoma, and IV, more commonly known as glioblastoma
multiforme (GBM). GBM represents half of all adult primary brain tumor diagnoses, and has
a dismal prognosis of a median survival of twelve months, despite advances in chemotherapy
and radiotherapy. Fortunately, gliomas are a relatively rare type of tumor, with a diagnosis of
more than 22,000 new cases in 2010 (National Cancer Institute). The Surveillence
Epidemiology and End Results (SEER) study indicates an incidence of nearly seven new cases
annually per every 100,000 persons, with a slightly higher incidence rate in whites
(http://seer.cancer.gov). While the cell of origin is unknown for gliomas, they are
hypothesized to derive from either dedifferentiated glia or neural stem cell progenitors (Van
Meir et al., 2010).

Historically, gliomas are characterized by a well-known set of genetic and
pathological features. Prominent histopathological features of GBM include the occurrence of
“pseudopalisading” cells around micro-areas of tumor necrosis in conjunction with
microvascular proliferation and incidence of intravascular thrombosis (Brat and Van Meir,
2004). Aberrant cellular signaling and specific genetic alterations are also characteristic of
aggressive gliomas. Of these, perhaps the best-documented alterations involve the epidermal
growth factor receptor (EGFR) and phosphatase and tensin homolog (PTEN). Amplification
of the EGFR locus on chromosome 7, leading to upregulation of EGFR signaling, is
frequently observed in gliomas (Diedrich et al., 1995; Liu et al., 1997; Schober et al., 1995;
Smith et al., 2001). Also, EGFRvVIII, a ligand-independent, constitutively-active mutated

form of the EGFR, is observed in the majority of aggressive gliomas, with one report finding



its expression in astrocytoma specimens to be approximately 50% and up to 75% in
glioblastomas (Wikstrand et al., 1997). The other most common genetic alteration in
glioblastoma 1s mutation and loss of heterozygosity of the phosphatase and tensin homolog
(PTEN), a phosphatase that inhibits the activity of the phosphoinositide 3 kinase (PI3K).
PTEN acts as a tumor suppressor in gliomas, (Cloughesy et al., 2008; Ishii et al., 1999;
Rasheed et al., 1997; Steck et al., 1997), and the vast majority of glioma specimens are
observed to have loss of heterozygosity as well as numerous distinct mutations in the PTEN
gene (Wang et al., 1997). Other genetic alterations that are common in glioblastoma tissue
specimens and cell lines are often found in transcription factors and regulators of the cell
cycle, most notably p53 (Sidransky et al., 1992), a transcription factor that promotes G1 cell
cycle arrest and apoptosis in response to genotoxic stressors. Mutations in the p53 gene,
TP53, and EGFR were shown to be exclusive in gliomas (Rasheed et al., 1994). In addition to
p33, gliomas are characterized by the presence of mutations in the genes encoding
CDK2NA/pl6, pl4ARF, and retinoblastoma (RB) (Ishii et al., 1999; Ueki et al., 1996),
reflecting the deregulation in molecular mechanisms of cellular quiescence in glioma.

In recent years, efforts of pan-institutional collaborations have yielded many novel
insights into the big picture of glioma molecular biology. In particular, analyses of tumor
specimen and associated clinical data from the Repository for Molecular Brain Neoplasia
Data (REMBRANDT) and The Cancer Genome Atlas (TCGA) have succeeded at both
confirming and elaborating on the previous understanding of glioma genetics as well as
identifying new tumor-specific genetic alterations and opening novel lines of investigation
(2008; Bredel et al., 2009; Brennan et al., 2009; Cerami et al., 2010; Freire et al., 2008;
Ovaska et al., 2010; Purow and Schiff, 2009). Using the TCGA resources, nearly 90 percent

of glioblastoma specimens were identified to contain mutations in genes comprising the PI3K



pathway, 75 percent had concomitant mutations in the PISK, p53 and RB pathways, and 20
percent contained mutations in the neurofibromin 1 gene (NFI). This investigation also found
hypermethylation of the promoter of DNA repair gene MGMT in treated glioma specimens,
suggesting that chemotherapy may increase the frequency of genetic mutation in recurrent
glioma (McLendon and Network, 2008). Another study has identified a robust signature
pattern of chromosomal alterations in gliomas, affecting genes with significant impact on
patient survival, such as MYC (Bredel et al., 2009). Other research has provided evidence for
the signaling pathways most frequently dysregulated in gliomas, including upregulation of the
EGFR and PDGFR signaling pathways and the downregulation of NF1 signaling (Brennan
et al., 2009).

Importantly, novel genetic alterations continue to be discovered in glioblastoma as
methods to study their biology become increasingly sophisticated. These include the recent
discovery of glioma-associated mutations in isocitrate dehydrogenases (I[DHI and IDH?2)
resulting in loss of enzymatic activity (Parsons et al., 2008; Yan et al., 2009) and ultimately
acting to increase the level of the transcription factor HIF-1a (Zhao et al., 2009). Analyses of
TCGA data have also found the EGFR inhibitor FRRFI] and the Aurora kinase 7ACC3 as
novel genes respectively deleted and overexpressed in glioma specimens (Duncan et al.,
2010). Finally, these databases have also been used to identify characteristic methylation
patterns associated with survival outcome (Noushmehr et al., 2010), and provide evidence for
the role of certain gene-associated SNPs with glioma susceptibility (Wrensch et al., 2009).

These i silico resources also permit analyses of glioma molecular biology of a scale
previously unattainable with more limited datasets. To this end, recent work utilizing the
TCGA database has shown that gliomas may be divided into at least four classifications based

on molecular subtyping (Verhaak et al., 2010). In this analysis, gliomas were classified as



proneural, neural, classical or mesenchymal based on specific patterns of gene alteration.
Proneural gliomas were characterized by mutations in PDGFRA and IDHI concomitant with
the majority of mutations in the p53 gene, 7P53. The classical subtype of gliomas was
defined by the presence of EGFR amplification and deletions of chromosome 10 and
CDEN24. Mesenchymal gliomas displayed consistant mutation or loss of NFI. Gliomas
classified as neural lacked the genetic mutation signatures found in the other subtypes, but
demonstrated upregulation of neuron markers. Interestingly, an association was observed
between the transcriptome signature of the glioma subtypes and that of specific brain cell
populations, suggesting that gliomas may arise from distinct subtypes of progenitor
populations. In this analysis, proneural, neural, classical and mesynchymal signatures
resembled those of oligodendrocytes, neurons/glia, astrocytes, and astro/microglia,
respectively. Notably, patients with gliomas classified as proneural tended to be younger and
have longer survival than any of the other glioma subtypes, a result also found for
oligodendroglioma (Cooper et al., 2010). Collectively, these research findings indicate the
importance of determining specific glioma subtype when considering the most appropriate

therapeutics.

1.2 Clinical development of novel glioma therapies

Despite decades of research into potential glioma therapies, the prevailing course for
treatment for glioma patients remains surgical resection with radiotherapy and
chemotherapy. High-throughput screens of small-molecule inhibitors have yielded many
drugs targeting specific signaling pathways or oncogenes activated in gliomas and that have
demonstrated significant promise in preclinical trials. While administration of these drugs is

generally well-tolerated, little beneficial effect on progression-free survival has been



demonstrated. For examples, initial results with the EGFR tyrosine kinase inhibitors gefitinib
and erlotinib suggest relatively low patient response rates (Doherty et al., 2006; Franceschi et
al., 2007; Preusser et al., 2008; Raizer et al., 2010). The PDGFR inhibitor imatinib has been
shown to inhibit glioma growth in animal models but this benefit has not translated to the
clinic (Desjardins et al., 2007; Raymond et al., 2008). Rapamycin, a potent inhibitor of
mammalian target of rapamycin (mTOR) signaling, has also failed to promote progression-
free survival in clinical trials (Akhavan et al., 2010). Finally, pan-spectrum tyrosine kinase
inhibitor cediranib (AZD2171) showed only modest benefit in a phase III clinical trial
(Batchelor et al., 2007). Overall, the failure of many of these drugs upon transition to clinical
trials has constituted a major disappointment for researchers seeking to improve glioma
progression-free survival, but much has been learned for the development of further therapies
(Omuro et al., 2007).

Different theories could explain why so many of these agents have been unsuccessful.
The most apparent explanation is that while rodents share many biological features with
humans, there are distinct physiological differences that are likely to contribute to a
differential response to some therapies (Rangarajan and Weinberg, 2003). While this concern
is inevitable for any model organism and alternatives are limited, one possibility is the use of
subjects such as dogs which can naturally develop a variety of cancers including gliomas
(Kimmelman and Nalbantoglu, 2007). The artificial nature of the xenograft tumor model
itself presents a challenge when extrapolating efficacy of a drug to clinical studies. Typically,
xenografts are made from tumor cell lines or, more recently, tumor-derived neurospheres,
which are less likely to recapitulate the response that a heterogeneous glioma can incur. In
animal models, tumors are not always grown at the orthotopic site, yielding an incomplete

picture of what factors may combine to modify a drug’s effect. Further, brain tumors are



heterogeneous, so that targeting of a single molecule might yield initial success but due to the
buildup of resistance mechanisms in the tumor ultimately not lead to a significant difference
in patient survival (McCarty et al., 2003).

Finally, no matter how promising inhibitors may appear in preclinical studies, they
are likely to be unsuccessful if they are not directed to the most appropriate recipients. For
example, the anti-tumor activity of rapamycin appears to be stronger when administered to
patients with a specific PT'EN-deficient tumor molecular profile (Cloughesy et al., 2008). As
for other cancers (Mullan and Millikan, 2007; Webster et al., 2008), glioma molecular
profiling will ultimately play a crucial role in determining the most suitable course of
treatment for patients (Mischel et al., 2004; Phillips et al., 2006; Vitucci et al., 2010).

Alternatively, glioma therapies may be directed against other features of the tumor
besides the cancer cells. Targeting tumor-associated angiogenesis, for example, divests the
tumor of the resources it requires to proliferate with significantly fewer harmful side effects

compared with traditional therapies.

1.3. Overview of angiogenesis and pathology of tumor-associated vasculature
Angiogenesis, the formation of new vessels from pre-existing vasculature, is
characterized by a series of discrete, well-characterized steps (Adams and Alitalo, 2007;
Bergers and Benjamin, 2003; Pettersson et al., 2000; Plate, 1999; Plate et al., 1994). In adults,
pro-angiogenic signals are first released from a source, either in conjunction with a
physiological program such as menses, or in response to the biological changes associated
with region of hypoxia, such as a wound or solid tumor. Of these signals, vascular endothelial
growth factor (VEGF, particularly VEGF-A) is the most important for angiogenesis, but other

cytokines such as platelet-derived growth factor (PDGF), basic fibroblast growth factor



(bFGF), interleukin-8 (IL-8), hepatocyte growth factor (HGF), and angiopoietin-2 (Ang-2) are
also implicated in this process, particularly in tumor-associated angiogenesis. These pro-
angiogenic stimuli are recognized by their respective receptors on quiescent vasculature, of
which perhaps the most important association is the interaction of VEGF with VEGF
receptor 2 (VEGFR2, also known as Flk-1). Subsequent signaling pathway activation (Gavard
and Gutkind, 2006) leads to the breakdown of intercellular contacts between endothelial cells
(Dejana, 1996). This permeability promotes the extravasation of plasma proteins, which
supply a provisional matrix for the attachment of migrating endothelial cells. Typically, blood
vessels in the brain are surrounded by a basement membrane containing a variety of
extracellular matrix (ECM) proteins including type-IV and type-V collagens, fibronectin,
laminin, vitronectin and heparin-sulfate proteoglycans (HSPGs) (Rao, 2003). Pro-angiogenic
cytokines upregulate the secretion of proteases important for degradation of this basement
membrane. Integrins that mediate endothelial cell attachment to the ECM are upregulated
during this time, particularly the vitronectin receptor ayvf3 and the fibronectin receptor
a5f1, and act to promote cytokine receptor signaling (Ramjaun and Hodivala-Dilke, 2009).
Finally, endothelial cells proliferate and migrate in the direction of the source of angiogenic
stimulus, leading to the formation of capillary tubes and the recruitment of pericytes which
promote vascular maturation (Gerhardt and Betsholtz, 2003).

As the adult vascular endothelium is generally quiescent (Fraser & Lunn, 2000), adult
angiogenesis is typically a pathological condition and contributes to the progression of other
diseases, particularly solid malignancies such as GBM. As with other tissues, tumors require
oxygen, nutrients and a system of waste removal, and it is believed that tumors require
angiogenesis to grow beyond the range of passive diffusion, approximately 2-3 mm (Folkman,

1995), and it is well known that many solid tumors, including gliomas, display high levels of



neovascularization, contributing to accelerated tumor growth and malignancy (Folkman,
1971; Folkman et al., 1989). Aggressive gliomas are thus characterized by the upregulation
and secretion of a plethora of soluble cytokines that regulate endothelial cell proliferation and
migration (Adams and Alitalo, 2007; Bergers and Benjamin, 2003; Machein and Plate, 2004;
Plate, 1999), including those described above. Gliomas also upregulate a variety of proteases
including urokinase-type plasminogen activator (uPA), cathepsin B, and matrix
metalloproteinases which activate growth factors, break down the extracellular matrix, and
promote tumor cell invasion (Fillmore et al., 2001; Hotary et al., 2002; Itoh, 2006; Itoh and
Seiki, 2006; Itoh et al., 2001; Rao, 2003). However, this upregulation alone is thought to be
msufficient for tumors to induce vascularization (Folkman, 1995), and that downregulation of
angiogenesis inhibitors, such as thrombospondin-1 (T'SP-1) or the collagen XVIII fragment
endostatin, 1s also required. Successful induction of angiogenesis i1s hypothesized to result
from this imbalance in the ratio of pro- to anti-angiogenic molecules, termed the “angiogenic
switch” (Hanahan and Folkman, 1996). Furthermore, recent work has shown that gliomas
may recruit vasculature by other means than the sprouting angiogenesis described above.
These observations include the recruitment by gliomas of Tie2-expressing proangiogenic
monocytes or stromal-derived mesenchymal progenitors to the tumor-associated vasculature
(De Palma et al., 2005), or formation of endothelial cells by glioma stem cells themselves
(Ricci-Vitiani et al., 2010; Wang et al., 2010).

Tumor-associated neovascularization is highly pathological and contributes to poor
prognosis in multiple respects (Fukumura et al., 2010; Fukumura and Jain, 2007; Fukumura
and Jain, 2008; Gerstner et al., 2009; Gerstner et al., 2008; Jain, 2005). Unlike normal
vessels, where the rate of endothelial cell turnover often exceeds 1000 days, tumor

vasculature does not become quiescent and may turn over within 5 days (Folkman, 1995).
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Tumor vessels are characterized by multiple abnormalities including irregular diameter and
branching pattern, incomplete basement membrane formation and abnormal coat of
pericytes and smooth muscle cells (Hashizume et al., 2000). Glioma vasculature is leaky due
to the heterogenous overexpression of proangiogenic factors, particularly VEGF, from the
tumor (Machein and Plate, 2000; Machein and Plate, 2004). Originally identified as vascular
permeability factor (VPF), VEGF is a powerful regulator of vascular permeability. VEGF
exerts its permeability-inducing effects in concert with its pro-angiogenic activity upon
endothelial cells via interaction with VEFGR2 (Brekken et al., 2000; Shibuya and Claesson-
Welsh, 2006). Ultimately, VEGF-VEGFR2 signaling destabilizes both adherens (A]) and
tight junctions between endothelial cells, leading to extravasation of erythrocytes and plasma
(Dejana, 1996; Gavard and Gutkind, 2006; Weis and Cheresh, 2005). As a result, glioma
patients suffer from the increased intracranial pressure resulting from tumor-associated
edema, which contributes significantly to neurological symptoms and preoperative mortality
(Jain et al., 2007; Saba and Magolan, 1991). While corticosteroid administration reduces the
side effects of tumor-associated edema, steroid treatment has undesirable side effects
including immunosuppression.

Further, vascular abnormalities create a pathological tumor microenvironment,
increasing tumor aggressivity and resistance to treatment. It is thought that high levels of
tumor interstitial fluid pressure (IFP) resulting from both leaky vessels and a lack of a
functional lymphatic system ultimately causes vascular compression and subsequent necrosis
in the core of the tumor (Folkman, 1995; Jain and Baxter, 1988). IFP also is observed to
increase vascular endothelial cell proliferation and constitute a barrier to drug delivery
(Hofmann et al., 2007; Jain and Baxter, 1988). Stabilization of vasculature is thought to

increase efficacious delivery of standard chemotherapeutic agents by reducing IFP (Jain et al.,
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2007; Tong et al., 2004). Also, increased tumor mass from cellular proliferation generates
regions of hypoxia, which selects for more malignant cells in addition to decreasing
effectiveness of drug and radiation therapies (Jain et al., 2007). Hypoxia leads to the
upregulation of hypoxia-regulated genes, most notably the transcriptional regulator hypoxia
inducible factor 1 alpha (HIF-la). HIF-la upregulates many genes implicated in cancer
biology and progression, notably pro-angiogenic molecules like VEGF-A (Belozerov and Van
Meir, 2005). Overall, the diversity of complications resulting from tumor-associated
angiogenesis highlights this system as an important therapeutic target.

In addition to glioblastoma multiforme, many neurological diseases are characterized
by pathology of the vasculature, including stroke (Hayashi et al., 2003; Lin et al., 2003; Sun
et al., 2003), Alzheimer’s Disease (Deane and Zlokovic, 2007; Paris et al., 2010; Tarkowski et
al., 2002; Vagnucci and Li, 2003), vascular dementia (Tarkowski et al., 2002), glaucoma
(Yazdani et al., 2009), and amyotrophic lateral sclerosis (Azzouz et al., 2004; Lambrechts et
al., 2006). Advances in the overall understanding of the regulation of vascular maintenance
or angiogenesis are likely to lead to improved therapeutics or better strategies of preventative

medicine for many of these diseases (Greenberg and Jin, 2005; Zlokovic, 2008).

1.4. Anti-angiogenic therapy in the clinic: promise and pitfalls

Anti-angiogenic therapies have many desirable features, including low mutagenic
potential due to slow replication and stable genomic background of endothelial cells (ECs),
specific targeting to angiogenic blood vessels, and a lack of the cytotoxic effects characteristic
of traditional chemotherapy (Eskens and Verweij, 2006). There are a variety of types of
clinically-relevant angiogenesis inhibitors, ranging from small molecule inhibitors to

humanized antibodies and modified versions of endogenous proteins, some of which have
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already demonstrated significant promise in clinical trials. Most significantly, treatment with
the VEGF blocking antibody bevacizumab has improved progression-free survival in a
variety of cancers including gliomas (Van Meir et al., 2010), pancreatic cancer (Van Cutsem
et al., 2009), lung cancer (Sandler et al., 2006), breast cancer (Miller et al., 2007; Yamauchi et
al., 2009), sarcoma (D'Adamo et al., 2005), renal cell carcinoma (Escudier et al., 2007), and
colorectal cancer (Tol et al, 2009). Other angiogenesis inhibitors, including the
thrombospondin mimetic ABT-510 (Hoekstra et al., 2005; Rusk et al., 2006; Yang et al.,
2007), endostatin (Herbst et al., 2002), and the integrin-blocking peptide cilengitide
(Desgrosellier and Cheresh, 2010), have also yielded promising results in clinical trials for a
variety of solid tumors including glioblastoma. Cediranib, a potent small-molecule inhibitor
of VEGFR2 and other receptor tyrosine kinase activity, been observed to induce vascular
stabilization and block tumor-associated edema (Batchelor et al., 2007). It has long been
thought that a combination of antiangiogenic and cytotoxic therapy may be more effective
than either type alone (Folkman, 1995), and many studies are presently making use of such
an approach. Overall, there is a clear need for the continued development and study of novel
angiogenesis inhibitors for the treatment of tumors as well as other diseases characterized by
vascular pathology, and a variety of anti-angiogenic compounds are currently in clinical trials
(National Cancer Institute).

It should be noted that the previously-described work on glioma molecular profiling
has relevance for studies of anti-angiogenic therapy. For example, tumors with wild-type p53
appear to be more responsive to anti-angiogenic therapy than p53-null tumors (Yu et al.,
2002), possibly because the p53-null tumors are better able to adapt to the hypoxia induced
by the therapy. Further, patients with VHL mutations tend to develop more vascularized

tumors, making them particularly good therapeutic targets (Yang and Kaelin, 2001). In
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considering the glioma molecular classification data, it may be hypothesized that neural,
classical, or mesenchymal gliomas may prove the most responsive tumor types for anti-
angiogenic therapy. In addition, new explorations might reveal specific molecular pathology
of angiogenesis in different tumor types that would better direct therapy.

The use of anti-angiogenic therapies has not been without its problems. While studies
involving anti-VEGTF therapeutics have identified little toxicity as a result of taking the
treatment, multiple side effects have been observed. These side effects include hypertension,
pulmonary hemorrhage and thrombo-embolic events (McCarty et al., 2003). The latter is
thought to result from endothelial cell apoptosis specifically due to VEGF inhibition, as low
levels of VEGF are required to maintain the health of quiescent endothelial cells. Also, as
with traditional chemotherapeutics, tumors are hypothesized to be able to develop resistance
to anti-angiogenic therapy (Bergers and Hanahan, 2008). Such resistance is thought to be
indirect, as while a specific target remains inhibited, but other ways to stimulate tumor
growth are activated. For examples, alternative pro-angiogenic signaling pathways may be
upregulated, or endothelial cells may be formed from tumor- or stromal-derived progenitors.
In the case of glioblastoma, a notoriously invasive tumor, cancer cells may disperse and
migrate into the brain along existing vasculature or otherwise independently of the
recruitment of new vessels. Alternatively, tumors may be indifferent to angiogenesis
inhibition, particularly if redundant pro-angiogenic signals or vasculoprotective mechanisms
are already in place.

As with other glioma therapies described previously, clinical trials of angiogenesis
inhibitors may be unsuccessful for a variety of reasons. Therapies may be administered to
animal subjects when their tumor burden is relatively small, often directly after tumor cell

implantation, and when little vascular response has been generated. In clinical trials,
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however, angiogenesis inhibitors are typically administered to patients whose tumors are
already characterized by extensive vascular proliferation. Another important factor is that the
vasculature of a human tumor at diagnosis is significantly older than the vasculature of that of
a mouse newly implanted with tumor cells, and this difference in age and maturity of the
vasculature should be taken into account when designing therapeutics. For example, vascular
age may have functional consequences, as more mature vasculature is coated with pericytes,
which may prove a barrier to anti-angiogenic treatments (McCarty et al., 2003).

A better understanding of the most effective ways to target angiogenesis may lead to
improvements in the approach to the development of anti-angiogenic therapy. As described
above, there are a variety of types of angiogenesis inhibitors for clinical use, including
modified versions of endogenous proteins. In particular, this group directly mimics the body’s
own natural strategies of regulating its vascular biology, which may confer advantages of

greater efficacy and fewer attendant side effects.

1.5. Endogenous angiogenesis inhibitors: generation and significance
Endogenous inhibitors of angiogenesis are often generated from the proteolysis of
larger parent molecules that are not themselves angioregulators, typically extracellular matrix
proteins (Albini et al., 2010; Mundel and Kalluri, 2007; Rege et al., 2005). These cryptic
inhibitors derive from such diverse ECM molecules as collagen IV (arresten, canstatin, and
tumstatin) (Colorado et al., 2000; Hamano et al., 2003; Kamphaus et al., 2000), collagen
XVIII (endostatin) (Abdollahi et al., 2004; Felbor et al., 2000), perlecan (endorepellin)
(Mongiat et al., 2003), and fibronectin (anastellin) (Y1 and Ruoslahti, 2001). Other non-ECM

parent molecules are processed into inhibitors of angiogenesis, such as reduced plasmin
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(angiostatin) (Morikawa et al., 2000) and matrix metalloproteinase 2 (PEX) (Bello et al., 2001;
Brooks et al., 1998).

In contrast, other angiogenesis inhibitors are not derived from parent molecules. This
group includes the thrombospondins TSP1 and TSP2 (de Fraipont et al., 2001), the tissue
inhibitors of metalloproteinases (TIMPs) (Handsley and Edwards, 2005; Stetler-Stevenson
and Seo, 2005), PEDF (Broadhead et al., 2009; Guan et al., 2004), long pentraxin 3 (PTX3),
which specifically inhibits FGF-induced angiogenesis (Rusnati et al., 2004), and the vasohibin
family (Sato and Sonoda, 2007; Watanabe et al., 2004) which are upregulated by
proangiogenic factors. In sum, endogenous inhibitors of angiogenesis may be expressed
through a diversity of mechanisms, and production of angiogenesis inhibitors is likely to be
under tight physiological control, whether by regulation of transcription of the inhibitor or of
the protease that generates it.

The existence of these multiple means of inhibiting angiogenesis has long invited
speculation concerning their significance (Hanahan and Folkman, 1996). Release of cryptic
angiogenesis inhibitors may maintain normal vascular quiescence or terminate non-
pathological angiogenesis events such as ovulation or wound healing. Alternatively, it has
been suggested that the endothelium may be able to sense when revascularization may be
premature. In the example of an infected wound, inhibition of angiogenesis would prevent
the spread of the infection to other tissues (Albini et al., 2010). In this case, rapid generation
of anti-angiogenic fragments would be an efficient way for the endothelium to regulate its
biological response. By contrast, angioregulators that are generated via transcriptional
regulation may contribute to persistence of either angiogenesis or its inhibition.

This wide array of endogenous angiogenesis inhibitors and their varied means of

generation attests to the complexity underlying the physiological regulation of angiogenesis. It
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is not yet clearly understood how the diversity of available pro- and anti-angiogenic signals
are interpreted and integrated by endothelial cells to control the balance of quiescence,
angiogenesis and differentiation of either normal or pathological vasculature in many
different tissue types. In considering the optimal development of anti-angiogenic therapeutics,
however, it is entirely plausible that the efficacy of specific angiogenesis inhibitors may be
dependent on specific characteristics of their target endothelium, whether by stage of the
angiogenesis process targeted or tissue-specific markers. In the latter case, brain-specific
endogenous angiogenesis inhibitors may prove most effective as therapeutics for brain
diseases characterized by vascular pathology, particularly gliomas. The brain angiogenesis

inhibitor (BAI) family proteins provide an intriguing avenue for this study.

1.6. An overview of the BAI family proteins

The three members of the brain angiogenesis inhibitor (BAI1-3, Figure 1.1) family of
molecules are putative G protein coupled receptors (GPCRs), a diverse group of seven-
transmembrane receptors that are phylogenetically distributed into five primary families
(Bjarnadottir et al., 2004; Bjarnadottir et al., 2006). While not known to couple to a GTPase,
the BAI family of molecules are classified into the class B subtype of GPCRs, also known as
the adhesion family. These are a group of 33 known members characterized by the presence
of large N-terminal extracellular domains (ECDs) which typically contain multiple
subdomains and are believed to be highly glycosylated, rendering their putative adhesive
properties. Due to their complicated genetic structure, however, study of the class B GPCRs
has proven challenging and many are orphan receptors with unknown ligands.

BAIs are large molecules of approximately 200 kilodaltons in size and contain a

number of functional domains in both their extra- and intracellular regions, summarized in
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Figures 1.1-3. The 7-transmembrane domain of all three BAIs is highly conserved and forms
the basis for their phylogenetic association (Bjarnadottir et al., 2007). All three BAI ECDs
contain an evolutionarily conserved GPCR proteolysis site (GPS), a putative hormone-
binding domain, and multiple N-glycosylation sites. They also contain thrombospondin type
1 repeats (I'SRs), domains first discovered to regulate the anti-angiogenic activity of
thrombospondin-1. BAII contains five TSRs and BAIs 2 and 3 each contain four TSRs. An
integrin-binding Arg-Gly-Asp (RGD) motif is unique to the BAIl extracellular domain. The
C-terminal intracellular portion of the BAIs terminates in a conserved Gln-Thr-Glu-Val
(QTEV) motif known to interact with PDZ domain-containing molecules, which are
mmplicated in such functions as cytoskeletal architecture and protein trafficking and
localization. Finally, only BAIl contains a proline-rich region in its intracellular domain, a
feature known to interact with SH3- and WW domain-containing proteins and regulate

signal transduction (Oda et al., 1999).

1.7. BAI family gene regulation and expression in development

Little 1s known regarding the mechanisms of BAI family transcriptional regulation
and expression. BAIl was initially identified in a screen for genes regulated by the tumor
suppressor pd3 (Nishimori et al., 1997) as a result of a putative p53 binding site located in its
9th intron on chromosome 8q24 (Figure 1.2A), and was suggested to be a candidate paracrine
effector for the anti-angiogenic effects of p53 (Van Meir et al., 1994). Some studies have
found that restoration of p33 expression in p53 mutant glioma cells can upregulate BAI1
mRNA (Shiratsuchi et al., 1997), while others have not (Kaur et al., 2003), suggesting this
needs further study. The BAIl promoter has predicted binding sites for a wide variety of

transcription factors but their involvement has not been confirmed experimentally. Recently,



18

studies of the mouse BAII gene have identified a second promoter located downstream of the
GPS site, generating a variant of BAI1 lacking its extracellular domain and expressed in the
hippocampus (Valen et al., 2009). Further work is warranted to establish the expression
pattern of these two independent promoters and their importance in different tissues.

The BAI 2 and 3 genes were discovered as a result of their homology with BAII, and
are localized at chromosomes 1p35 and 6ql2 respectively. In contrast to BAIl, BAI2 and
BAI3 are not known to contain p53-binding sites and p53 has not been demonstrated to
regulate mRNA levels of either (Shiratsuchi et al., 1997). The promoters regulating the
expression of these two genes have not been studied to date.

All BAI family members are expressed in fetal and adult human brain tissue
(Shiratsuchi et al., 1997). Expression of BAIl mRNA is highly enriched in the brain
compared with other tissues and specifically localized in neurons (Mori et al., 2002), glia and
macrophages (Park et al., 2007). The expression of BAI2 and BAI3 mRNA is more widely
distributed; in addition to brain expression, both BAI2? and BAI3 mRNA are expressed in
adult human heart tissue, and BA/2 mRNA is also detected in skeletal muscle and thymus,
while BAI3 mRNA is found in testis and small intestine tissue specimens. Little is known
about the expression of the BAI proteins themselves, however, and further research is
necessary to determine their localization at the cellular level and gain insight into these
proteins’ function in normal brain or elsewhere.

Studies of expression of BAI family members in mouse brain development have
generally mirrored the findings in human tissue. Murine Ba:/ mRNA expression, like that of
human BAI1, is primarily brain-specific and increases after birth to reach the highest level of
expression at approximately P10. mBail, which shares a 94% sequence identity with ZBAI1, is

expressed at high levels in cortical neurons, the pyramidal neurons of the hippocampus, the
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granular cell layer of the olfactory bulb, cerebellar Purkinje neurons, and in the craniofacial
nerve nuclei (Koh et al., 2001). As for hBAII, further work is necessary to determine
localization of the mBAIl protein and what role it is likely to play in these cell types.

In contrast, mBai2 and mBa3 are expressed ubiquitously during embryonic
development but largely restricted to the brain after birth. In the brain, the localization
pattern of mBai2 is highly similar to that of mBail. Notably, anti-mBai2 mRINA probes
detected seven mRINA splice variants, some lacking such important functional features as the
third cytoplasmic loop of the seven-transmembrane domain (Kee et al., 2002). More recent
work has determined that mBai3 continues to be expressed in the muscle-myenteric nerve
layer of the adult mouse gastrointestinal tract (Ito et al., 2009). Given their wide-ranging

distribution, these proteins may serve biological functions in a wide range of tissue types.

1.8. Proteolysis of BAI proteins and functional implications

Many extracellular proteolysis events have been identified for the cell adhesion
GPCRs, including the BAIs. The majority of cell adhesion GPCRs are known to be
proteolytically processed at the G-protein proteolysis site (GPS), a highly conserved, cysteine-
rich domain located proximal to the seven-transmembrane domain. The GPS contains a site
for autoproteolytic cleavage, resulting from a nucleophilic attack of a conserved arginine or
histidine on a serine (Deyev and Petrenko, 2010; Perler, 1998; Perler et al., 1997; Wei et al.,
2007), and recent work suggests that N-glycosylation may regulate this processing (Hsiao et
al., 2009). Following autoproteolysis, the cleaved N-terminal piece is believed to remain
noncovalently associated with its transmembrane region, as detectable under nonreducing
conditions (Krasnoperov et al., 2002). Proteolytic GPS cleavage at the GPS has been

experimentally demonstrated for Ig-Hepta/GPR116 (Fukuzawa and Hirose, 2006), CIRL



20

(Krasnoperov et al., 2009; Krasnoperov et al., 2002; Sugita et al., 1998), EMR2 (Chang et
al., 2003; Lin et al., 2004), GPR56 (Huang et al., 2008) and CD97 (Gray et al., 1996; Hsiao
et al., 2009), and implicated for polycystin-1(Wei et al., 2007), Flamingo (Usui et al., 1999),
and HE6 (Obermann et al., 2003). The significance of GPS processing remains incompletely
understood, but mutations in the GPS site impair the ability of these receptors to traffic
properly out of the endoplasmic reticulum (Deyev and Petrenko, 2010; Jin et al., 2007; Sugita
et al., 1998; Volynski et al., 2004).

BAIl and BAI2 undergo processing at the GPS (Kaur et al., 2005; Okajima et al.,
2010). In BAII, this proteolytic event generates a 120 kDa secreted fragment, known as
Vasculostatin-120 (Vstat120) (Kaur et al., 2005; Kaur et al., 2009). Vstat120 is secreted into
the conditioned media of BAIl-expressing cells, suggesting that it may incompletely associate
with the transmembrane part of BAIl in culture. Also, full-length BAII is detectable under
reducing conditions of SDS-PAGE, indicating that GPS processing may not be automatic
and thus is likely a tightly regulated event.

Other recent work has identified a proteolytic cascade regulating a second processing
event in the BAIl extracellular domain (Chapter 2). In this two-step cascade, pro-protein
convertase furin activates matrix metalloproteinase 14 (MMP-14), which directly cleaves
extracellular BAIl at a previously uncharacterized processing site to generate a 40 kDa
fragment, named Vasculostatin-40 (Vstat40). Vstat40 contains the RGD motif and one TSR
(Figure 1.1) and has been determined to have significant anti-angiogenic activity in culture
and m vwo. As shown for Vstatl20, Vstst40-mediated angiogenesis inhibition appears to
depend on the presence of the CD36 receptor on target endothelial cells. Vstat40 is more
abundantly expressed than Vstat120 under culture conditions and is hypothesized to be the

primary effector of the paracrine anti-angiogenic activity of BAIL. It should be noted,
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however, that as for Vstat120, Vstat40 is not always cleaved from the full-length molecule
and thus its processing is also likely to be under significant regulatory control.

These proteolyses of extracellular BAIl are predicted to serve or mediate multiple
functions either of the parent receptor or its cryptic derivatives, and these activities may
depend on cell type. In particular, the anti-angiogenic properties of Vstatl20 and Vstat40
have received significant investigation due to their thrombospondin type-1 repeats, (T'SRs,
Figure 1.4), domains which are responsible for the angioinhibitory activity of
thrombospondin 1 (T'SP-1). The TSRs’ activity is best characterized by their interaction with
the CD36 scavenger receptor, a heavily-glycosylated 53 kDa transmembrane receptor
expressed on microvascular but not large vessel epithelium as well as adipocytes, retinal
epithelium and hematopoietic cells, platelets, and macrophages (Febbraio and Silverstein,
2007). Notably, the Val-Thr-Cys-Gly (VI'CG) motif in TSRs binds a highly conserved
CLESH (CD36 LIMP-II Emp sequence homology) domain (Febbraio et al., 2001; Febbraio
and Silverstein, 2007). TSP1-CD36 binding activates p59fyn kinase and p38, ultimately
leading to caspase-3-dependent apoptosis, and Jun N-terminal kinase, which induces the gene
encoding the ligand for the Fas death receptor (Jimenez et al., 2000; Jimenez et al., 2001).
TSRs also inhibit angiogenesis through their heparin-binding Trp-Ser-Pro-Trp (WSPW)
motifs by competing for VEGI attachment to heparin sulfate on the surface of endothelial
cells (Gupta et al., 1999) and interfering with heparin’s growth factor-stabilizing activity
(Vogel et al., 1993). Another significant angio-regulatory feature of T'SRs 1s a GXXXRXR
motif, which strongly inhibits endothelial proliferation and serves the basis for the therapeutic
peptide ABT-510 (Zhang and Lawler, 2007).

A wvariety of evidence suggests that the BAIl TSRs are potent regulators of

angiogenesis. Early work demonstrated that synthetic peptides containing BAIl TSRs 2-4
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and 3-5 could inhibit rabbit corneal angiogenesis when administered exogenously (Nishimori
et al., 1997). Subsequently, the secreted 120 kDa extracellular domain resulting from GPS
cleavage (Vstatl20) was shown to inhibit angiogenesis in culture and tumor-associated
angiogenesis in xenografts (Kaur et al., 2005; Kaur et al., 2009; Klenotic et al., 2010). More
recently, the most N-terminal TSR was also shown to exhibit CD36-dependent anti-
angiogenic activity as part of the 40 kDa Vstat40 fragment (Chapter 3). Recent work has also
shown that histidine-rich glycoprotein (HRPG) modulates the anti-angiogenic effect of
Vstat120 in culture via competing for binding to CD36 (Klenotic et al., 2010).

However, the role of the TSRs of full-length BAIl or the other BAI proteins in
normal brain and in other tissues is incompletely understood, and accumulating evidence
implicates them in a diversity of functions. Recently, the TSRs of BAI3 have been shown to
recognize Clg-like (Clgl) proteins, and the presence of these TSRs interferes with the loss of
synapse density mediated by Clqgl proteins (Bolliger et al., 2011). Another study in
macrophages has shown that extracellular BAI1 specifically recognizes phosphatidylserine
(PtdSer) on the surface of apoptotic cells via binding with its TSRs (Park et al., 2007). This
binding subsequently triggers the BAIl C-terminal-mediated activation of the Dock180-
ELMO complex and Rac, promoting actin cytoskeleton remodeling and ultimately
engulfment of the apoptotic target by the macrophage. Processing of the BAII extracellular
domain is likely to interfere with phagocytic activity, suggesting that this portion of the
molecule may have different functions in different microenvironments (Figure 1.5), and that
these cleavage events are likely tightly regulated and may vary in different cell types.

Other class B GPCRs undergo proteolysis at sites in their extracellular domains
beyond the GPS. Recent work has demonstrated that extracellular BAI2 is processed by furin

(Okajima et al., 2010). Furin preferentially processes its target substrates after a highly-
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conserved dibasic motif, preferentially Arg-X-Arg-X-(Lys/Arg)-Arg, with arginines in the P1,
P4 and P6 positions (Duckert et al., 2004). BAI2 appears to be cleaved by furin i vitro after a
noncanonical Gln-Trp-Pro-Arg (QWPR) sequence. However, the existence and biological
significance of this processing event i vwo remains to be determined, and no extracellular
proteolysis event has yet been shown for BAI3. Similar findings have been determined for the
extracellular domains of other class B GPCRs. Of note, the receptor Ig-Hepta contains a
prohormone processing site (RPKR) which is cleaved by the serine endoprotease furin to
release EGF2 domain-containing fragments (Fukuzawa and Hirose, 2006). The
developmentally regulated GPCR (DREG) receptor also contains a furin cleavage motif
(KVKR) and may be activated by this protease (Moriguchi et al., 2004). In sum, proteolysis
of the extracellular portion of these class B GPCRs is a common event, and the significance
of these proteolysis events either with regard to the activity of the fragments generated or that

of the parent molecule is expected to be wide-ranging.

1.9. Intracellular signaling and C-terminal binding partners

The signaling cascades regulated by BAI family proteins are poorly characterized to
date, and the majority of known interactions have been identified for BAIl only. The
intracellular C-terminal domain of BAIl contains multiple features of interest, including a
proline-rich region (PRR) and PDZ-binding domain (PBD) (Figures 1.1-2). While BAI1 has
not been determined to associate with a specific GTPase, early studies have identified at least
five molecules capable of physically interacting with the C-terminal domain of BAII.

BAP-1. BAll-associated protein 1 (BAP-1) is a PDZ domain-containing scaffolding
protein that directly associates with the QTEV motif located at the most C-terminal portion

of BAIl. Later determined to be MAGI-1, a member of the membrane guanylate kinase
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(MAGUK) inverted family of scaffolding proteins commonly found in the post-synaptic
density, BAP-1 was observed to co-localize with BAII at intercellular contacts (Shiratsuchi et
al., 1998a). BAP-1 may thus play a role in regulating the localization of BAIl at neuronal
synapses, but this relationship is yet to be conclusively determined.

BAP-2. Another binding partner of C-terminal BAIl is BAP-2/IRSp53, a Src
homology 3 (SH3) domain-containing molecule. BAP-2 interacts with a regulator of the actin
cytoskeleton, mDia, in the presence of active RhoA, a process believed to mediate stress fiber
formation and cytokinesis (Fujiwara et al., 2000), and hypothesized to regulate signal
transduction during neuronal growth. Taken in conjunction with the ability of C-terminal
BAIl to bind the ELMO/Dockl80 complex and regulate Rac signaling, these studies
provide strong support for the hypothesis that intracellular BAIl plays an important role in
regulating cytoskeletal activity.

BAP-3. BAP-3, an 1187 amino acid protein expressed predominately in the brain,
contains two (G2 domains and has sequence homology to Muncl3, as well as to
synaptotagmin. BAP-3 was discovered in a yeast-two-hybrid screen for molecules interacting
with C-terminal BAII (Shiratsuchi et al., 1998b). The interaction between BAIl and BAP3 1s
mediated by BAP-3 amino acids 569-882, a region which has homology to a functional
domain of Muncl3 but is not a C2 domain. C2 domains are implicated in fusion of
presynaptic vesicles to membranes, again suggesting a role for BAIl in the regulation of
multiple features of neuronal activity.

BAP-4. Little is known concerning the significance of the interaction between BAII
and the BAII associated protein 4 (BAP-4), alternatively known as phytanoyl-CoA alpha-
hydroxylase-associated protein 1 (PAHX-API) (Koh et al., 2001). This molecule 1s specifically

expressed in mouse brain, where it associates with the Refsum disease product PAHX.
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Immunoprecipitation experiments have shown that BAP4 specifically interacts with the 1254-
1516 C-terminal amino acids of BAI1, but not with BAI2 or BAIS.

PSD-95. Further immunoprecipitation experiments have demonstrated that BAII
binds to another PDZ domain-containing scaffolding protein, PSD-95 (Lim et al., 2002).
PSD-95 is a key molecular component of synapses and regulates the localization of many
receptors in neurons. Together this work shows that BAII localization is mediated by PDZ-
containing proteins and is likely to be tightly regulated. These associations are also likely to
govern BAII’s potential functions either as a cell adhesion molecule or as a receptor. Its
localization at the cell surface is also believed to factor into the processing of its extracellular
domain, as BAIl lacking a C-terminus is not efficiently processed into Vstat40 (Chapter 2).

In sum, the features of intracellular BAIl and its interacting partners suggest that
BAIl may serve disparate functions in the normal adult brain beyond angioregulation,
including the regulation of signal transduction, cell adhesion, growth cone guidance and
neurotransmitter release (Mori et al., 2002). Continued investigation into the role of BAIl in
the brain will be necessary to demonstrate existence of these activities and their significance
for brain function.

The intracellular signaling cascades regulated by the other BAI family proteins are
poorly studied. One report suggests BAI2 represses VEGF expression via an association of its
C-terminal region with the GA-binding protein gamma through mechanisms that are not
well characterized (Jeong et al., 2006). The significance of these associations has not yet been

demonstrated i viwvo, but may contribute to the observed anti-tumor activity of BAI2.
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1.10. A role for BAIs in neurovascular function and disease

Many neurological diseases are characterized by compromise or pathology of the
vasculature, notably stroke (Hayashi et al., 2003; Lin et al., 2003; Sun et al., 2003) and the
lethal brain tumor glioblastoma multiforme (GBM). Advances in the overall understanding of
the regulation of vascular maintenance or brain angiogenesis are likely to lead to improved
therapeutics or better strategies of preventative medicine for many of these diseases
(Greenberg and Jin, 2005; Zlokovic, 2008), and the BAI family proteins provide a novel and
intriguing avenue for such inquiry. As described below, emerging evidence already implicates
the BAI proteins in multiple neurovascular diseases.

Cancer. BAII has been implicated in the biology of many cancers. B4/l mRNA levels
are consistently downregulated in primary glioma specimens and cell lines (Kaur et al., 2003)
as well as brain metastases from lung adenocarcinoma (Hatanaka et al., 2000). Loss of BAI/1
expression was recently shown to occur via epigenetic silencing in glioblastoma (Zhu D et al.,
in submission). Pulmonary adenocarcinomas, gastric and colorectal cancers also show
reduced BAII expression compared with normal tissue (Fukushima et al., 1998; Hatanaka et
al., 2000; Miyamoto et al., 2007; Yoshida et al., 1999), suggesting that successful tumor
formation selects for the loss of BAIl expression, an interpretation recently borne out with
the finding of multiple somatic point mutations in the BAIs in several cancers (Kan et al.,
2010) (Figure 1.1). BAII expression in glioblastoma patients correlates with a positive clinical
outcome (Nam et al., 2004). Further, exogenous restoration of BAIl expression reduces
growth and vascularization of tumors derived from gliomas, pancreatic cancers and renal cell
carcinomas (Berger et al., 2010; Fukushima et al., 1998; Kudo et al., 2007; Xiao et al., 2006;
Yoon et al., 2005). While the precise mechanisms of its anti-tumor activity are not clearly

defined, BAII is hypothesized to impede the growth and progression of a variety of cancers
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via interfering with tumor-associated angiogenesis. In support of this theory, Vstatl20 is
demonstrated to interfere with the migration of cultured endothelial cells and block
vascularization and tumor growth in an orthotopic xenograft mouse model (Kaur et al.,
2005; Kaur et al., 2009). Vstat40 is also a potent angiogenesis inhibitor, although its anti-
tumor activity remains to be conclusively determined (Chapters 3-4). Thus, BAII fulfills the
criteria for a bona fide tumor suppressor and there is significant potential for BAIl and its
extracellular derivatives as therapies for the treatment of human cancers.

While less well understood than BAIL, the role of BAIs 2 and 3 in tumor suppression
and angioregulation is gaining appreciation. Expression of BAI5 mRNA is lost in
approximately 50% of assayed glioblastoma cell lines (Shiratsuchi et al., 1997). Importantly,
somatic mutations of BAI3 have been detected in 13% of squamous lung carcinoma and 5%
of lung adenocarcinoma (Kan et al., 2010). Other somatic mutations in lung, breast and
ovarian cancers have been identified for BAIs 1 and 2 (Figures 1.1 and 1.3). The functional
relevance of these mutations for tumor biology and progression remains to be determined.

Ischemia. The potent angioregulatory activity of the BAI proteins is likely to be
modulated in response to neurovascular injury. In support of this hypothesis, one experiment
observed that expression of mBail decreases by 24 hours post-ischemia induction in a mouse
middle cerebral artery (MCA) occlusion model of stroke (Koh et al., 2001). This finding
suggests that the anti-angiogenic activity of BAIl may be preferentially suppressed in order to
allow revascularization of the damaged brain tissue. BAI2 is also implicated in the biology of
ischemic stroke. In the MCA model, mBai2 expression is observed to decrease prior to the
decrease of mBAIl mRINA expression after induction of ischemia (Kee et al., 2002). While
the significance of the post-ischemic loss of BAI2 remains to be determined, these findings

suggest that it may play a role in the regulation of brain vascular homeostasis and that its
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downregulation likely reflects the response of hypoxic brain tissue to favor the regrowth of
new vasculature.

Schizophrenia. Given the BAIS’ expression pattern and synaptic association, it is
anticipated they may function in many aspects of neurological development or activity. In
one such recent example, an analysis of SNPs associated with schizophrenia focused on a
region of 6q encoding BAI3 and previously associated with disorganized symptoms (DeRosse
et al., 2008). The study determined that the SNPs rs1415031 and rs9446083 located in the
intronic region 5’ to the 9™ exon of BAI3 were significantly associated with lifetime severity of
disorganized symptoms. Other BAI3-associated SNPs were investigated for their relationship
to symptomology of the disease, and of these, 20% vyielded a statistically significant
association with disorganized symptoms. While it is yet unclear how a SNP in the BAI3 intron
may vyield such a biological effect, it highlights the importance of considering BAI family

protein function in other neurovascular diseases beyond tumor biology.
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1.11. Conclusions

Aggressive gliomas represent a significant health problem due to their high
mortality rates and resistance to standard avenues of treatment. Continued investigation into
their molecular biology is necessary for the development of more effective therapeutics.
Preliminary research into the BAI family proteins, particularly BAI1, has already yielded
important insights into their promise as anti-cancer agents, and further work on the BAIs
may improve our ability to treat other neurological or vascular diseases. While we are only
beginning to learn the roles that the BAI family proteins play in physiology and disease,
continued study of their biology is ultimately essential for a complete understanding of GPCR
biology and pharmacology as well as improvements in the development of biomedical

therapeutics.
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Figure 1.1. Schematic of the three BAI family proteins, representing the major known
structural and functional features as well as known proteolysis events and cancer-associated
somatic mutations. Abbreviations: RGD: Arg-Gly-Asp integrin-binding motif;, TSR:
thrombospondin type 1 repeat; HBD: hormone-binding domain; 7TM: seven-

transmembrane region; PRR: proline-rich region; PBD: PDZ-binding domain.
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A Localization of the human BAI1 gene on chromosome 8q24

143.54 Mb 143.56 Mb 143.58 Mb 143.60 Mb 143.62 Mb
I [ I + I n : -
RGD PBD polyA

Extracellular domain Intracellular domain

BAI
mRNA TSRs
el Y v o l ==l 1 U
[ 2 ™ o~ - (=] o~ [=2] OWw
2 g 2 R 3 B & 2E 8
. - o~ o~ - <t 0
Start Stop
codon codon
B
Amino
acids 1 231 264 577 280 944 1411 15.81
I I 1 T | T 1 T
RGD TSRs HBD GPS 7™ PRR PBD
Interacting o 3, a5 CD36, HRGP, WW, SH3 domain- MAGIs,
proteins integrins heparin containing PSD-95
- molecules
Mediates cell- Angiogenesis Membrane
Function ECM atlac::‘rgmt g\i:z.\iur:non, protein Protein binding, Iocalizagion.
Y 9 signal transduction  Scaffolding
proteins

Figure 1.2. Genomic, mRNA and protein structure of BAIl. (A) Genomic structure of BAIl
localized on human chromosome 8q24. Exons are colored to indicate position in the resulting
mRNA transcript (NCBI Reference Sequence NM_001702.2). (B) Structure of the BAIl

protein including a summary of known functional information for selected domains.
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Somatic mutations

1201 DRQEEGNGDS GGSFQNGHAQ Lung cancer (SCC): T113N, R1311S
Lung adenocarcinoma: R833M
Ovarian cancer: K1008R

Breast cancer: E1405* (nonsense)

1261 EEKLKLAHAK GPPTNFNSLP
1321 GDGDIFKKLD SELSRAQEKA LDTSYVILPT ATATLRPKPK

ANVSKLHLHG SPRYPGGPLP DFPNHSLTLK RDKAPKSSFV

EEPKYSIHID QMPQTRLIHL
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GGPPEAPPAQ PPPPPPPPPP

PPQOPLPPPP NLEPAPPSLG

1441 DPGEPAAHPG PSTGPSTKNE
1501 RKLOHAAEKD KEVLGPDSKP
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Figure 1.3. Amino acid structure of BAII, detailing the composition of indicated domains
and their precise location within the protein. Known cancer-associated somatic mutation

information provided at right.
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BAIl-1 WSLWGECTRDCGGGLOTRTRTCLPAPGVEGGG-CEGVLEEGRQCN-REAC-
BAIl-2 PHSVCSSTCGEGWOTRTRFCVSES-~-SYSTQ-CSGPLREQRLCNNSAVCP
BAIl-3 NSLCSSTCGRGFRDRTRTCRPP-~-QFGGNPCEGPEKQTKFCN-IALCP
BAIl-4 SACSASCSQGROORTRECNGP-~-SYGGAECQGHWVETRDCF-LQQCP
BAIl-5 SW
BAI2-1 S VCSLTCGOGLOQVRTRSCVSS-~-PYGTL-CSGPLRETRPCNNSATCP
BAI2-2 SLCSRSCGRGSRSRMRTCVPP--QHGGKACEGPELOQTKLCS-MAACP
BAI2-3 NGPCSTSCANGTQORSRKCSVA-~-GPAWATCTGALTDTRECS~-NLECP
BAI2-4 MAwgg§KTCQ$§WQRRFRMCQAT--GTQGYPCEGTGEEVKPCS-EKRCP
BAI3-1 S TCSYTCGOGSQVRTRTCVS --~-PYGTH-CSGPLRESRVCNNTALCP
BAI3-2 S LCSFTCGRGOQRTRTRSCTPP--QYGGRPCEGPETHHKPCN-IALCP
BAI3-3 ISQCSVTCSNGTQORSROCTAA--AHGGSECRGPWAESRECY-NPEC-
BAI3-4 ISGCSKSCDGGWERRIRTCQGA--VITGQQCEGTGEEVRRCS-EQRCP
% * * i % x x * *
Heparin- CLESH- Anti-
binding binding angiogenic
motif motif  motif
BAI Hormone-binding domain sequence alignment
BAIL PHEIC EDNFGAVIWKETPAGEVAAVjEPRNATGLILR CELDEEGIAYWEPPTYIRCVSIDYRNIQ
BAI2 ~-HEMCRDEYVMLMTWKKAAAGEI IYNKCPPNASGSASRRCLLSAQGVAYWGLPSF ISHEYR--~
BAI3 PYELCPEDYLMSMVWKRTPAGDLAFN LNATGTTSRRCELSLHGVAFWEQPSF. ISNEYRHLQ
x b &3 Ax xx X XRALE x X X x x

Figure 1.4. Alignment of the BAI family thrombospondin type 1 repeats and hormone-

binding domains. While variable, the TSRs are characterized by features including heparin-

(indicated in red) and CD36-binding (blue) motifs and other regions known to interfere with

angiogenesis (green).

conserved cysteine residues (purple). Conserved residues are indicated by asterices.

The BAI hormone-binding domains are characterized by four
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Figure 1.5. Illustration of the multiple identified functional roles for BAIL. Lef: expressed on
macrophages, the TSRs of extracellular BAI1 interact with phosphatidylserine (PtdSer) on
the surface of apoptotic cells leading to activation of the ELMO/Dock180 complex and Rac
by intracellular BAIl and engulfment of the apoptotic cell by the macrophage. Right:
expressed in brain tissue, BAII is proteolytically processed to generate at least two secreted

molecules, Vstat120 and Vstat40, which inhibit angiogenesis in a CD36-dependent manner.
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CHAPTER 2.

MECHANISMS OF VSTAT40 PROTEOLYSIS.

This chapter includes the majority of the research for publication by: Cork SM, Kaur

B, Cooper L, Saltz JH, Sandberg EM, and EG Van Meir, entitled A furin/MMP-14 proteolytic

cascade releases a novel 40 kDa vasculostatin from tumor suppressor BAI1, currently in submission.
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Introduction

Many neurological diseases are characterized by pathology of the vasculature,
including stroke, particularly the aggressive and highly vascularized glioblastoma multiforme
(GBM). For many of these diseases, a better understanding of regulation of vascular
maintenance or angiogenesis in the nervous system could lead to improved therapies or
better strategies of preventative medicine (Greenberg and Jin, 2005). Previous work has
illustrated the diversity of molecules that participate in regulating vascular system function,
typically functionaing as either angiogenesis stimulators or inhibitors (Plate, 1999; Rege et al.,
2005; Somanath et al., 2009; Stupack and Cheresh, 2003; Zhang and Lawler, 2007), but the
larger picture of the individual roles of these molecules and their complex interplay  vivo
remains poorly understood.

Brain-specific angiogenesis inhibitor 1 (BAIl) is so named for its ability to inhibit
angiogenesis i vwo (Nishimori et al., 1997), and exogenous expression of its extracellular
domain in gliomas interferes with tumor-associated angiogenesis (Kaur et al., 2009). BAII is
the first GPCR known to undergo proteolysis to generate secreted angiogenesis inhibitors.
The Van Meir lab first determined that BAIl undergoes endogenous processing at its
conserved GPCR processing site (Kaur et al., 2005) to generate a 120 kDa secreted fragment
called Vasculostatin-120 (Vstatl20) and demonstrated that upon overexpression it had
significant anti-angiogenic and anti-tumor activity in an orthotopic xenograft model (Kaur et
al., 2009), but the significance of this observation for spontaneous brain tumor formation is
unclear as under physiological conditions Vstat120 is a low abundance fragment in human
brain extracts. While the physiological function of BAIl in normal brain remains poorly

defined, these findings support the hypothesis that BAI1 and its N-terminal cleavage products
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play an important role in the inhibition of neuro-oncogenesis via maintenance of vascular
homeostasis in the brain.

In the present study we demonstrate the existence of a novel secreted 40 kDa
fragment derived from extracellular BAIl, which is present in human cortical tissue. We
identify the location of the cleavage site and show that this fragment retains the RGD motif
and the first TSR of BAIl, and named it Vasculostatin-40 (Vstat40) for its ability to inhibit
angiogenesis in a battery of culture-based assays described in Chapter 3. We identified the
proteolytic cascade that results in Vstat40 cleavage and determined whether it was an
extracellular processing event. We investigated the relationship of Vstat40 to Vstatl20 to
determine whether Vstatl20 is an intermediate in the processing of Vstat40, or whether
Vstat40 processing may serve as a mechanism to inactivate Vstat120. The findings advance
our understanding of BAI1 by highlighting the importance of its extracellular proteolysis and
indicate the importance of further research into the functional significance of these processing

events.
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Materials and Methods
Cell culture. HEK 293 cells and human glioma cell lines U§7MG, LN229 (Beck-Sickinger
et al., 1992; Ishii et al., 1999), and U251-BAIl (Clone B12 (Kaur et al., 2003)) were cultured
in DMEM with 10% fetal bovine serum (FBS) and antibiotics and passaged every 2-4 days.
LoVo cells and furin-transfected derivatives were the kind gift of the C. Dubois lab
(Université de Sherbrooke).

Conditioned medium (CM) used in experiments was prepared from either indicated
cell lines for inhibitor or i vitro cleavage assays. For the collection of CM, indicated cells were
plated in 15 cm cell culture dishes (Corning) and allowed to achieve approximately 80%
confluence. For all experiments, CM was harvested under sterile conditions after 48 hours
unless otherwise indicated and centrifuged at 6000xg for 15’ to remove floating cells prior to
analysis. CM was concentrated using an Amicon Ultra concentrator (5 kDa MW cut-off)
approximately 30x to a final volume of 500 uL. Levels of Vstat proteins present in the CM
were characterized exclusively using Western blot.

Transfection of cDNA and siRNA. For transfection, cells were grown to 60-80%

confluency. Transfection using the GenePorter (Genlantis) reagent was carried out according
to the manufacturer’s instructions. Briefly, GenePorter (20 uL./mL) and plasmid DNA (0.5-1
ug/mL) were each separately incubated in half the total transfection volume of serum-free
medium for 10 minutes, then combined and incubated for 10 minutes and briefly
centrifuged. Cells were washed thoroughly with PBS and transfection medium added and
plates were swirled gently to cover. Transfection proceeded for 4-6 hours, after which time
medium containing 20% FBS was added in a 1:1 ratio and transfected cells were allowed to
recover overnight. Cells were washed with PBS and incubated for 24 hours in serum-free

medium for all CM collections. For the furin knockdown assay, a proprietary mix of anti-
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furin siRNAs (NE Biolabs ShortCut siRNA mix, N2026S) was used at indicated
concentrations. Anti-MMP-14 siRNA was purchased from Ambion (Silencer Select
Validated siRNA, ID# s8877).

Generation of constructs. All truncation constructs were generated by polymerase chain

reaction (PCR) using Bai/ ¢cDNA as a template (Nishimori et al., 1997). PCR-derived inserts
were cloned into the directional cloning vector pcDNA3.1D/V5-His (Invitrogen) using the
forward primer 5° CACCCTTAAGCTTCGAGCTAGG containing the HindlII cloning site
and N-terminal BAII sequence. Reverse primers for untagged contructs (Figure 2.3A) were
(1) 5’ CTATCAGTCCCGCGTGCATTCGCC, 2) 5’
CTATCAGCCCTCCACGCCCGG, (3) 5 CTATCAGGGGCTGGGAACCCAAAC, (4)
5 CTATCACCAGCCCTCGCCGCAGGTG. Reverse primers for tagged constructs
(Figure  2.3B) were (1) 5 GCTGGTGCGCCCAGCGGG and (2) 5
TGTGGACCGCAGGGACTG. Reverse primers for point mutant constructs were (Figure
2.3C): (1) 3 GGACCGCAGGGACTGGCTCGCGGAGCTGGTGCGCCCAGC, (2) 5’
ATCTGTGGACCGCAGGGACACGCTCCGGGAGCTGGTGCG, (3) 5’
GGCATCTGTGGACCGCAGGGCCTGGCTCCGGGAGCTGGT, (4) 5’
GCGCCGCCGGGCATCGTGTGGACGCCAGGGACTGGCTCCGGAG, (5) 5’
GCGCCGCCGGGCATCTGTGGCCCGCAGGGACTGGCTCCGG.

Constructs were generated in full-length BAIl in pcDNA 3.1, with the Xhol site in
the MCS removed using restriction digest of flanking sites Xbal and EcoRI and treatment
with the Klenow fragment. Mutagenesis was performed using a primer overlap extension
method and two unique sites (Xhol and Agel) flanking the region of Vstat40 cleavage.

Mutagenic primer sequences were constructed as follows and obtained commercially

(IDTDna): QSL foward: 5> CAGGCAGCAGCATCCACAGATGCCCGGCG; QSL
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reverse: 5 GGATGCTGCTGCCTGGCTCCGGGAGCTGT; RSQ  forward: 5’
TCCGCAGCAGCATCCCTGCGGTCCACAGAT; RSQ reverse: 5’
GGATGCTGCTGCGGAGCTGGTGCGCCCAG. The secondary PCR reaction was
allowed to proceed 5 cycles without primers to promote amplification of the desired template.
Restriction enzymes and buffers were obtained from NE Biolabs. Presence of the mutation
was confirmed by sequencing the constructs (Macrogen USA).

Inhibitor assays. Indicated cells were plated at a density of 1x10° in 6-well plates and

allowed to recover overnight or until approximately 70% confluence. Cells were washed with
PBS and incubated in serum-free medium with decanoyl-RVKR-cmk (Calbiochem 344930),
GM6001 (Calbiochem 364205), MMP-3, MMP-8 or MMP-2/9 (Calbiochem) inhibitors
reconstituted in dimethyl sulfoxide (DMSO) at indicated concentrations. Caspase inhibitor II
cmk (Anaspec, Catalog # 60861) was used as a negative control, and al-PDX (Thermo
Scientific, Catalog # RP-070) was used as a positive control as indicated. For every
experiment, each condition received an equal amount of DMSO, and no sample received
more than 1% DMSO in the final treatment volume. CM was collected after 12 hours and
immediately precipitated with 50% trichloroacetic acid (TCA) on ice for at least one hour
prior to Western blot analysis.

Western blots. Western blots were performed on both CM and WCE samples as indicated.

Serum-free CM was collected after 12-24 hours as indicated and either precipitated with
50% TCA or 4 volumes of ice-cold acetone. Precipitated CM pellets were resuspended by
extensively washing collection tubes in 100-150 ul. 1x sample buffer. Following CM
collection, cells were washed 2x with PBS and WCE was collected in 150-250 uL. 1x sample

buffer containing SDS and p-mercaptoethanol, sonicated and boiled 2 minutes. Samples



41

were immediately loaded on 10% Ciriterion precast gels (BioRad) and electrophoresed for 2
hours at 100 volts at room temperature. Separated proteins were transferred to nitrocellulose
membranes at 47 volts for 3.5 hours at 4°C. Membranes were blocked for at least 1 hour in
fresh 5% PBST-milk solution and incubated with primary antibody overnight at 4°C.
Antibodies used include: the BAIl N-terminal antibody N-Ab (Kaur et al., 2003), 1:1000);
MMP-14 (ab38971) and TIMP-3 (ab66022) (Abcam, 1:1000); monoclonal antibodies to
TIMP-1 and -2 (Calbiochem Cat# IM32 and IM11, 1:1000); p53 and actin (Santa Cruz;
1:2500); furin (MON-152 monoclonal antibody, Fisher; 1:500).

In vitro cleavage reactions. Serum-free conditioned medium from U87MG-Vstat120

cells was collected after 72 hours and filtered by 8000xg centrifugation for 20 minutes at 4°C
under sterile conditions. Purified CM was divided into two equal portions and concentrated
60x using Amicon Ultra centrifugal filter devices (5 kDa MW cut-off) to a final volume of 250
uL. each. Samples were buffer-exchanged by adding 15 mL of either furin or MMP-14
reaction buffer (described below) to the respective concentrates, gently mixed and
concentrated as before to a final volume of 500 uL each. Buffer-exchanged concentrates were
kept on ice and portioned into input and treatment samples. Input samples were immediately
precipitated with four volumes of ice-cold acetone and stored at -20°C. 0.2 ug of indicated
enzymes were added to their respective treatment samples, and control and enzyme-
containing samples were incubated at 37°C for the indicated time intervals, after which all
samples were precipitated with ice-cold acetone. Precipitates were reconstituted in 1x sample
buffer for Western blot analysis. Human furin recombinant catalytic domain was purchased
from New England Biolabs (Cat. # 8077S). Furin hydrolysis reaction buffer: 1mM CaClo,
100 mM HEPES, 0.5% Triton X-100, 1 mM B-mercaptoethanol. Human MMP-14

recombinant catalytic domain was purchased from Calbiochem (Cat. # 475935). MMP-14
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hydrolysis reaction buffer: 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM CaCly, 0.025%
Bryj35 detergent, made fresh prior to experiment and stored at 4°C. Catalytic activity of
rhFurin was verified by incubation with the fluorogenic furin substrate peptide Boc-RVRR-
AMC (Alexis Biochemicals, Cat. # ALX-260-040). Fluorescence of the substrate peptide in
buffer-exchanged concentrated CM either with or without rhFurin (1U/mL) was measured
at 380 excitation and 460 emission wavelengths at indicated time points and normalized to
the baseline fluorescence of the substrate peptide in furin hydrolysis buffer alone.
Immunofluorescence. Cells were washed and fixed with ice-cold methanol for 15
minutes, blocked in 5% PBST-BSA for an hour at room temperature and incubated with
BAIl C-terminal antibody (1:200) and a anti-rabbit IgG conjugated to Alexa Fluor 555
(1:1000, Invitrogen), and anti-myc tag antibody 9e10 conjugated to Alexa Fluor 488 (1:200,
SCBT). Confocal imaging was performed at 63x magnification using oil drop immersion
(Zeiss IX-50).

Brain/tumor samples used. Samples of human cortex NHB1 (95-268) and NHB2 (95-

308) and GBM samples 1-4 (06-23, 06-19, 05-64, and 05-96, respectively) were obtained

from the Emory University Brain Tumor bank.
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Results

N-terminal BAIl is processed to vield a major 40-kilodalton secreted fragment.

Following our prior discovery that cleavage of the BAIl N-terminus produced a secreted
angiogenesis inhibitor (Kaur et al., 2003), we sought to determine whether it was present in
the normal human brain (NHB). As expected, we detected the previously-identified 120 kDa
fragment, and also discovered another novel major fragment in the 40 kDa size range (Figure
2.1A, NHB(2)). Importantly, these fragments and full-length BAI1 were not detected in four
randomly chosen glioblastoma tissues, suggesting a potential role in antagonizing glioma
growth (Figure 2.1A, GBM(1-4)). To investigate whether this fragment could be generated
through processing of the extracellular domain of BAIL, we transfected 293 cells with an
expression vector for wild-type BAIl (BAIl) and harvested the serum-free conditioned
medium (CM). Analysis of the CM by Western blot using an antibody recognizing N-
terminal amino acids 103-118 (N-Ab; Figure 2.1B) showed a very prominent band
approximately 40 kilodaltons in size, clearly representing the major secreted product of BAIl
(Figure 2.1C). Upon longer exposure, the previously identified, 120-kDa fragment (Vstat120)
(Kaur et al., 2005) was also detected (Figure 2.1C, long exposure panel). Processing of BAI1
into this 40 kDa fragment was not unique to 293 cells and also occurred constitutively in
tumor and non-tumor cell lines, including the immortalized human fibroblast cell line HFF-1
and LN229, U87MG and U251MG cell lines (not shown). This experiment demonstrated
that a very important secretion product of BAI1 had been overlooked in prior studies, and we

wished to evaluate its function.

We first questioned whether the 40 kDa fragment was processed independently of

Vstatl20 or whether the processing of Vstatl20 represented an intermediary step in the
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generation of the 40 kDa fragment. To this purpose, we transfected 293 cells with a Vstat120
expression vector (Figure 2.1C, lane 3) and determined that the 40 kDa fragment is processed
from Vstatl120 albeit at significantly lower efficiency compared with its processing from the
full-length BAIl protein, suggesting that the generation of Vstatl20 is unlikely to be a
required step for production of the 40 kDa fragment. To follow up on this observation, we
mvestigated processing of Vstatl20 and the 40 kDa fragment using a BAIl mutant
containing a point mutation in the GPS region (Sg27D). We observed that the mutant yielded
increased levels of Vstat120 production and a corresponding decrease in the secretion of the
40 kDa fragment (Figure 2.1D), suggesting that secretion of Vstatl20 interferes with rather
than promotes the generation of the 40 kDa fragment. To investigate the role of C-terminal
BAII in its extracellular processing, we generated a truncated form of BAIl containing its
extracellular domain and three transmembrane domains (BAI1-3TM). We observed that this
truncation interferes with secretion of both Vstat120 and the 40 kDa fragment (Figure 2.1E),
suggesting that a complete transmembrane domain or the intracellular portion of BAII are

required for efficient generation of the 40 kDa fragment.

Identification of the site of Vstat40 processing. Based on the observation that BAI1 N-

terminal constructs containing the Vstat40 cleavage site are processed to some extent into
true Vstat40 (e.g., Figure 2.1C), we reasoned that we would be able to narrow down the
location of the processing site by examining the cleavage of progressively shorter N-terminal
fragments. Accordingly, we generated serial truncations of N-terminal Ba:/ ¢cDNA flanking
the likely region of Vstat40 cleavage based on its predicted size, and transfected cDNA
constructs containing these truncations into 293 cells. Processing of the resulting secreted

peptides narrowed the location of Vstat40 cleavage to between amino acids 297 and 351
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(Figure 2.2A). Use of the Western blot technique does not permit the distinction of cleaved
and uncleaved fragments differing in only a few amino acids’ size. To overcome this
limitation, we generated expression vectors that added 3 kDa V5/His tags to the uncleaved
N-terminal fragments. Using this approach we were able to demonstrate that Vstat40 is
processed between amino acids 322 and 330 (Figure 2.2B). Finally, to determine the relative
contribution of selected amino acids to Vstat40 processing, we used an alanine scanning
approach to introduce point mutations in the prospective region of cleavage (Figure 2.2C).
Peptides containing point mutations N-terminal to Argses were inefficiently processed into
Vstat40 (lanes 1-3), and the ArgsegAla mutation appears to abrogate processing entirely. In
contrast, the SerspsAla mutation appears to facilitate Vstat40 processing by comparison
(Figure 2.2C, lane 5). To confirm the importance of this region for Vstat40 processing, the
site was mutated in the full-length BAI1 protein in two locations (Figure 2.2D). Mutation of
the QSLs27 motif led to virtually complete abrogation of Vstat40 processing, confirming that
this site 1s essential for protease recognition and the production of Vstat40. The reason for the
difference in levels of Vstat40 processing from the membrane-inserted BAI1 molecule and
secreted extracellular constructs such as Vstat]120 is yet incompletely understood. We observe
at least partial intracellular colocalization of these molecules when co-expressed in cells,
however (Figure 2.2E), and hypothesize the mechanism underlying Vstat40 proteolysis is
most likely to occur extracellularly.

Inhibition of furin activity reduces Vstat40 processing. We next investigated the

composition of the region of processing to identify candidate proteases cleaving Vstat40. We
observed that the region of Vstat40 cleavage contains multiple basic amino acids, suggesting
the potential involvement of proprotein convertases (PCs) in Vstat40 processing. PCs cleave

their targets after dibasic motifs, preferentially Arg/Lys-Xu-Arg where n=0,2,4 (Duckert et
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al., 2004; Rockwell et al., 2002; Thomas, 2002), and the region of Vstat40 cleavage contains
an Arg-X-X-X-X-Arg sequence potentially recognized by PCs. We used PC cleavage site
prediction software ProP v1.0 (Duckert et al., 2004) to predict whether extracellular BAI1
was likely to be cleaved by PCs. The ProP software does not predict any PC cleavage sites in
extracellular BAI1 above a generally accepted specificity cutoff of 0.5 (Roebroek et al., 2004);
however, the site of highest probability (0.304) occurs between Argseg and Sersoo.

To specifically investigate the ability of proprotein convertases, particularly the
ubiquitously-expressed endoprotease furin, to process Vstat40, we treated BAIl-transfected
293 cells with PC inhibitors and evaluated the resulting Vstat40 levels in the CM. Treatment
with the irreversible PC inhibitor dec-RVKR-cmk significantly abrogated Vstat40 processing
in a dose-dependent manner (Figure 2.3A). Transient expression of BAIl in furin-deficient
human colon adenocarcinoma LoVo cells (Takahashi et al., 1993) yielded reduced processing
of Vstat40 compared with that found in the CM of LN229 cells transfected with an
equivalent amount of Bai/ cDNA (Figure 2.3B). This reduction was accompanied by a
corresponding increase in Vstatl20 levels. Processing of Vstat40 was largely restored in LoVo
cells with stable transfection with wild-type fur cDNA. We verified that LoVo cells express
very little furin protein (Takahashi et al., 1995) and that wild-type furin levels were restored
upon stable fur transfection to levels comparable to those found in LN229 cells (Figure 2.3C).
Functional status of furin in these cells could be assessed by the level of processing of the
known furin target MMP-14 (Sato et al., 1996) from its pro-peptide (63 kDa) to its active (60
kDa) form. Together these results suggest that activity of PCs, particularly that of furin, are
involved in Vstat40 processing.

To further confirm the association of furin activity and Vstat40 levels, we knocked

down furin protein expression with siRNA in U251-BAII cells. Furin levels were strongly
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reduced at all time points and treatments under consideration (Figure 2.3D). The secreted
(active) form of MMP-2 was used as a positive control for furin activity, as MMP-2 is
activated by furin target MMP-14, and is cleaved by furin as well (Cao et al., 2005). As
expected, no cleaved MMP-2 was observed in the CM of cells subjected to furin knockdown
while levels of pro-MMP-2 in the whole cell extract (WCE) were relatively unchanged.
Vstat40 processing was strongly inhibited 48 hours after furin siRNA transfection, and a
corresponding increase in Vstatl20 levels was observed. Unexpectedly, levels of secreted
Vstat40 reverted to baseline 72 hours post-transfection, even though furin levels remained
reduced, suggesting involvement of a compensatory mechanism.

Finally, we performed an  vitro cleavage experiment to determine whether furin can
directly process extracellular BAI1 into Vstat40 (Figure 2.3E). We incubated CM containing
Vstatl20 with recombinant human furin, but levels of Vstat40 and Vstat120 remained
constant after 18.5 hours of incubation (Figure 2.3E, left panel), indicating that furin is not
able to directly process Vstat40. Activity of the recombinant furin in these reaction conditions
was confirmed by incubation with the fluorogenic furin substrate peptide Boc-RVRR-AMC
(Figure 2.3E, right panel). Overall, these results show that proprotein convertase activity is
important for Vstat40 processing, possibly by indirect activation of an enzyme able to cleave
extracellular BAI1 directly.

A furin-activated metalloproteinase processes extracellular BAIl into Vstat40. Furin

processes over a hundred known targets into their bioactive forms (Thomas, 2002), including
multiple subclasses of metalloproteinases, extracellular proteases which often process cell-
adhesion molecules and are therefore prime candidate molecules to cleave BAIl. Treatment
of U251-BAII cells with the general metalloproteinase inhibitor GM6001 inhibited Vstat40

processing at a level comparable to equimolar inhibition with irreversible PC inhibitor dec-
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RVKR-cmk, while a control molecule containing chloromethylketone had no effect (Figure
2.4A). We also treated BAIl-expressing cells with al-PDX, a peptide-based inhibitor of
proprotein convertases, to demonstrate that interference with Vstat40 processing was not due
to some unforeseen toxicity of the inhibitors (Figure 2.4B). To examine whether the activity
of other PCs or metalloproteinases accounts for the majority of the proteolytic cleavage in the
absence of furin, we treated BAIl-transfected LoVo cells with equimolar dec-RVKR-cmk
and GM6001 singly or in combination (Figure 2.4C). For both inhibitors, single treatments
reduced the levels of secreted Vstat40 in the CM compared with levels from vehicle-treated
cells, while combined treatment largely abolished Vstat40 processing. These results are
compatible with the interpretation that dec-RVKR-cmk inhibits residual PC activity in LoVo
cells, and that these PCs may activate one or more metalloproteinases responsible for the
residual Vstat40 processing in the absence of furin.

To confirm the involvement of metalloproteinases in Vstat40 cleavage, we wished to
determine whether tissue inhibitors of metalloproteinases (TIMPs) regulate this processing
event. Overexpression of TIMPs 1-3 in 293 cells transiently co-transfected with Bai/ cDNA
showed a clear inhibitory effect of TIMP-3 on Vstat40 processing (Figure 2.4D), a result
which was replicated in U251-BAIl cells (not shown). Levels of pro- and active forms of
MMP-14, an endogenous TIMP-3 target, were not affected by this manipulation. We
conclude that PC and metalloproteinase activities are responsible for Vstat40 processing,
either independently or in a sequential fashion.

MMP-14 directly processes extracellular BAIl into Vstat40. In our search for the

metalloproteinase cleaving BAI1, we focused first on MMP-14 for its role in glioma biology
and activation of other MMPs (Fillmore et al., 2001; Holopainen et al., 2003; Hotary et al.,

2002; Itoh et al.,, 2001). SiRNA-mediated knockdown of MMP-14 expression yielded
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virtually complete abrogation of Vstat40 processing by 72 hours post-transfection even in the
presence of furin (Figure 2.5A), suggesting that MMP-14 1s essential for Vstat40 generation
and acts downstream of furin. As expected, this was accompanied by an accumulation of
uncleaved full-length BAIl. Since MMP-14 1s known to activate other matrix
metalloproteinases, including MMP-2 and MMP-8, we wished to determine whether Vstat40
processing was directly mediated by MMP-14 or involved its target MMPs. Treatment of
BAIl-transfected 293 cells with specific inhibitors of the stromelysin MMP-3, the gelatinases
MMP-2/9, and the collagenase MMP-8 did not yield a substantial inhibition of Vstat40
processing (Figure 2.5B), a result also observed after identical treatment of U251-BAIl cells
(data not shown).

To verify that MMP-14 is the primary enzyme cleaving Vstat40, we performed an
vitro cleavage experiment, incubating the recombinant active catalytic domain of human
MMP-14 with CM containing Vstatl20 (Figure 2.5C). After 1.5 and 18.5 hours of
incubation, Vstatl20 levels decreased strongly and Vstat40 levels showed a corresponding
increase. We conclude that MMP-14 is sufficient to process Vstat40 from BAII and is likely a
primary mediator of this process in culture and i viwo, as we observed that pro and active
forms of MMP-14 are abundantly expressed in normal brain tissue in addition to the Vstat40
fragment (Figure 2.5D). While MMP cleavage sites are poorly defined compared with furin
cleavage sites, i vitro studies have demonstrated that the position and composition of certain
amino acids mediates efficiency of MMP-14 proteolytic activity (Turk et al., 2001). In this
work, MMP-14 is found to prefer a P1-P1’-P2’ motif of Ser-Leu-Arg, where P1 indicates the
amino acid directly N-terminal to the cleavage and P1’ is the amino acid directly C-terminal
to the cleavage. Based on these studies, we predict that MMP-14 cleaves BAII into Vstat40

between Ss396 and Lso7.
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Discussion

In the present work we demonstrate that extracellular BAIl is proteolytically
processed to yield at least two secreted fragments of 120 and 40 kDa, respectively named
Vstat120 and Vstat40. Expression of wild-type BAII in cultured cancer and non-cancer cell
lines results in almost exclusive release of Vstat40 into the conditioned medium, showing that
Vstat40 production is the predominant default cleavage pathway and the enzymatic
machinery for cleavage is constitutively activated in culture conditions. The mechanisms of
Vstat40 proteolysis appear to occur independently of Vstatl20 processing, and our findings
indicate the importance of association of extracellular BAIl with the cell membrane for
Vstat40 cleavage to occur. We have also shown that Vstat40, like Vstat120 and BAII, is
detected in non-tumor human cortical brain tissue and was not observed in randomly-
selected specimens of glioblastoma multiforme. Vasculostatin processing and expression is
therefore likely to be a physiologically relevant event that is lost during brain tumor
formation.

Our findings suggest that Vstat40 generation is the result of a proteolytic signaling
cascade, of which the ultimate step is the direct processing of extracellular BAIl into Vstat40
by MMP-14, and that this proteolysis is facilitated by localization of extracellular BAII on the
cell membrane. While MMP-14 is expressed on a variety of cell types and tissues, it is
strongly upregulated on the surface of glioma cells, where it promotes cancer invasion and
progression by degrading multiple components of the extracellular matrix (ECM) and glioma
basal lamina (Belkin et al., 2001; Fillmore et al., 2001), and its activity is inhibited by TIMPs
2-4 but not TIMP-1 (Woessner and Nagase, 2000). MMP-14 also activates other MMPs such
as MMP-2 and MMP-8 (Holopainen et al., 2003; Itoh et al., 2001). In the present study, we

demonstrate that Vstat40 processing decreases concordantly with siRNA-mediated MMP-14
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knockdown, and recombinant MMP-14 directly processes Vstatl20 into Vstat40 i vitro.
Small-molecule inhibitors of other MMPs had little effect on this process, suggesting that
MMP-14 is the major enzyme cleaving BAIl into Vstat40. Finally, the MMP-14 inhibitor
TIMP-3 appears to play a specific role in inhibiting Vstat40 processing. Furthermore, any
tumor- or stromal-derived BAIL is likely to be processed into Vstat40, given the expression of
furin and MMP-14 in normal human brain and that furin and MMP-14 activity is
upregulated in aggressive cancers including gliomas (Bassi et al., 2001; McMahon et al.,
2005; Mercapide et al., 2002; Sato et al., 1996; Sato et al., 1994).

We further show that proprotein convertase activity is an important mediator of this
process through the synergistic inhibition of Vstat40 processing in furin-deficient LoVo cells
with PC and MMP inhibitors, although furin does not directly process BAIl into Vstat40 in
vitro. Furin activates many proteases including many of the members of the three major
metalloproteinase families: the matrix metalloproteinases (MMPs), and the a disintegrin and
metalloproteinases/ with thrombospondin motifs (ADAMs/ADAMTSs). Nearly all
metalloproteinases of these families contain a minimal consensus Arg-X-X-Arg or Lys-X-X-
Arg PC recognition site in their propeptide sequence (Yana and Weiss, 2000). These
metalloproteinases are widely implicated in cancer biology and regulation of angiogenesis,
often via cleavage of the extracellular domains of cell adhesion molecules (Held-Feindt et al.,
2006; Sato et al., 1994). PCs have been shown to directly activate a variety of MMPs,
including MMP-14 (Sato et al., 1996; Stawowy et al., 2005; Yana and Weiss, 2000) and
regulate the processing of others such as MMP-2 (Cao et al., 2005). Of special relevance, the
furin target MMP-14 is still activated in LoVo cells (Deryugina et al., 2004), possibly as a
result of autocatalysis, a property which has been demonstrated for this molecule (Rozanov

and Strongin, 2003), thus providing an explanation for why Vstat40 processing is not
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completely abrogated in this cell type. Alternatively, the members of the PC family have a
highly conserved catalytic domain and some overlapping cleavage specificity (Bergeron et al.,
2000) and processing of furin target molecules in these cells may result from the activity of
other PCs such as PC35A, as has been observed for such furin targets as integrin alpha
subunits (Lissitzky et al., 2000) or the gp160 of HIV-1 (Ohnishi et al., 1994).

Vstat40 and likely Vstatl20 thus belong to the large group of endogenous
angiogenesis inhibitors that are the proteolytic products of parent molecules though as yet,
BAIl is the only GPCR known to undergo proteolysis to release such angioregulatory
molecules. Typically, these cleavage fragments derive from a plethora of extracellular matrix
proteins (Albini et al., 2010; Mundel and Kalluri, 2007; Rege et al., 2005) notably collagen
IV, which is the source of several derivatives including arresten, canstatin, and tumstatin
(Colorado et al., 2000; Hamano et al., 2003; Kamphaus et al., 2000). Cryptic inhibitors of
angiogenesis may be generated from a variety of non-ECM parent molecules, however, and
still more angiogenesis inhibitors are produced via transcription (Bello et al., 2001; Brooks et
al., 1998; Morikawa et al., 2000; Rege et al., 2005). This variety of inhibitors and their
production mechanisms indicates that maintenance and growth of blood vessels in the body
may be regulated in many ways. Production of these potent angiogenesis inhibitors 1s thus
likely to be under tight physiological control, either through the regulation of transcription of
the inhibitor itself or of the protease that generates it. Future research will illustrate the
significance of Vstat40 proteolysis by MMP-14 with regard both to its function as an
angioregulator in the human brain and a mechanism of regulating the activity of BAII itself

as a cell surface receptor.
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Figure 2.1. Extracellular BAIl is processed into two secreted fragments, Vstatl20 and the
40 kDa fragment (Vstat40).

(A) Western blot showing expression of full-length BAIl and extracellular derivatives in
normal human brain cortex (NHB2) and in four randomly-selected specimens of
glioblastoma multiforme (GBM) probed with N-Ab. CM from 293 cells transfected with
BAII used as a positive control for the 40 kDa fragment.

(B) Schematic of BAII indicating the sizes and pertinent features of the Vasculostatins, and
the region of the molecule recognized by the BAIl N-terminal antibody (N-Ab).

(C) Secreted (CM) and intracellular (WCE) BAIl-derived fragments observed by Western
blot with N-Ab in 293 cells 24 hours after transfection with plasmids expressing BAIIL,
Vstat120 alone, or a control vector (lacZ). UT: untransfected control. The inset shows that
upon overexposure of the blot low levels of Vstat120 are detected in lane 4.

(D) Levels of secreted 120 and 40 kDa fragments following transfection with wild type or
Ser927Asp (Se27D)-mutant BAIL.

(E) Levels of secreted 120 and 40 kDa fragments following transfection with wild-type BAIl
or BAIl expressing the extracellular domain and 3 transmembrane repeats (BAI1-3TM).
Abbreviations: RGD: Arginine(Arg)- Glycine(Gly)- Aspartate(Asp); TSR: thrombospondin type-
1 repeat; HBD: hormone-binding domain; GPS: GPCR processing site; 7TM: seven-
transmembrane region; PRR: proline-rich region; PBD: PDZ-binding domain. N-Ab: BAI1

N-terminal antibody.
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Figure 2.2. Identification of the site of Vstat40 processing in extracellular BAII.

(A) Truncated constructs of N-terminal BAIl ¢cDNA encompassing the indicated amino acids
(lanes 1-4) were transfected into 293 cells and the resulting CM harvested after 48 hours for
Western blot analysis with N-Ab. CM from cells transfected with BAIl ¢cDNA was used as a

marker for Vstat40 size (lane 5).

(B) Additional truncation constructs differing from each other by a few amino acids and

expressing a 3-kDa V5/His tag were generated and analyzed to detect Vstat40 processing.

(G) An alanine scanning approach using additional tagged constructs was used to identify the

relative contribution of selected amino acids in the region of processing to Vstat40 cleavage.

(D) Indicated point mutations were introduced into the region of Vstat40 proteolysis in the
full-length BAI1 molecule using primer overlap extension. Western blot was used to detect
relative levels of Vstat40 processing in wild-type and mutant BAIl constructs following

transient transfection in LN229 glioma cells.

(E) Immunofluoresence of LN229-L16-ecb glioma cells expressing myc-tagged Vstatl20
following doxycycline administration and transiently transfected with full-length BAII.
Expression of respective proteins was visualized using confocal microscopy, with
representative z-stack images shown. Immuofluorescence was performed using anti-myc tag
antibody conjugated to AF488 and anti-BAIl C-terminal with anti-rabbit IgG conjugated to

AF555.
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Figure 2.3. Proprotein convertase activity indirectly regulates Vstat40 processing.

(A) Western blot showing the dose-dependent inhibition of Vstat40 secretion with the
irreversible PC inhibitor dec-RVKR-cmk in the CM of U251 glioma cells stably expressing
BAII (U251-BAIL: clone B12). Expression levels of BAI1 in the WCE were used as a control.
(B) Levels of Vstat40 and Vstat120 in the CM of control LN229 glioma cells, furin-deficient
LoVo cells, and LoVo cells stably transfected with wild-type furin cDNA in the presence (+)
or absence (-) of transient transfection with a BAI1 expression vector.

(C) Western blot showing the levels of furin and pro (63 kDa) and active (60 kDa) MMP-14
expression in the WCE of LN229 and LoVo cells.

(D) Levels of secreted Vstats observed in the CM of U251-BAIl cells after indicated time
points following transfection of anti-furin siRNA at a concentration of either 15 or 30 nM.
Note that furin levels are strongly downregulated at 48 and 72 hours post-transfection. Levels
of secreted cleaved MMP-2 and cellular MMP-2 are used as a control for furin activity.

(E) In vitro cleavage assay of Vstat120 with rhFurin. Left panel: Western blot with N-Ab was
used for detection of peptides processed from Vstatl20 by recombinant human furin.
Concentrated and buffer-exchanged CM from U87MG cells stably transfected with Vstat120
(U87TMG-Vstatl20) cells was treated with the catalytically active domain of recombinant
human furin for 18.5 hours at 37 °C. Right panel: To verify the activity of the rhFurin in the
CM-butffer solution, the fluorogenic furin substrate was added to the solution -/+ furin and
we examined the levels of fluorescence from the cleaved peptide after 15 minutes and 1 hour
incubation. The relative fluorescence was calculated by normalizing against background

fluorescence of the substrate peptide in furin reaction buffer alone.
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Figure 2.4. Vstat40 is processed from the extracellular domain of BAI1 by a furin-activated
metalloproteinase.

(A) Levels of secreted Vstat40 in the CM of U251-B12 cells after 12 hours incubation with
equimolar (50 uM) dec-RVKR-cmk (DRc) and the general metalloproteinase inhibitor
GM6001. Equimolar caspase inhibitor IT cmk (CIIcmk) was used as a negative control.

(B) Levels of Vstat40 in the CM were analyzed by Western blot following treatment with oul-
PDX (20 uM) and dec-RVKR-cmk (50 uM).

(G) Expression of Vstat40 in the CM of LoVo cells transiently transfected with BAI1 ¢cDNA
and treated with dec-RVKR-cmk and GM6001 (50 uM each) as indicated. All conditions
received equal amounts of DMSO.

(D) Overexpression of tissue inhibitors of metalloproteinases (TIMPs) 1-3 by transient
transfection in BAIl-transfected 293 cells specifically implicates TIMP-3 in the inhibition of

Vstat40 processing.
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Figure 2.5. MMP-14 is the primary enzyme processing BAI1 into Vstat40.

(A) Evaluation of secreted Vstat40 and cellular BAI levels in response to treatment of U251-
BAII cells with siRNA against MMP-14 at indicated concentrations, for indicated time
intervals.

B) Levels of Vstat40 following treatment of U251-BAII cells with specific protease inhibitors
against MMP-3, MMP-8 or MMP-2/9 (50 uM).

(CG) In vitro cleavage assay of Vstatl20 with rhMMP-14. Concentrated CM of U87MG-
Vstatl20 cells was buffer-exchanged and incubated with recombinant catalytically active
human MMP-14 at 37°C for 1.5 and 18.5 hours. Western blot with N-Ab evidences the
relative levels of Vstat40 and 120 peptides following incubation. Note the decrease of
Vstat120 levels and the concomitant increase of Vstat40 with rhMMP-14 treatment.

(D) Western blot demonstrating expression of BAII, Vstat120 and Vstat40 along with pro-
(63 kDa) and active MMP-14 (60 kDa) in two independent samples of human non-tumor
cortical brain tissue (NHB1 & 2), with CM of BAIl-transfected 293 cells used as a positive

control for Vstat40 expression.
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CHAPTER 3.

VSTAT40 IS APOTENT REGULATOR OF ANGIOGENESIS.

This chapter includes portions of the research for publication by: Cork SM, Kaur B,

Cooper L, Saltz JH, Sandberg EM, and EG Van Meir, entitled A furin/MMP-14 proteolytic

cascade releases a novel 40 kDa vasculostatin from tumor suppressor BAIL, currently in submission.

Some figures from this chapter are here reproduced with permission from the journal from:
Kaur B, Cork SM et al. (2009). Vasculostatin inhibits intracranial glioma growth and
negatively regulates i viwo angiogenesis through a CD36-dependent mechanism. Cancer

Research. 69(3):1212-20.
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Introduction

An improved understanding of the mechanisms by which vascular integrity is
compromised remains an important therapeutic goal for many neuropathological diseases,
particularly the aggressive brain tumor glioblastoma multiforme (GBM). GBM 1s
characterized by its exuberant vascular proliferation, which is believed to play a major role in
its aggressive growth, rapid progression and disease symptoms such as seizures (Brat and Van
Meir, 2004). Much interest is accordingly directed at inhibiting GBM-associated
angiogenesis, whether via interference with pro-angiogenic signaling or the induction of
apoptosis of the endothelial cells comprising the vasculature.

The biology of the angiogenic process is relatively well understood (Adams and
Alitalo, 2007). Unlike normal angiogenesis, however, the neovascularization associated with
gliomas is highly pathological and interferes with patient progression-free survival in several
ways (Fukumura et al., 2010; Gerstner et al., 2009; Jain, 2005). Tumor-associated vasculature
delivers oxygen and nutrients to the growing tumor and contributes to malignancy as
described in the Introduction. Tumor vessels are also characterized by physiological
irregularities which exacerbate glioma patient symptoms, including fenestrations between
endothelial cells, which together cause the vasculature to become leaky (Hashizume et al.,
2000), ultimately leading to patient edema and seizures or other neurological complications,
and also prevents drug delivery to the tumor (Jain, 2005). Stabilization of these angiogenic
vessels 1s thus an important therapeutic goal, in addition to inhibiting their growth.

These abnormalities are due to heterogenous overexpression of pro-angiogenic
factors, particularly vascular endothelial growth factor (VEGF) (Machein and Plate, 2000;
Machein and Plate, 2004), a powerful regulator of both angiogenesis and vascular

permeability. In binding VEGFR2, VEGF destabilizes adherens junctions (AJ) between



65

endothelial cells (Gavard and Gutkind, 2006; Weis and Cheresh, 2005), leading to
extravasation of erythrocytes, plasma, and subsequent edema. AJ are intracellular junctions
linking endothelial cells together via homodimeric binding of vascular endothelial (VE)
cadherins, which are maintained at the cell membrane by a complex of molecules including
pl20 and B-catenin (Dejana, 1996; Dejana et al., 1995; Dejana and Del Maschio, 1995;
Lampugnani and Dejana, 2007). Disruption of cadherin-cadherin interactions is further
shown to promote a proliferative cellular phenotype (Cavallaro et al., 2006; Gottardi et al.,
2001), and permits the endothelial cells to migrate in the direction of the pro-angiogenic
stimulus. Thus, stabilization of vasculature primarily occurs through the maintenance of AJ
at the endothelial cell surface.

Importantly, heterodimeric integrin receptors function as important mediators of AJ
stability via direct association with the VEGFR2 (Somanath et al., 2009). Certain integrins,
particularly o33 and onfs, are upregulated on certain malignant tumor cells and angiogenic
blood vessels and act to regulate the ability of ECs to proliferate and invade into surrounding
tissues by binding an Arg-Gly-Asp (RGD) motif on extracellular matrix proteins including
vitronectin, laminin and fibronectin. Antagonists of these integrins, including soluble RGD-
containing peptides, are known to inhibit tumor-associated angiogenesis and promote
survival (Brooks et al., 1994; Brooks et al., 1995; Eliceiri and Cheresh, 2000; Varner and
Cheresh, 1996a; Varner and Cheresh, 1996b).

As described previously, BAII is classified in the cell adhesion subtype of the class B G
protein-coupled receptors (GPCRs), a group of seven-transmembrane proteins characterized
by large multidomain N-terminal extracellular domains (ECDs) (Bjarnadottir et al., 2007).
The anti-tumor properties of BAII are thought to derive from its ECD, which contains five

thrombospondin-type 1 repeats (T'SRs) in addition to an RGD motif recognized by the o3
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and onf5 integrins. Among the best-understood properties of T'SRs is their ability to inhibit
angiogenesis, a mechanism demonstrated for thrombospondin-1 (T'SP-1) in which a Cys-Ser-
Val-Thr-Cys-Gly (CSVTCG) sequence in certain TSRs engages the CLESH domain of the
CD36 receptor on endothelial cells and initiates a caspase 3-mediated pro-apoptotic signaling
cascade (Jimenez et al., 2000). TSRs also inhibit angiogenesis through their heparin-binding
Trp-Ser-Pro-Trp (WSPW) motifs by competing for VEGF attachment to heparin sulfate on
the surface of endothelial cells (Gupta et al., 1999) and interfering with heparin’s growth
factor-stabilizing activity (Vogel et al., 1993). Another significant angio-regulatory feature of
TSRs is a Gly-Val-Ile-Thr-Arg-Ile-Arg (GVITRIR) motif, which strongly inhibits endothelial
proliferation and serves the basis for the therapeutic peptide ABT-510 (Zhang and Lawler,
2007). However, not all TSRs have anti-angiogenic activity (Tolsma et al., 1993), and not all
TSR-containing proteins regulate angiogenesis (Nicholson et al., 2005).

The TSRs in BAI1 appear to serve different functions which may depend on cell type.
In full-length BAII, they act as binding motifs for phosphatidylserine (PtdSer) on the surface
of apoptotic cells and mediate their engulfment by macrophages (Park et al., 2007). Other
research suggests that at least some BAIl TSRs can regulate angiogenesis. Early work
demonstrated that exogenous synthetic peptides containing BAIl TSRs 2-4 and 3-5 could
inhibit rabbit corneal angiogenesis (Nishimori et al., 1997), but the activity of the first BAIl
TSR is unknown. Notably, the first BAIl TSR lacks a VI'CG sequence, but contains
WSXW and GXXTRXR motifs.

Vasculostatin-40 (Vstat40), the primary known secreted fragment of the BAII
extracellular domain, contains both the RGD motif and one TSR. The presence of the TSR
suggests that Vstat40 might function to inhibit angiogenesis via the induction of endothelial

cell apoptosis. The presence of the RGD motif indicates that Vstat40 may act to inhibit
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angiogenesis either by competing with mechanisms of EC-ECM attachment or promote
vascular quiescence by interfering with integrin-VEGFR2 interaction and subsequently
inhibit vascular permeability. In the following series of experiments, we investigate the anti-
angiogenic activity of Vstat40 with respect to these questions to determine its potential as a

therapeutic.
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Materials and Methods

Cell culture. HDMECs and HUVECs were obtained from the Emory University
Dermatology Core facility and cultured in EBM-2 medium (Lonza) supplemented with
growth factors, and used between passages 2-6. LN229 glioma cells (Ishii et al., 1999) and
derivatives were cultured in DMEM with 10% fetal bovine serum (FBS) and antibiotics and
passaged every 2-4 days. To maintain selection of stably transfected constructs, LN229-L.16
cells were maintained with 2 pug/mL puromycin and clone LN229-L16-ecb and clone
LN229-L.16-17 were maintained with 2 ug/mL puromycin and 400 pg/mL geneticin (G418;
Invitrogen).

Conditioned medium used in experiments was prepared from indicated cell lines for
angiogenesis assays as described in Chapter 2 and the Appendix. Briefly, CM used in
anglogenesis assay experiments was prepared from parental LN229-1.16 (control), LN229-
L16-ecb (Vstat120) and LN229-1.16-17 (Vstat40) cells. Both parental and clone cell lines were
washed and incubated with serum-free culture medium containing doxycycline (2 ug/mL) for
48 hours to collect CM. For all experiments, CM was harvested under sterile conditions after
48 hours unless otherwise indicated and centrifuged at 6000xg for 15’ to remove floating
cells. CM was concentrated using an Amicon Ultra concentrator (5 kDa MWCO)
approximately 30x to a final volume of 500 uL. and used at approximately 1x in experiments.

Angiogenesis assays: In the modified Boyden chamber migration assays (Kaur et al., 2009),

HDMECs and HUVECs were serum-starved overnight, then trypsinized and counted. Cell
suspensions in serum-free endothelial culture medium were divided and combined with
concentrated control CM or CM containing Vstat40 or Vstatl20. Cells were plated in

triplicate at a density of 50,000 cells/chamber in the top well of Transwell chambers (Becton



69

Dickinson Labware # 353097) with a pore size of 8 um. Complete medium containing 10%
serum was used as a chemo-attractant in the bottom chamber, and cells were allowed to
migrate for 10 hours, after which time unmigrated cells on the top side of the membrane
were removed with a Q-tip and migrated cells were fixed and stained (Diff-Quik, Dade
Behring). Migrated cells were quantified by counting six 20x microscopic views/condition
and the data presented as the means of counts from three membranes.

In the scratch wound assay (Kaur et al., 2009), confluent HDMECs were serum-
starved overnight, then wounded with a 10 uL pipet tip and detached cells washed off with
PBS. Cells were then treated with control or Vstat-containing CM at a final concentration of
1x in endothelial culture medium with or without an anti-CD36 function-blocking antibody
at a concentration of 10 ug/mL (FA6-152, Cell Sciences) or equimolar treatment with a
control antibody (mAb against p53, Santa Cruz). Cells were allowed to recover in 10% serum
and migrate for 8 hours, followed by fixation, staining and analysis of scratch wound closure.

In the matrigel assay, HDMECs and HUVECs were serum-starved overnight, then
seeded into 24-well plates at a density of 50,000 cells/well in complete endothelial medium
containing 1x control or Vstat-containing CM. Wells were precoated with 250 ul. of
Matrigel and cells were plated in triplicate for each condition. HDMECGs were allowed to
recover overnight, then imaged to determine the formation of endothelial tubes. Formation
of endothelial cords and enclosed structures was quantified with three views per well at 10x
magnification.

The quantitative directed m viwo angiogenesis assay (DIVAA; Trevigen, Catalog #
3450-048-K) was performed according to the manufacturer’s instructions. Briefly, basement
membrane extract was thawed and prepared with VEGF (0.5 ng/ mL), bFGF (1.5 ng/mL)

and heparin (100 ng/mL). The extract was then divided and mixed with concentrated CM
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(20 uL. CM per 200 uL of extract). Provided “angioreactor” tubes were filled with 20 uL of
extract, with care taken to avoid air bubbles in the gel and the formation of a meniscus at the
open end. Tubes were inverted and incubated at 37°C for an hour to promote solidification
of the gel. 9-week old female nude mice (Harlan) were anesthetized with intraperitoneal
injection of ketamine/xylazine and subcutaneously implanted with prepared tubes. Mice
were sacrificed with COg after twelve days and tubes excised and photographed. Gel was
removed from the tubes and a single-cell suspension formed. Suspensions were incubated in
10% FBS-containing culture medium for 1 hour at 37°C to promote recovery of cell-surface
molecules including glycoproteins. The kit provides FITC-lectin, Griffonia simplicifolia
(Bandeiraea) isolectin B4 (IB4), which recognizes terminal o-galactosyl residues on
endothelial glycoproteins. Cells were washed, pelleted and incubated overnight at 4°C with
the prepared FITC-lectin solution. After incubation, cells were washed extensively and
resuspended in provided wash buffer. FITC fluorescence was quantified using a fluorometer
at 485 nm excitation and 538 nm emission. Graphed data derive from two independent
experiments.

Statistical analysis: Two-tailed Student’s t-test (assuming equal variance) for all angiogenesis

assays was conducted using Excel software (Microsoft).

In vitro vascular permeability. To ascertain the effects of Vstat40 on VEGF-induced changes

in VE-cadherin, indicated endothelial cells were obtained from the Emory Core and plated in
6-well plates (Corning) to achieve complete confluence. Cells were starved overnight prior to
pretreatment with 1x control or VEGF-containing CM for 30 minutes, followed by treatment
with thVEGF-165 (Cell Signaling Technology, Catalog #8065), used at 10 ng/mL. Cells

were lysed after indicated time points and centrifuged at 4 degrees to obtain a pellet of
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cellular membrane material. Pellets were resuspended in 1x sample buffer, sonicated and
boiled for Western blot analysis.

For an assay of Vstat40’s effects on functional vascular permeability, a transwell kit
was used (Millipore). Briefly, HDMEC were trypsinized at passage 3 and seeded in transwell
inserts (50,000 cells/well). Cells were allowed to become confluent over 48 hours. Cells were
pretreated with control or Vstat40-containing CM for 30 min and VEGF (10 ng/mL) for 18
hr per manufacturer’s instructions. Conditions were performed in triplicate. After the
incubation period, medium was removed and a FITC-dextran solution placed in the upper
well of the chamber. Medium containing FITC-dextran that permeated the monolayer and
insert was collected from the bottom part of the chamber after 5 minutes and its fluorescence
analyzed at 485 nm excitation / 538 nm emission values.

In vivo vascular permeability. 9-week old female nude mice were intracranially implanted with

106 LN229-1L16-17 cells as part of a larger tumorigenesis experiment (please see Chapter 4).
Three mice in the i vwo vascular permeability substudy received doxycycline (2 mg/mL) in
drinking water with 4% sucrose to induce expression of Vstat40, while three control mice
received water and sucrose. After approximately two months of tumor growth under these
conditions, the mice were weighed to confirm equivalent subject weight and overall health
levels in the two conditions, then anesthetized with ketamine/xylazine and injected in the tail
vein with an Evans blue dye solution (Sigma; used at 30 mg/kg). Subjects were kept warm on
a heating pad and monitored for recovery. After 24 hours, subjects were humanely sacrificed
with CO2 asphyxiation and their brains immediately dissected and photographed. Brains
were homogenized and suspended in dimethylformamide to extract the EBD leached

through the permeabilized tumor vasculature. After 24 hours at room temperature, extracts
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were centrifuged and fluorescence of the supernatant analyzed using a fluorometer at 540 nm
excitation and 680 nm emission.

Western blot. Western blot was performed on both CM and WCE samples as indicated.
Serum-free CM was collected after 12-24 hours as indicated and either precipitated with
50% TCA or 4 volumes of ice-cold acetone. Precipitated CM pellets were resuspended by
extensively washing collection tubes in 100-150 ul. 1x sample buffer. Following CM
collection, cells were washed 2x with PBS and WCE was collected in 150-250 uL. 1x sample
buffer containing SDS and b-mercaptoethanol, sonicated and boiled 2 minutes. Samples
were immediately loaded on 10% Ciriterion precast gels (BioRad) and electrophoresed for 2
hours at 100 volts at room temperature. Separated proteins were transferred to nitrocellulose
membranes at 47 volts for 3.5 hours at 4 degrees Celsius. Membranes were blocked for at
least 1 hour in fresh 5% PBST-milk solution and incubated with primary antibody overnight
at 4 degrees. Antibodies used include: the BAIl N-terminal antibody N-Ab (#14933 (Kaur et
al., 2003), 1:1000); MMP-14 (ab38971) and TIMP-3 (ab66022) (Abcam, 1:1000); monoclonal
antibodies to TIMP-1 and -2 (Calbiochem Cat No.s IM32 and IM11, 1:1000); p53 and actin
(Santa Cruz; 1:2500); furin (MON-152 monoclonal antibody; 1:500).

Immunohistochemistry. For each tissue type, specimens were snap-frozen and

sectioned at 7 microns on a cryostat. Briefly, sections were blocked for 10 min with a
universal serum blocking solution (Dako #X0909), then incubated with primary antibodies
either at room temperature for 2 hours or at 4 degrees overnight. Primary antibodies were
diluted to 1:20 in an antibody diluent (Dako #S3022); anti-CD36 (mouse monoclonal FA6-
152, Santa  Cruz  #sc-52645) and  anti-Factor ~ VIII  (rabbit  polyclonal
Labvision/ ThermoFisher, #RB281A) were used. Between incubations, sections were washed

3x 3 min with 1% BSA in PBS. Specimens were incubated with respective secondary
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antibodies diluted 1:200 (anti-mouse IgG conjugated to Alexa fluor 488, Invitrogen
#A31620; anti-rabbit IgG conjugated to Alexa fluor 594, Invitrogen #A31632) at RT for 1
hr. Specimens were mounted with Prolong Gold antifade reagent with DAPI (Invitrogen

#P36931) and imaged at 20x magnification.
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Results

Vstat40 inhibits endothelial cell migration in culture in a CD36-dependent manner.

We wished to determine whether, like Vstat120, Vstat40 is a bioactive molecule able to
inhibit angiogenesis in standard culture assays. We first collected and concentrated Vstat40
and Vstat120 from the CM of stably transfected inducible LN229-L.16 glioma cell lines to
verify selective expression of desired peptides (Figure 3.1A). Concentrated CM from
untransfected parental LN229 cells was used as a control. Next, we verified relative
expression levels of the CD36 receptor on the endothelial cell lines under study, human
dermal microvascular endothelial cells (HDMECs) and human umbilical vein endothelial
cells (HUVECs) (Figure 3.1B). We verified that this receptor is expressed at much higher
levels on HDMECs than on HUVECGs, as previously reported. In contrast to previous
reports, however, a minimal level of CD36 was detected in HUVEC lysate. While these
results prevent an ideal comparison of HDMECs and HUVECs as CD36-expressing and
CD36-null cells, we hypothesize that any effect of TSR-CD36 interaction will be amplified in
cells expressing higher levels of the receptor. We previously showed that Vstatl20 was a
potent inhibitor of the migration of human endothelial cells, specifically human brain-derived
microvascular endothelial cells, in a modified Boyden chamber assay (Kaur et al., 2009).

We thus investigated whether CD36 expression on endothelial cells is necessary for
the anti-angiogenic activity of Vstat40 by testing to see if an anti-CD36 function-blocking
antibody would rescue migration of HDMECs in the presence of Vstat40. The migration of
wounded confluent HDMECs was significantly inhibited in the presence of Vstat40 or
Vstat120-containing CM, compared with migration of HDMECGs incubated in control
medium (Figure 3.1C). The antibody completely neutralized the inhibitory effect of Vstat40

and Vstat]l20 on EC migration, while an isotypic control antibody had no effect. These
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results indicate that the Vstat40 and Vstat120 TSRs are interacting with the CD36 receptor
to inhibit angiogenesis. We subsequently performed a Boyden chamber assay to determine
whether Vstat40 was similarly able to inhibit the migration of endothelial cells, using CD36+
human dermal microvascular endothelial cells (HDMEGs) and CD36-deficient human
umbilical vein endothelial cells (HUVECs) (Kaur et al., 2009) (Figure 3.1D). Treatment of
cells with Vstat-containing CM significantly inhibited the serum-induced migration of the
HDMEGCs but not the migration of HUVEGs. These results support the hypothesis that
CD36 acts as a primary mediator of the Vstats’ anti-angiogenic activity, but do not preclude
a role for other differentially-expressed receptors on these cells as targets of Vstat40.

As mentioned previously, the TSR-CD36 association is believed to promote apoptosis
in endothelial cells. We thus wished to determine whether Vstat40 treatment would lead to
HDMEC apoptosis, particularly through the upregulation of cleaved caspase 3. To this end,
lysates of cells treated for 72 hours with control or Vstat40-containing CM or recombinant
thrombospondin-1 (2 uM) were analyzed for their levels of cleaved caspase 3 and the pro-
apoptotic protein Bax (Figure 3.1E). Lysates of HDMEC treated with staurosporine were
used as a positive control for cleaved caspase 3 induction. We observed that, while levels of
the pro-caspase 3 protein were decreased slightly in the Vstat40 and TSPl treatment
conditions, no bands corresponding to the 19 and 17-kDa cleaved fragments were observed
under either condition. However, a modest increase was observed in the levels of Bax, a
mitochondrial protein regulating the release of cytochrome c. It should be noted that these
results do not conclusively show that Vstat40 does not promote apoptosis in any type of
endothelial cells or at any concentration of the peptide. Further experiments are necessary to

more conclusively elucidate the Vstats’ pro-apoptotic capabilities.
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The Vstats interfere with endothelial cord formation. We next used an endothelial

cord formation assay to determine whether Vstat40 interferes with events in the process of
angiogenesis in addition to the migration of endothelial cells. The endothelial cord formation
assay recapitulates the 3-dimensional formation of blood vessels in a Matrigel matrix.
HDMECs formed tube-like structures when plated on matrigel in control medium, which
were observed to attach to nodes of endothelial cells, frequently leading to the formation of
enclosed ring-like structures (Figure 3.2A). Incubation with Vstat40 yielded significantly fewer
cords and enclosed structures, while few cords and no enclosed structures were observed in
HDMECGs incubated with Vstat120. In contrast, the presence of Vstats in the CM did not
have a significant effect on cord or enclosed structure formation of HUVECs plated under
the same conditions. However, it is unclear whether this effect is dependent on CD36 or
some other biological difference across the cell types.

Vstat40 inhibits angiogenesis i viwo. We investigated whether Vstat40 interfered with

biological angiogenesis using a quantitative i viwo angiogenesis model (Guedez et al., 2003).
We observed differential levels of hematocyte-containing vascularization in angioreactors
filled with basement membrane extract prepared with CM containing Vstat40 compared to
vascularization in extracts containing control CM (Figure 3.2B, left panel). Vessels were
extracted and incubated with FITC-lectin as described for a more quantitative analysis of
vascularization. We observed that angiogenesis was decreased in vessels extracted from
Vstat40- or Vstatl20-containing angioreactors versus control (p=0.011 and 0.008,
respectively) (Figure 3.2B, right panel). These data support the hypothesis that, like Vstatl20,
Vstat40 1s a biologically active inhibitor of angiogenesis i vwo and may be useful as a

therapeutic for diseases characterized by a pathological overabunance of vasculature.
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To investigate the potential of Vstats to regulate angiogenesis in the brain, we wished
to determine whether the CD36 receptor was indeed present in the brain vasculature of both
mice and humans. Immunohistochemistry was performed to demonstrate co-localization of
CD36 and Factor VIII in wild-type adult mouse brain (Figure 3.3A), non-tumor human
brain (Figure 3.3B, specimen #01-89) and human glioblastoma (Figure 3.3C, specimen #04-
20). These results show that CD36 is expressed in the normal brain vasculature of both mice
and humans, as well as human tumor-associated blood vessels, and thus the biological activity
of the Vstats mediated by the C36 receptor is likely to affect these vessels. As a result, the use
of Vstats as anti-angiogenic agents in either system is biologically founded.

Vstat40 interferes with VEGF-induced vascular permeability. As described

previously, a significant early step in the induction of angiogenesis is the VEGF-induced
breakdown of adherens junctions between endothelial cells. This process is complex and
mediated by VEGFR2-integrin coactivation and upregulation of specific signaling pathways
(summarized in Figure 3.4), most notably activation of Src and Rac leading to recruitment of
B-arrestin and displacement of B-catenin at adherens junctions, leading to increased vascular
permeability. We wished to determine whether Vstat40 could function as an anti-
permeability agent, most likely through the prevention of VEGF-induced destabilization of
adherens junctions. We observed that treatment of HUVEC with VEGF led to a prolonged
decrease in expression of VE-cadherin by 6 hours after treatment (Figure 3.5A, left panel). A
similar finding was observed for HDMEC (data not shown). Pretreatment with Vstat40-
containing but not control CM somewhat rescued VE-cadherin expression after 18 hours
(Figure 3.5A, right panel). In keeping with these findings, we observed that VE-cadherin was
maintained at intercellular contacts between endothelial cells in response to VEGF treatment

only when cells were pretreated with CM containing Vstat40 (Figure 3.5B). To test whether
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maintenance of VE-cadherin corresponded to a decrease in vascular permeability, we
performed a similar experiment using confluent HDMECs in a modified Boyden chamber
apparatus. Significantly less FITC-conjugated dextran was observed to leak through VEGF-
stimulated cells that had been pretreated with Vstat40 (Figure 3.5C). We conclude that
Vstat40 inhibits VEGF-induced vascular permeability via the maintenance of adherens
junctions.

To determine whether Vstat40 might interfere with vascular permeability in vivo, a
limited sample of subjects bearing control and Vstat40-expressing xenografts (n=3 per group;
clone 17 tumors, described in Chapter 4) received tail-vein injections of an Evans blue dye
(EBD) solution. Analysis of EBD extravasation in subjects’ brain tissue subsequently showed
significantly reduced levels of dye in Vstat40-expressing tumors (Figure 3.6A-B). However,
other followup analysis shows that overall tumor vascularization is reduced in these Vstat40-
expressing tumors, while subject weight did not differ significantly between the two groups
(Chapter 4). In tumorigenesis experiments, subject weight may be used as a rough proxy for
subject health, which is affected by tumor burden. We tentatively conclude that Vstat40
inhibits permeability i vwo, but until tumor size is definitively quantified, these preliminary
results cannot be disentangled from the overall reduced tumor vascularization resulting from

Vstat40 overexpression.
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Discussion

In the present work, we show that Vstat40, like BAIl and Vstatl20, is a potent
inhibitor of angiogenesis and that its activity is mediated by the CD36 receptor. Previous
work identified that the anti-angiogenic mechanism of Vstat120 derived from its interaction
with the CD36 receptor, presumably via binding its TSRs as has been shown for
thrombospondin-1 (TSP1). Vstat40 contains a single TSR with features similar to those
known to regulate angiogenesis in other molecules that contain TSRs, and it also contains an
RGD integrin-binding motif, which has been shown to inhibit angiogenesis under certain
conditions (Brooks et al., 1994; Gutheil et al., 2000). Our results indicate that the TSR of
Vstat40 is responsible for at least a significant portion of its anti-angiogenic activity.

Many secreted endogenous angiogenesis inhibitors are the proteolytic products of
parent molecules, typically cleavage fragments of extracellular matrix proteins. BAII 1s
unique in that it is the only class B GPCR known to release such potent anti-angiogenic
fragments. Vstat40 processing and the regulation thereof are very likely to have implications
both for angiogenesis and the function of the full-length BAIl molecule including the
intracellular signaling cascades mediated by its C-terminal domain. For example,
macrophage-expressed BAIl recognizes phosphatidylserine (PtdSer) on the surface of
apoptotic cells via TSR binding and promotes target engulfment by the macrophage via Rac
activation by its C-terminal domain (Park et al., 2007), and it is likely that BAIl ECD
proteolysis would affect such functionality. The observation that the BAI1 ECD is processed
into secreted fragments with anti-angiogenic activity suggests that this portion of the molecule
may have different functions in different cell types and environments and thus its processing

is likely to be a complex and tightly-regulated event. While the present research demonstrates
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the anti-angiogenic activity of Vstat40, further studies will more completely elucidate the
functional significance of its generation, particularly in tumorigenesis.

One important direction for future research is characterizing the association between
the Vstat40 RGD motif and integrins. Integrins are well-known to activate diverse pro-
survival intracellular signaling pathways, but can promote apoptosis if not bound to
immobilized ligands (Stromblad and Cheresh, 1996; Stupack and Cheresh, 2002; Stupack et
al., 2001). As mentioned previously, these integrins bind ECM proteins containing an
exposed Arg-Gly-Asp (RGD) sequence to promote EC attachment. Soluble RGD-containing
peptides and RGD-blocking antibodies compete with integrin-ECM interaction to induce EC
detachment and apoptosis and inhibit tumor-associated angiogenesis (Brooks et al., 1995;
Buerkle et al., 2002; MacDonald et al., 2001; Maubant et al., 2006; Sudhakar et al., 2003),
and notable anti-tumor therapeutics such as Cilengitide and Vitaxin are designed around this
concept (Gutheil et al., 2000; Nabors et al., 2007).

Notably, integrins mediate VEGF-induced Src activation, leading to AJ
destabilization in ECs (Wang et al., 2006). Significant recent attention has been given to the
role of integrins, particularly o.fs, as critical regulators of VEGFR2 signaling. The
interaction is complex and bidirectional, as growth factor signaling also potentiates integrin
activation (Byzova et al., 2000; Kuwada and Li, 2000). Other growth factor-integrin
relationships have been indentified, as osp1 mediates EC proliferation via EGFR activation
(Kuwada and L1, 2000), indicating the prevalence and importance of these interactions in the
regulation of cellular activity. AJ destabilization remains one of the best-characterized events
leading to vascular permeability and angiogenesis, and has many important consequences,
including the release of the transcriptional coactivator B-catenin into the cytosol (Ilan et al.,

2003). VEGF-mediated dysregulation of cadherin function is observed to lead to subsequent
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transcriptional upregulation of (-catenin targets (Behrens et al., 1993; Gottardi et al., 2001;
Reiss et al., 2005) and upregulation of the angiogenic switch and metastatic progression in
non-small cell lung cancer (Ceteci et al., 2007). Of note, VEGF activates multiple pathways to
regulate vascular permeability, including upregulation of endothelial NOS and inflammatory
mediators such as platelet activating factor (PAF) (Bernatchez et al., 1999; Brkovic and Sirois,
2007; Gelinas et al., 2002), and disruption of tight junction stability via PKC-mediated
phosphorylation of occludin (Harhaj et al., 2006).

These previous experiments provide many possible avenues for the exploration of
Vstat40 function as both an anti-angiogenic and an anti-permeability agent, though
distinguishing between these functions may prove a challenge, particularly in m wvwo
tumorigenesis assays. To disentangle anti-angiogenic and anti-permeability effects of Vstat40,
future research may wish to consider molecular analyses of adherens junction stability on the
surface of tumor vasculature, indicating the stability of VE-cadherin/f-catenin complexes in

response to Vstat CXpI‘CSSiOH.
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Figure 3.1. Vstat40 is anti-angiogenic in culture.

(A) Representative Western blot of concentrated conditioned media (CM) demonstrating
relative levels of the Vstats used in angiogenesis experiments. CMs prepared from parental
LN229-L16 glioma cells (control) or LN229-16 cells stably transfected with respective
inducible Vstat vectors.

(B) Verification of CD36 expression in selected cell types. Western blot demonstrating the
relative levels of CD36 on HDMECs and HUVECGs as well as a tumor cell type (U87TMG
derivative).

(C) Endothelial migration scratch wound assay. The ability of an HDMEC monolayer to
close a scratch wound after 10 hours was measured in the presence of control or 1x Vstat-
containing CM. The role of CD36 was tested by pretreating HDMEC scratches with anti-
human CD36 function-blocking antibody (clone FA6-152; 10 ug/mL) or an isotypic control
antibody (p33; 10 ug/mL) for 30 minutes prior to incubation with control or Vstat-
containing CM.

(D) Boyden chamber migration assay. The relative migration of CD36-expressing HDMECs
and CD36-deficient HUVECs towards serum-containing medium in a Boyden chamber
assay was quantified following 10 hours of incubation with control or Vstat-containing CM in
the top compartment of the chamber.

(E) Western blot illustrating the ability of Vstat40 to promote apoptosis. Western blot
representing HDMEC lysate following treatment with control or Vstat40-containing CM or
TSP-1 (2 uM) for 48 hours or staurosporine (500 nM) for 8 hours, demonstrating relative

levels of pro-apoptotic proteins cleaved caspase 3 and Bax.
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Figure 3.2. Vstat40 inhibits cord formation and neovascularization i vivo.

(A) In vitro vascular tube formation assay. The formation of endothelial cords and enclosed
tube-like structures by HDMECs or HUVECs at passage 3 plated in matrigel with either
control CM or CM containing either Vstat40 or Vstat120 was quantified.

(B) Quantitative i viwo angiogenesis assay using angioreactors containing control or Vstat40
CM, implanted subcutaneously in nu/nu mice. (Left) Images are shown representing
vascularization of angioreactors containing either control or Vstat40-containing CM excised
twelve days after implantation. (Right) The graph shows fluorescence of cell pellets derived
from angioreactors and stained with FITC-lectin. Significance using Student’s t-test was
determined using statistical software. Error bars indicate standard deviation from the mean. *

=p <0.05.
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CD36 Factor VIl DAPI merged

Figure 3.3. Immunohistochemistry was performed to demonstrate co-localization of CD36
and vascular marker Factor VIII in wild-type adult mouse brain (A), non-tumor human brain
(B, Emory Brain Tumor bank specimen #01-89) and human glioblastoma (G, Emory Brain

Tumor bank specimen #04-20).
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Figure 3.4. Schematic of cell signaling events underlying vascular permeability. (A) In the
absence of stimulation by pro-permeability cytokines, a complex of molecules including beta-
catenin maintains VE-cadherin at the surface of endothelial cells, forming a stable adherens
junction. (B) VEGF-VEGFR2 activation recruits integrins to promote co-activation of
intracellular pro-permeability signaling pathways. This activation promotes destabilization of

VE-cadherin at the cell surface and release of beta-catenin from the adherens junction.
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Figure 3.5. Vstat40 inhibits VEGF-induced vascular permeability in culture.

(A) Left panel: Treatment with VEGF (10 ng/mL) promotes endocytosis of VE-cadherin
from the cell surface of HUVEC and subsequent degradation over a period of 18 hours.
Right panel: comparison of levels of VE-cadherin in HUVEC following stimulation with
VEGTY, after pretreatment with either control CM or CM containing Vstat40.

(B) Immunocytochemistry demonstrating effect of Vstat40 pretreatment on localization of
VE-cadherin at the cell surface and intercellular contacts of confluent HDMEC following 18
hours of stimulation with VEGF (10 ng/mL).

(G) Culture-based assay to assess functional vascular permeability, performed in triplicate.
Quantification of fluorescent FITC-dextran following VEGF stimulation (10 ng/mL) for 18
hours illustrates effect of Vstat40 pretreatment on intercellular contact integrity of confluent

HDMEC. Student’s t-test, * = p<0.03.
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Figure 3.6. Vstat40 and vascular permeability i viwo. (A) Images of the dorsal and ventral
surfaces of mouse brains with control or Vstat40-expressing tumors (n = 3/group) 24 hours
after intravascular injection of Evans blue dye (EBD, 30 mg/kg). (B) Left panel: subject
weight indicating equivalent health of subjects at the time of EBD administration. Right
panel: EBD fluorescence following brain homogenization and dye extraction in

dimethylformamide.
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CHAPTER 4.

VSTAT40 AND BAIl IN GLIOMAGENESIS.

Some figures from this chapter are here reproduced with permission from the journal
from: Kaur B, Cork SM et al. (2009). Vasculostatin inhibits intracranial glioma growth and

negatively regulates i vivo angiogenesis through a CD36-dependent mechanism. Cancer

Research. 69(3):1212-20.
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Introduction

Brain-specific angiogenesis inhibitor 1 (BAIl) is implicated in the biology of a variety
of tumors, particularly gliomas. BAIl was initially discovered due to the presence of a
potential binding site for the tumor suppressor p53 in its 9" intron (Nishimori et al., 1997),
and its expression is lost in the development of brain tumors (Kaur et al., 2003) through
unknown mechanisms. Overexpression of full-length exogenous BAI1 has been demonstrated
to slow the growth of GBM and other cancer types in tumor xenografts through stable
transfection studies and gene therapy (Duda et al., 2002; Kudo et al., 2007; Yoon et al.,
2005). Conversely, BAI1 loss may correlate with poor survival in glioblastoma patients (Nam
et al., 2004), and loss of BAIl expression has also been shown to correlate with negative
clinical outcome in gastric (Hatanaka et al., 2000) and colorectal cancers (Fukushima et al.,
1998; Yoshida et al., 1999). The full-length BAI1 protein has also been observed to inhibit
tumor growth and angiogenesis when expressed in i viwo mouse models, and is a candidate
effector for the anti-angiogenic activity regulated by p53 (Nishizaki et al., 1999; Van Meir et
al., 1994). In sum, BAII has gained significant attention as a tumor suppressor and potential
therapeutic agent for aggressive gliomas. While the precise mechanisms of its anti-tumor
activity have not been completely elucidated, it is hypothesized to interfere with
tumorigenesis via the inhibition of formation of tumor-associated vasculature.

Prior work from our lab has shown that the extracellular domain is responsible for
much of the observed anti-tumor activity of BAI1, and which has several features implicated
in the regulation of angiogenesis. Specifically, the BAI1 extracellular portion contains an Arg-
Gly-Asp (RGD) integrin-binding motif and five thrombospondin type 1 repeats (T'SRs). Our
lab first determined that BAIl undergoes endogenous processing at its GPS (Kaur et al.,

2005) to generate a 120 kDa secreted fragment called Vasculostatin-120 (Vstat120) and
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demonstrated that upon overexpression it had significant anti-angiogenic and anti-tumor
activity in an orthotopic xenograft model (Kaur et al., 2009). Thus, the precise mechanisms
whereby BAII exerts its tumor-suppressive activity in the human body have not been clearly
established, but the structure of BAI1 supports an anti-angiogenic role.

In the previous chapters, we have shown that the primary detectable secreted
fragment from the BAI extracellular domain is a 40-kDa peptide containing the RGD motif
and one TSR, named Vasculostatin-40 (Vstat40) (Cork et al. in submission). We have also
demonstrated that, like Vstatl20, Vstat40 is a potent inhibitor of angiogenesis both in
culture-based assays and @ vwo, and may also inhibit vascular permeability. The anti-
angiogenic activity of both Vstat peptides appears to depend in a large part upon the CD36
receptor, which is expressed on microvascular endothelial cells in the brain and in brain
tumors. In the present work we wished to determine whether, like Vstat120, Vstat40 could
act to suppress tumor growth via the inhibition of tumor-associated angiogenesis.

We also wished to consider the role of BAII in the larger picture of glioma biology.
The recent development of large repositories of tumor genetic and clinical data has made
possible sophisticated analyses of the relationship of individual genes to aspects of tumor
biology (Bredel et al., 2009; Cooper et al., 2010; Madhavan et al., 2009; McLendon and
Network, 2008; Noushmehr et al., 2010), including survival and angiogenesis. We have
analyzed these databanks to determine whether there is a detectable relationship between
levels of angiogenesis in human gliomas and BAII expression in these tumors, as well as other

clinically relevant associations.
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Materials and Methods

Cell culture. Human glioma cell lines US7MG, LN229 (Ishii et al., 1999), and U251-BAIl
(Clone B12 (Kaur et al., 2003)) were cultured in DMEM with 10% fetal bovine serum (FBS)
and antibiotics and passaged every 2-4 days.

Microarray databases. Affymetrix microarray data from the Repository of Molecular Brain

Neoplasia Data (REMBRANDT) and The Cancer Genome Atlas (TCGA) databases were
used to investigate collectively gene expression in non-tumor and glioma tissue specimens.
Diagnostic data for the REMBRANDT dataset were accessed prior to January 2010.
Histopathological necrosis and angiogenesis data were independently scored by a trained
neuropathologist (D] Brat) prior to analysis of association with BAIl gene expression levels.
Annotations: Affymetrix microarray probe annotations are available on the Affymetrix
website. Specific probes used to generate the data described in the figures include: BAIL:
206083_at, BAI2: 204966_at, BAI3: 205638_at, N-cadherin: 203440_at, E-cadherin:
201130_s_at, VE-cadherin: 204677_at, GPR56: 212070_at, EMR-2: 207610_s_at, p53:
201746_at, T'SP-1: 201110_s_at, collagen XVIII: 209081 _s_at, VEGF-A: 210512_s_at, HIF-
la: 200989_at, I1.-6: 205207 _at, I1.-8: 211506_s_at, TNIF-a: 207113_s_at.

Generating clones for tumor experiments. To generate a tetracycline-inducible Vstat40

vector construct, we used PCR to generate a Vstat40-encoding insert (comprising BAII
amino acids 1-328) flanked by HindIII and Xbal sites. This insert was cloned into pTRE2
(Invitrogen) vector backbone with T4 ligase (Invitrogen) using standard cloning techniques
and verified by restriction digest. The pTRE-Vstat40 construct was co-transfected into
previously described tet-on LN229-116 glioma cells (Kaur et al.) with pEGFP-N2 containing

the neomycin resistance marker at a ratio of 10:1, using the GenePorter transfection system.
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After 24 hours’ recovery, cells were passaged to very low density in complete medium
containing 800 pug/mL G418 (Invitrogen) and 0.5 ug /mL puromycin. Selection was
maintained for approximately two weeks, after which time clones were carefully selected
using cloning disks. Clones were expanded and treated with doxycycline (2 ug /mL) to test
for Vstat40 induction by Western blot. Several clones with tight dox-induced gene regulation

(#5, #14, #17) were selected for further investigation.

Implantation of tumor cells. Cells were implanted intracranially as described (Kaur et al.,
2009), using 9-week old female nude mice (Harlan). Briefly, indiciated cells were trypsinized,
counted with a hemocytometer and resuspended in a volume of serum-free culture medium
to achieve a desired cell concentration of 1x10° cells in 4 wl.. Under sterile conditions,
subjects were anesthetized with a mixture of ketamine/xylazine as previously described (Kaur
et al., 2009) and immobilized in a stereotactic frame. 4 uL of cells were implanted per
subject. Care was taken to prevent leakage of cells through the site of implantation, and the
site sealed with bone wax and sutures. Following implantation, the remainder of the cell
suspension was plated in culture to verify cell viability. Subjects were randomly distributed
into two groups for the purposes of the experiment. Dox-treated subjects received
doxycycline (2 mg/mL) in 4% sucrose in drinking water; control subjects received
sucrose/water alone. Drinking water was changed 2-3 times each week. Subject weight was
monitored by weekly weighings and subject health was visually monitored to insure
compliance with IACUC guidelines. When health of subjects was observed to decline after
2.5 months, tumor growth was ascertained using T'1-weighted magnetic resonance imaging
(MRI) as previously described (Kaur et al., 2009). Subjects were weighed at time of MRI.

Tumor volume was quantified using Image] software (NIH). When tumor burden exceeded
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TACUC specifications as determined by more than 20% weight loss, subjects were sacrificed
with COg and their brains immediately dissected out for further study.

Sulforhodamine B (SRB) assay. Briefly, tumor cells from the post-injection plating were

trypsinized and plated in a 24-well plate at a density of 2.5 x10* cells per well. Doxycycline
was administered to indicated cells (2 ug/mlL) and cells were fixed at 4 degrees with cold 10%
TCA in PBS after the indicated time intervals. Cells were washed 3x with dH20O and air-
dried prior to staining with 0.4% SRB in 1% acetic acid solution (Vichai and Kirtikara,
2006). After staining 1 hr, cells were washed with 1% acetic acid 5x and air-dried. The SRB
dye was solubilized with 10 mM Tris buffer and absorbance quantified at 564 nm.

Immunohistochemistry. Brains were excised and fixed in 10% formalin/PBS, then embedded

in paraffin, sectioned and stained by the Emory Pathology Core. Antibodies used in these
experiments include anti-human cleaved caspase 3 (1:100 dilution) and anti-human Ki67
(1:100 dilution), which were provided by the Core. Specimens were imaged at 10x

magnification using an Olympus IX50 Inverted microscope.
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Results

BAIl expression is lost in gliomas in proportion to tumor severity. We investigated
levels of BAI family mRINA expression in non-tumor, astrocytoma, glioblastoma multiforme
(GBM) and oligodendroglioma (ODG) tissue samples in the REMBRANDT database. For all
BAIs, we observed that mean levels of mRNA expression were significantly decreased in
astrocytomas relative to levels in non-tumor brain tissue (Figure 4.1A). Expression levels were
further decreased in GBM specimens, indicating an association with glioma severity. When
astrocytoma specimens were subdivided into grade II and III, the negative correlation
between tumor grade and BAIl mRINA expression was maintained (Figure 4.1B). Of note, a
negative correlation for expression in ODG specimens was also detected for BAI2 and BAI3
but not BAIl. While the significance of these associations is unknown, this observation
highlights the importance of BAII loss in astrocytoma and GBM specifically. Notably, BAIl
expression does not vary significantly across the four previously-identified subtypes of GBM
(Figure 4.1C).

BAIl expression is associated with a survival benefit to astrocytoma but not GBM

patients. The relationship of BAIl expression to patient survival was investigated separately
for astrocytoma and GBM specimens from the REMBRANDT dataset. For both subtypes,
samples were identified as either “low” or high” BAIl expressors depending on whether
BAII expression fell above or below the median value for that subgroup. Samples were then
matched to respective patient survival data to generate Kaplan-Meier survival curves (left
panels) and average survival (right panels). We observed that expression of BAIl was
associated with a statistically significant increase in survival for astrocytoma patients (grades

IT and III combined; Figure 4.2A), with a survival increase of approximately two months
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(p=0.0186) for the high-expressing group. We observed that elevated BAIl did not confer a
statistically significant survival benefit (p=0.636) to GBM patients (Figure 4.2B), however.

Elevated BAII is associated with reduced angiogenesis and necrosis. Previous research

has linked BAII expression to a positive clinical outcome for cancer patients (Lee et al., 2001;
Zohrabian et al., 2007). While the survival benefit has been hypothesized to derive from
BAII’s angioregulatory capabilities, no research to date has demonstrated that BAI1 inhibits
angiogenesis in human gliomas. To determine whether the pro-survival benefit of elevated
BAII could be explained by its effects on tumor-associated angiogenesis, we compared BAII
expression to levels of angiogenesis in GBM specimens. First, a trained neuropathologist (D]
Brat) independently scored selected histological specimens from the TCGA to determine the
percentage of tissue necrosis and analyze certain features of pathological tumor vasculature,
including endothelial hyperplasia, endothelial hypertrophy, and endothelial complexity,
indicated by the presence of branching vessels. These three features of angiogenesis were then
combined to generate a single composite score of angiogenesis (scale of 0-3) for the tumor
specimen. Samples were subsequently ordered by increasing BAIl expression, and samples at
both ends of the spectrum were matched to available pathological data. After obtaining 20
specimens for both “low” and “high”-expressing groups of tumor tissues, we verified a
significant difference in levels of BAIl expression in low versus high groups (Figure 4.3A).
Importantly, we detected a significant difference in levels of tumor angiogenesis and necrosis
when comparing their levels in low versus high-BAIl expressing tumors. To determine
whether pro-angiogenic hypoxia might be responsible for downregulating BAIl, we
incubated primary glial cultures under hypoxic conditions (1% Og). This treatment was not

observed to alter BAII protein expression levels in these cultures after 48 hours (Figure 4.3B).
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Patterns of angioregulator expression in brain tumors. In analyzing the TCGA

Affymetrix microarray data, we observed two distinct patterns of angioregulator expression in
relation to BAII expression. The first pattern indicated gene expression independent of BAI1
expression, and was demonstrated by genes known to regulate both the inhibition and
promotion of angiogenesis (Figure 4.4A). Pro-angiogenic genes that demonstrated this pattern
of expression included both the hypoxia inducible factor (HIF)-lalpha subunit and its target
gene VEGF-A, and tumor necrosis factor (I'NF). Anti-angiogenic genes that demonstrated
this pattern of expression included the tumor suppressor p53, which is known to regulate the
secretion of other anti-angiogenic stimuli, and both alpha and beta subunits of interleukin-12
(IL-12). By contrast, expression levels of other angioregulators were markedly elevated when
BAIl expression was low and decreased as BAIl expression increased (Figure 4.4B). Pro-
angiogenic molecules under study in this group were interleukins 6 and 8 (IL-6 and IL.-8) and
angiogenesis inhibitors were thrombospondin-1 (TSP-1) and collagen XVIII, a rare form of
collagen that serves as a precursor to endostatin. Together these findings indicate at least two
specific patterns of angioregulator regulation relative to BAIl expression in GBM.

To follow up on these observations, we investigated expression of T'SP-1 and collagen
XVIII in the REMBRANDT databank. We observed that, for all specimens regardless of
tissue type, the pattern of regulation was similar to that noted for the TCGA dataset (Figure
4.5A), demonstrating the robustness of association across different tumor datasets. We
followed up on this observation by subdividing the REMBRANDT specimens by tissue type
to evaluate whether the association was specific to tumors or a general relationship also
observable in non-tumor brain. We observed that, for both TSP-1 and collagen XVIII, the
mverse relationship with BAII expression was preserved only in tumor specimens, and most

strongly in astrocytomas (Figure 4.5B). In non-tumor brain tissue, the relationship between
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both molecules and BAIl expression appears to be positively correlated. Thus, the inverse
relationship likely reflects tumor control over specific transcriptional pathways.

Association of BAIl expression with that of other cell adhesion molecules. While the

majority of research on BAIl has focused on its angioregulatory activity, it is classified as a
potential cell adhesion molecule based on its structure. We followed up on the findings of the
angioregulator molecules by investigating whether BAIl expression resembled patterns of
expression of other cell adhesion molecules using the TCGA Affymetrix microarray data
(Figure 4.6A-B). We considered the other cell adhesion GPCRs EMR-2 and GPR56 as well
as BAI2 and BAI3, and the cell adhesion molecules E-cadherin, N-cadherin and VE-
cadherin, which are typically expressed on epithelial, neural and vascular tissues, respectively.
We observed that expression of BAI2 and BAI3 correlated strongly with that of BAII,
suggesting that these genes are regulated by similar mechanisms or are co-regulated. We
observed that expression of E-cadherin and N-cadherin did not change in relation to BAIl
expression, but that expression of VE-cadherin decreased in relation to BAII.

Validation of the i viwo tumor model. In performing tumor experiments it is of great

importance to demonstrate how the  vwo model corresponds to the biology of human
gliomas. In Chapter 3 we demonstrated the presence of the CD36 receptor in the brain
vasculature of both mouse brain and adult human tumor and non-tumor brain specimens.
Our lab has also previously constructed stably-transfected glioma cell lines expressing
Vstat120 for use in tumorigenesis experiments, specifically the U§7AEGFR parental cell line,
and clones A19 and A22 constitutively expressing Vstat120 (Kaur et al., 2009). Expression of
Vstat120 in tumors formed from these clones as compared to control cells was verified using
Western blot (Figure 4.7A). Use of these cell lines showed the ability of Vstatl20 to

significantly inhibit tumor growth via the inhibition of tumor-associated angiogenesis.
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We modified this approach for a study of the effects of Vstat40 on tumorigenesis. For
the Vstat40 tumorigenesis experiment, Vstat40-inducible clones were generated by stably
transfecting LN229 human glioma cells with an inducible Vstat40 expression vector (LN229-
L16-Vstat40-tet on). We screened 25 clones generated via selection with geneticin by dividing
each clone into two cell populations and treating one with doxycycline. We selected three
clones: LN229-L16-#5, LN229-L.16-#14, and LN229-L16-#17 (Figure 4.7B). Selection was
based on the strength of Vstat40 induction in the conditioned medium (CM) in response to
doxycycline treatment and the specificity of the induction, such that no Vstat40 was observed
in the CM of untreated clone cells, and no additional bands besides Vstat40 were generated
in response to induction.

We wished to account for the possibility of potentially confounding effects that this
model might incur. Specifically, we wanted to verify that doxycycline administration would
not have a significant anti-proliferatory effect upon the tumor cells themselves. We also
sought to determine whether Vstat40 could affect tumor cell proliferation in a manner
independent of angiogenesis. Treatment of the Vstat40-expressing clone 17 cells and parental
LN229-L16 cells with doxycycline was not observed to exert a significant effect on
proliferation of these cell lines in culture (Figure 4.7C). While this experiment does not
account for complicating i vivo factors that could affect these issues, it provides foundation
for using these cell lines in tumorigenesis studies.

Vstat40 does not promote survival in an m wvwo tumorigenesis experiment. We

hypothesized that, like Vstat120, Vstat40 may act as a tumor suppressor in the brain via the
inhibition of angiogenesis (Kaur et al., 2005; Kaur et al., 2009). To address this hypothesis,
cells from the three previously-described clones were implanted intracranially in nu/nu mice

(10 subjects used for each clone). Half of the subjects (5 per clone) received doxycycline in
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drinking water to induce Vstat40 expression. While subjects bearing tumors of clones 5 and
14 reached endpoint by 100 days post injection, three dox-treated subjects were healthy more
than 120 days afterward (Figure 4.8A). Kaplan-Meier analysis of survival of clone 5 and clone
14 control and treatment subjects showed no statistically significant difference of doxycycline
administration (p=0.704 and p=0.585, respectively), while treatment yielded a significant
survival benefit for clone 17 (p=0.002). The survival of mice implanted with LN229-L16 cells
was unaffected by doxycyline (not shown). MRI imaging of control and dox-treated subjects
60 days after injection demonstrates the relative difference in tumor size between these
groups at this time (Figure 4.8B-C). Quantitative analysis of the MRI data for clone 17
demonstrates a significant difference in mean tumor volume between control and dox-treated
subjects (Figure 4.8C) with no significant difference in subject weight. As it was unclear why
Vstat40 expression would affect tumorigenesis for clone #17 but not clones #5 or #14, we
followed up on the observation by repeating the experiment for this clone and using an
increased number of subjects (n=12 per condition). We observed that survival did not differ
between the two groups in this repeat experiment (p=0.45, Figure 4.9A), indicating that some
unknown confounding factor was responsible for the survival and tumor size differences
observed for this clone in Figure 4.8B-C.

Several controls were used to verify the function of Vstat40 in the tumorigenesis
model. We attempted to verify that Vstat40 was only produced in clones in response to
doxycycline induction. However, using cell pellets formed from clone 17 cells (Figure 4.9B),
we observed that the BAIl N-terminal antibody recognized the untreated as well as dox-
treated cells. An antibody dilution of 1:8000 yielded the optimal contrast in cell staining. This
observation in cell pellets corresponds to results of BAIl staining of control and treatment

tumors, which detects the presence of Vstat40 in control tumor tissue. Staining of other
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pellets of 293 cells untransfected or stably transfected with BAIl shows that the BNT
antibody recognizes BAII specifically without a high level of background staining (not
shown). We followed up on these results by analyzing WCE and CM of clone #17 cells prior
to implantation, showing that while Vstat40 is only secreted in response to induction, low
levels of Vstat40 are produced in the WCE of both treated and untreated cells (Figure 4.9C).
We conclude that there is some background level of Vstat40 production in cells stably
transfected with the inducible vector, but that cells only secrete Vstat40 at detectable levels
under conditions of induction. We conclude that effects on either tumor or endothelial cells in
these i vwo tumorigenesis experiments are due to Vstat40 expressed only in response to
doxycycline. Unfortunately, the observation of background Vstat40 expressed in control
tumor cells precludes an assessment of the specificity of Vstat40 secretion i vivo in response to
doxycycline, as with the current setup we are not able to detect whether some other
mechanism may be inducing Vstat40 release in the growing tumor.

Vstat40-expressing tumors have reduced angiogenesis and differential levels of

cleaved caspase 3. While no difference in overall subject survival was identified between the

control and Vstat40-expressing tumors, we wished to follow up on these findings in the clone
17 tumors by investigating differences in the biology of the tumor specimens. Of particular
importance was the question of whether Vstat40 expression in tumors inhibited tumor-
associated angiogenesis. Importantly, control tumors were characterized by the presence of
many vascular structures, while tumors of dox-treated subjects showed significantly less
vascularization (Figure 4.10A). In this model, however, the inhbition of angiogenesis was not
sufficient to improve subject survival.

To better understand the reason for this discrepancy, the tumors were subjected to

further examination. A trained neuropathologist (D] Brat) observed that the cells of the
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control tumors were less adherent, causing the tissue to separate during fixation, and that
control tumor cells also had a stellate shape. In contrast, cells in the dox-treated tumors were
rounder and more tightly adherent, with clearly evident cytoplasm and prominent nucleoli.
Immunohistochemistry was used to investigate selected cellular markers of interest in the
clone 17 tumors. Control and Vstat40-expressing clone 17 tumor sections were stained for
the cell proliferation marker Ki67 and cleaved caspase 3, an important indicator of apoptosis.
We observed no difference in Ki67 staining between the two conditions, as tumors stained for
Ki67 showed expression in virtually all tumor cells (not shown). This finding indicates that
Vstat40 does not inhibit tumor cell proliferation i vivo. However, the number of cells
positively stained for cleaved caspase 3 was increased in tumors obtained from subjects not
receiving doxycycline (Figure 4.10B), suggesting that Vstat40 may interfere with apoptosis via
undetermined mechanisms. The significance of this finding is not clear, but it suggests the
possibility that Vstat40 may exert biologically relevant activity on the tumor cells themselves

without interfering with overall tumor cell proliferation.
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Discussion

A thorough understanding of the bioactivity of the Vasculostatin peptides is vital for
any future development of anti-tumor therapeutics based on the extracellular domain of
BAIl. Earlier work from our lab has convincingly shown the anti-tumor efficacy of the entire
BAIl ECD, otherwise known as Vstatl20 (Kaur et al., 2005; Kaur et al., 2009). In the
present work we investigated whether Vstat40 could also act to suppress tumor growth via
the inhibition of tumor-associated angiogenesis, as it is the predominately-expressed known
secreted BAIl fragment. While we have demonstrated that Vstat40 regulates tumor-
associated angiogenesis, its expression was not able to significantly promote subject survival in
one model (LN229) of in vivo glioma tumorigenesis.

The result that, unlike Vstat120, Vstat40 is not able to inhibit # viwo tumor growth in
this study may reflect one of several possibilities. First, it may be the case that the biological
properties of Vstat40 do not enable it to inhibit tumor-associated angiogenesis to the point of
preventing tumorigenesis, whereas Vstat120 may be a more potent molecule, likely due to the
activity of its four other TSRs. However, another possibility is that the model under study is
too limited to determine the true anti-tumor activity of Vstat40. With this model, we opted to
improve upon the previous model of Vstat120 studies (Kaur et al., 2009) by making Vstat40
inducible in response to doxycycline administration. This approach improves upon the
previous model of tumorigenesis in several respects. First, it ensures that the cellular genomic
background of both controls and treatment cells are identical, because the previous
experiments use clones and parental cells that may differ significantly as a consequence of
selection. Further, it permits control over when Vstat40 is expressed during the period of
tumor growth. However, a different cell line (LN229) was utilized instead of U87TMG

derivatives used in the previous studies. If LN229-derived tumors are less vascularized than
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U87MG tumors, the biological effects of Vasculostatin treatment may be muted. Indeed,
unpublished subcutaneous tumorigenesis studies of doxycycline-inducible Vstatl20 using
LN229 cells showed a more moderate growth inhibition than the U§7MG studies (E.G. Van
Meir, pers. comm.). A final alternative is that Vstat40 may be a less effective therapeutic as a
result of unforeseeable confounding influences of in vivo expression. These confounds could
range from a shorter half-life of Vstat40 or competition of some unknown substrate with the
active portions of Vstat40. Future research on the utility of Vstat40 as an anti-tumor agent
should consider the use of other cell lines and any possible controls to better interpret these
issues, and should further explore the potential effects of Vstat peptides upon the tumor cells
themselves.

The n silico analyses described in this chapter both bolster the rationale for continued
experimentation on BAIl as an anti-tumor therapeutic and provide new directions for these
studies. This recent wealth of microarray and clinical data have allowed us to confirm
previous findings that BAIl expression is frequently lost in aggressive gliomas, and to
investigate the specific role of BAI1 as an important inhibitor of human glioma angiogenesis.
For the first time, we show that BAIl expression in human gliomas is negatively correlated
with levels of tumor angiogenesis. While no underlying hypothesis yet explains the association
with necrosis, this phenomenon warrants further study. One hypothesis is that hypoxia-
regulated genes such as HIF-lalpha and its target VEGF, which are upregulated around the
necrotic core tissue of solid tumors and are well understood to promote angiogenesis, might
contribute to the downregulation of BAIl expression in cells. However, no change in BAIl
protein expression levels was detected in primary human astrocyte cultures incubated under

hypoxic conditions up to 48 hours. While this experiment does not preclude the possibility of
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hypoxia- or necrosis-mediated BAIl regulation, particularly under conditions of tumor
necrosis, it appears that hypoxia itself is insufficient to regulate BAI1 expression.

In conjunction with clinical data on patient survival, our findings suggest that elevated
levels of BAIl may improve survival of astrocytoma grade II-1II patients, but the aggressive
nature of GBM may overwhelm any pro-survival advantage that would otherwise be
associated with BAIl. These observations do not rule out the possibility that BAIl may be
beneficial to GBM patients in a manner not associated with survival per se. For example,
increased BAIl could maintain a reduced, less-permeable tumor-associated vasculature,
leading to reduced edema and associated symptomology. While this latter possibility remains
to be verified, overall these results suggest that BAIl may prove an appropriate therapeutic
mechanism for lower-grade glioma patients.

These results also suggest further avenues for study. A prevailing doctrine in glioma
biology is the existence of an “angiogenic switch,” in which pro-angiogenic molecules are
upregulated and anti-angiogenic molecules are downregulated, to facilitate growth of the
tumor. Many pro-angiogenic molecules are known to be upregulated in gliomas, such as
VEGF, bFGF, HGF, IL-8 and angiopoietin-2 (Ang-2). As previously described, expression of
the BAIs and other anti-angiogenic molecules is often lost in gliomas, but the specific means
by which successful tumors co-opt angiogenic processes is not well understood. It may be that
certain groups of angioregulators may undergo specific patterns of regulation to achieve a
glioma’s vascularization requirements. In considering whether such might be the case for
BAIIL, we compared expression of selected genes with that of BAIl to investigate whether
other angioregulator molecules are specifically regulated in relation to BAI1.

As shown, we observed that certain angioregulators do not appear to be correlated

with BAIl, whereas others have a strong inverse relationship, and that this association
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appears to be tumor-specific. Regarding the association of BAIl with specific genes, more
research will be necessary to confirm the existence of such associations and determine the
cellular mechanisms responsible. These studies may also provide important insight into the
forces that drive BAI1 expression or its loss in tumors. For example, the observation that VE-
cadherin expression is reduced when BAII levels are elevated is of particular interest because
VE-cadherin is a major component of adherens junctions and Vstat40 is thought to inhibit
vascular permeability (Chapter 3). These findings from the TCGA microarray are consistent
with the hypothesis that Vstat40 inhibits vascular permeability, as VE-cadherin transcription
1s upregulated in angiogenic tumors (Prandini et al.,, 2005) and the stability of adherens
junctions is likely to suppress transcription of VE-cadherin.

Ultimately, the significance of these associations cannot be completely elucidated
from correlation data. The observation that different genes demonstrate consistent patterns of
expression in relationship to BAII indicates that they may be co-regulated or that they may
act to influence the expression of the other, whether directly or indirectly. Further work
should be undertaken to determine whether these molecules have similar patterns of
transcriptional regulation. Such research will be quite valuable as it will shed light on patterns
of angioregulator expression in gliomas, which may prove of significant therapeutic benefit by

identifying which angiogenic pathways are the most appropriate targets for a given tumor.
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Figure 4.1. BAIl expression is lost in gliomas in proportion to tumor severity. From

REMBRANDT.

(A) We investigated levels of BAI family expression in non-tumor brain (NT), astrocytoma
(AST), glioblastoma multiforme (GBM) and oligodendroglioma (ODG) tissue samples in the
REMBRANDT databank. Asterices represent statistical significance of indicated t-tests (¥ p <
0.05,** p < 0.01, ¥* p < 0.001).

(B) BAIl expression evaluated as a function of astrocytoma grade (II, III, IV) using available
clinical data.

(C) Levels of expression of BAIl in TCGA samples, subdivided by the four primary subtypes

of GBM identified by Verhaak et al. (2010): proneural, neural, mesenchymal, and classical.
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Figure 4.2. BAII expression is associated with survival benefit for astrocytoma but not

GBM patients. From REMBRANDT. (A) Left: Kaplan-Meier curve demonstrating

significant survival benefit of elevated BAIl expression for astrocytoma patients (p = 0.034).

Right: Comparison of average survival in months for astrocytoma patients with high (above

median) BAII levels versus low (below median) BAII levels (p = 0.019). (B) Left: Kaplan-

Meier curve demonstrating survival benefit of elevated BAIl expression for GBM patients (p

= 0.36). Right: Comparison of average survival in months for GBM patients with high versus

low BAII levels (p = 0.636).
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Figure 4.3. Elevated BAIl 1s associated with reduced angiogenesis and necrosis. From
TCGA and ISBRTC annotations.

(A) BAII i1s positively correlated with reduced angiogenesis and reduced necrosis in human
glioma specimens (n = 20 TCGA specimens/group). Expression of BAIl mRNA in “low”
versus “high” expressing samples is significantly different (p = 3.72¢-19). Individual statistical
significance values for associations with BAI1 expression: necrosis (p = 0.009), angiogenesis (p
= 0.024), endothelial hyperplasia (p = 0.019), endothelial hypertrophy (p = 0.0538),
complexity (p = 0.109).

(B) Western blot demonstrating that hypoxia does not regulate BAIl expression in primary

human astrocyte cultures (passage 3), when probed with the BAIl C-terminal antibody

(BCT).
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Figures plotted using Excel software.
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Figure 4.5. Tumor-specific regulation of BAIl and other angioregulators. From
REMBRANDT.

(A) Pattern of thrombospondin-1 (TSP-1) and collagen XVIII (Col XVIII) expression versus
BAII expression in all samples.

(B) Patterns of TSP-1 and collagen XVIII expression when subdivided by tissue type:

astrocytoma, glioblastoma multiforme (GBM), or non-tumor brain specimens.
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Figure 4.7. An inducible model to investigate the anti-tumor activity of Vstat40 n vivo.

(A) This figure demonstrates expression of Vstat120 in lysates of 3 individual tumors (labeled
1L, 2L, etc.) for each cell line (US7AEGFR parental cells, and clones A19 and A22) grown
subcutaneously in nu/nu mice.

(B) CM from prepared inducible Vstat40-expressing clones cultured in 6-well plates
untreated (-) or treated with doxycycline (+) for 48 hours was precipitated and subjected to
Western blot to determine levels and cleanliness of Vstat40 induction.

(C) Comparison of proliferation of LN229-L16-#17 cells (left) and parental LN229-16 cells
(right) in response to doxycycline treatment (2 ug/mL) for up to 72 hours using the SRB

assay.
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Figure 4.8. Survival and MRI followup of inducible tumor cell clones.

(A) Survival curve of control or doxycycline-treated mice (n=5/condition) bearing
intracranial tumors for each of the three clones under study. Subjects were implanted
intracranially with 106 cells and followed for up to 4 months. Subjects received 4% sucrose
(control, solid line) or 4% sucrose with 2 mg/mlL doxycycline (dashed line) to induce Vstat40
expression 3 days after tumor cell implantation. Kaplan-Meier analysis of statistical
significance for the survival of clone-bearing subjects under study as a function of doxycycline
administration: clone 5 (p = 0.704), clone 14 (p = 0.585), clone 17 (p = 0.002).

(B) Intracranial observation of tumor growth using MRI. Representative images from To-
weighted MRI detection of intracranial tumors in mice bearing tumors from clone #5 and
clone #14, demonstrating relative tumor burden in control and dox-treated subjects.

(C). Tr-weighted MRI detection of intracranial tumors derived from clone #17 cells. Left
bottom panel: mean subject weight of subjects bearing clone 17 tumors at time of MRI .
Right bottom panel: volumetric reconstruction of clone 17 tumors following MRI using

Image] (NIH) analytical software.
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Figure 4.9. Vstat40 does not promote survival in a repeat i vwo tumorigenesis experiment.
(A) Follow-up study of survival of subjects (n=12 per condition) was performed as previously
described for the LN229-1.16-17 clone (Kaplan-Meier analysis: p = 0.45).

(B) Immunohistochemical analysis of Vstat40 expression in LN229-L16-17 cell pellets
untreated or treated with doxycycline, using the BAIl N-terminal antibody (1:8000).

(C) Expression of Vstat40 in the CM and WCE of LN229-L.16-17 cells used in tumorigenesis

experiments to verify specific induction in the presence of doxycycline.
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Figure 4.10. Dox-treated tumors demonstrate reduced tumor-associated vascular structures,
altered tumor cell morphology, and a reduction in cleaved caspase 3.

(A) Tumor-associated vessels (indicated by arrows) were counted and quantified in clone 17
tumors from subjects receiving control or doxycycline treatment (n=3 tumors/group) in the
repeated experiment. Tumors were stained with H&E. Three views were obtained per tumor.
Differences in the shape and adhesion properties of control and dox-treated tumors may also
be detected. 10x magnification.

(B) Immunohistochemistry was utilized to ascertain levels of cleaved caspase 3 in multiple
specimens of formalin-fixed control and doxycycline-treated clone 17 tumors. Positively-

stained cells were counted in three independent views for each tumor.



126

CHAPTER 5.

TOWARDS THE FURTHER CHARACTERIZATION OF

EXTRACELLULAR BAIl.
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Introduction

The experiments described in Chapters 2-4 represent a significant advance in our
understanding of the proteolysis and function of extracellular BAI, particularly the portion
identified as Vstat40. As with any system, however, the procedures and reagents used in these
previous studies have certain limitations. If these limitations were overcome, future work on
BAII would be greatly refined and improved.

Specifically, a major limitation of many of the experiments described previously is
that they rely on the use of bioactive Vstat peptides secreted into the conditioned medium
(CM) from transfected or stable cell lines of variable background. The primary problem with
this approach is that it does not account for uncontrolled expression of indeterminate proteins
and cytokines into the experimental CM. Expression of these other molecules may be
undesirable in cell culture-based experiments for a variety of reasons, not least because of
their possible effects on or interference with Vstat activity itself. Under these conditions, the
best possible control for these experiments is the use of control CM derived from cells of the
same background and concurrent passage. Even with this control, however, strong potential
still exists for significant variability in the background composition between control and
experimental CM samples.

A more advantageous system would utilize purified recombinant human Vstat
(rhVstat) proteins. First, this approach would minimize the presence of contaminating
elements in experiments aimed at elucidating the specific bioactivity of the Vstats, enabling
greater confidence in the functional characterization data found in Chapter 3 and elsewhere
(Kaur et al., 2005; Kaur et al., 2009). This approach would also have other important
benefits such as enabling the precise quantification of Vstat activity via the determination of

an ICs0 value in functional assays, such as the angiogenesis assays described in Chapter 3.
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Ultimately, the use of purified recombinant Vstats would enable meaningful comparisons of
the activities of both Vstat120 and Vstat40 with each other, as well as provide opportunity for
comparisons with other angiogenesis inhibitors such as endostatin or thrombospondin-1. To
this end, we attempted the generation and purification of recombinant human Vstat proteins
using a bacterial expression system (Figure 5.1). Once optimized, such a system would allow
the utilization of purified rhVasculostatin peptides in experiments.

Another significant limitation on studies of extracellular BAIl concerns the dearth of
antibodies suitable for its detection. While the BAIl N-terminal antibody (BNT) used
extensively in the research of Chapters 2-4 is a powerful tool to detect both Vstat40 and
Vstat120, it conveys no information about the portion of extracellular BAIl remaining after
Vstat40 proteolysis occurs, tentatively referred to as Vstat80. This remaining fragment may
exert important biological activity of its own or undergo further proteolysis, however, and
thus its detection is critical for a complete understanding of BAI1 biology.

We selected the BAIl hormone-binding domain (HBD), a domain characteristic of
the cell adhesion GPCR subfamily, as an antigenic region for the development of another
antibody against extracellular BAIl. These hormone-binding regions are comprised of 30-35
amino acids featuring four highly conserved cysteine residues, which are thought to be
essential for the three-dimensional structure of the hormone-binding domain. Some of the
receptors in this subfamily have known peptide hormone ligands, including parathyroid
hormone (PTH) (Pioszak and Xu, 2008; Zhou et al., 1997), vasoactive intestinal peptide (VIP)
(Couvineau et al., 2010) and corticotropin releasing factor (CRF) (Pioszak et al., 2008).
Peptides and other agents that interact with the hormone-binding region or other parts of the
receptor may thus be used to investigate GPCR function (Fortin et al., 2009; Gomes et al.,

1999; Mijares et al., 2000). However, no hormone ligand has yet been identified for many of
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the cell adhesion GPCRs, including the BAI family proteins. Like the other cell adhesion
GPCRs, the BAI family of molecules has a HBD structure in their N-terminal domain. As
described previously, the BAIl N-terminal domain undergoes multiple known proteolysis
events, and the N-terminal domain has at least one non-hormone ligand, phosphatidylserine,
which regulates at least one cell signaling pathway via the BAIl C-terminal domain (Park et
al., 2007).

Ultimately, an antibody against the BAI1 hormone-binding domain would be useful
for a variety of experimental purposes. One important application of this reagent could be in
functional or cell signaling studies of activation or inactivation of the BAII receptor. Such an
antibody could compete with any identified natural hormone ligand for BAI1 GPCR activity
assays, or the enable the detection of other N-terminal cleavage fragments, including the
previously undetectable Vstat80 fragment. To this end, we sought to develop and

characterize an antibody specifically recognizing the BAIl HBD.



130

Materials & Methods

Cloning of GST-Vstat vectors. Vstat40 and Vstat120 were cloned into the pGEX-2T GST
expression vector (Invitrogen), which appends two tandem thrombin cleavage sites after a
glutathione S-transferase (GST) tag and before the inserted gene of interest. Briefly, the
inserts were generated by PCR using a primer complementary to an endogenous BamHI site
at the 5 end of the gene and a primer introducing an EcoRI restriction site at the 3 end, and
subsequently gel-purified (Qiagen). Inserts and vector were digested by BamHI and EcoRI
enzymes (New England Biolabs) at 37 °C for 5 hours. Digested DNA was gel-purified,
quantified and ligated using T4 DNA ligase (Invitrogen) according to the manufacturer’s
mstructions. Composition of resulting constructs was verified by digestion with restriction
enzymes.

Bacterial culture and induction. Bacterial strains utilized in this experiments were TOP10

(Invitrogen) and BL21.DE (Invitrogen), where indicated. E.coli were transformed with the
generated pGEX-2T-Vstat constructs and an aliquot amplified at 37 °C at an agitation of
250 rpm. Induction with allolactose homolog isopropyl B-D-1-thiogalactopyranoside (IPTG)
(0.1-1 mM) was carried out when the bacterial density yielded a reading of ODgoo: ~0.7 using
a spectrophotometer (approximately 3 hours). Following stimulation with IPTG, bacteria
were grown with agitation at 30 °C for an additional 3 hours prior to harvest or subsequent
experimental manipulation.

Western blot. For Western blot analysis, induced bacterial slurries were centrifuged at
15,000xg for 25 minutes to generate a bacterial pellet. Aliquots of sonicated bacterial pellets
were resuspended in 1x denaturing sample buffer and boiled for 3-5 minutes to reduce blot
smearing caused by high levels of DNA in the sample. Solubilized and dialyzed samples, in

addition to the wash buffers and all supernatants, were precipitated with 4 volumes of ice-
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cold acetone overnight, centrifuged 10,000xg for 15 minutes and air-dried prior to
resuspension in 1x sample buffer. SDS-PAGE was performed on 10% Criterion gels (BioRad)
and transferred to nitrocellulose at 87V for 1.5 hours at 4 °C, followed by blocking with fresh
5% PBST-milk for one hour and overnight incubation with the primary antibody, the anti-
BAIl N-terminal antibody described previously.

Bacterial pellet lysis. Centrifuged bacterial pellets were lysed for 25 minutes on ice using lysis

buffer: 100 mM Tris-Cl, 0.1% Triton X-100, 50 mM PMSF, protease inhibitors
(Galbiochem) and 1mM DTT. Lysates were centrifuged 15,000xg for 25 minutes to generate
a supernatant (soluble fraction) and pellet (insoluble fraction comprised of inclusion bodies).
Supernatants and pellets were precipitated with 4 volumes ice-cold acetone for Western blot
analysis or subjected to further manipulation.

Inclusion body resuspension. Inclusion bodies containing the GST-Vstats were solubilized

using 8M Urea buffer. A washing protocol was developed to solubilize the protein, consisting
of four steps with associated buffers (Doonan, 1996). Lysis: 100 mM Tris-Cl, 50 mM EDTA,
50 mM PMSF, lysozyme (300 ug/mL), sodium deoxycholate (I mg/mL) and DNAse (10
mg/mL). Lysates were incubated for 30 minutes on ice on rocker. Wash 1: Lysis buffer + 2M
urea + 0.5% Triton X-100. Lysates were incubated for 4 hours at RT on rocker. Wash 2:
Lysis buffer + 4M urea + 0.5% Triton X-100. Lysates were incubated for 2 hours at RT on
rocker. Solubilization: 8M urea, 50 mM Tris, | mM DTT. Final incubation ran overnight at

RT, on rocker.

Purification with dialysis. The dialysis was performed using ThermoScientific dialysis
cassettes (Catalog #87724). A volume of 15 mL solubilized GST-Vstat solution was placed in
the cassette and immersed in a covered beaker containing the indicated solutions of

decreasing urea concentration for the indicated time intervals. Constant stirring occurred
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during dialysis. (1) 24 hour incubation: 4M Urea, 50 mM Tris. (2) 24 hour incubation: 2M
Urea, 50mM Tris. (3) 24 hour incubation: 1M Urea, 50 mM Tris. (4) 24 hour incubation:
0.5M Urea, 50 mM Tris. Aliquots of dialysate were removed during each buffer change for
subsequent analysis or experimental manipulation.

Glutathione pulldown and thrombin proteolysis. Dialysate was incubated with glutathione

resin (ratio ImlL dialysate to 300 ul. beads) at 4 degrees Celsius overnight. Following
incubation, resin was centrifuged at 1500xg for 15 minutes at 4 degrees C and washed Ix
PBS. The pulldown fraction was resuspended in 300 ul. PBS and incubated with 1 U
catalytically active human thrombin (Sigma, Catalog #T4648) on the rocker at room
temperature overnight. Samples were centrifuged as before to yield supernatant and pellet
fractions for analysis with SDS-PAGE and Western blot.

Generation of the anti-HBD antisera. The rationale for the selection of the antigenic

region of the BAIl hormone-binding domain is described in the Results section. The
sequence was entered into Basic Local Alignment Search Tool (BLAST,
www.ncbi.nlm.nih.gov/blast/) database search engine to confirm a high degree of sequence
homology specificity for the human BAIl gene. Synthesis and keyhole limpet hemocyanin
(KLH) conjugation of the chosen antigenic sequence, CELDEEGIAYWEPPT, was
performed at Pocono Rabbit Farm and Laboratory, Inc. 666 Dutch Hill Road, PO Box 240,
Canadensis, PA 18325. This peptide was used to immunize a chosen rabbit using the
company’s commercial Quick Draw (28 day protocol) procedure.

Four preimmune sera were screened by Western blot for overall background levels
against a battery of cell and tissue lysates. All antisera were assessed at a dilution of 1:1000.
The rabbit with the least background immunoreactivity was selected for immunization with

the antigenic HBD peptide, with the understanding that low background levels could
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potentially indicate a sluggish immune system and the possibility of inefficient antibody
production. The immunized rabbit was boosted 4 times, with a 15 mL blood draw obtained

after every immunization for analysis. A total of 120 mL of antiserum was obtained.
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Results

Expression of GST-Vstat40 in inclusion bodies. In developing a protocol to optimize
GST-Vstat induction, we observed that bacteria transformed with the pGEX2T-Vstat40
vector produced a protein of approximately 55 kDa detectable by the BAIl N-terminal
antibody. This band was observed when the bacterial slurry was treated with IPTG at any of
the indicated dilutions for any of the durations under study (Figure 5.2A). This corresponds to
the size of the expected product of the GST tag (approximately 20 kDa) coupled to the
Vstat40 peptide. As this peptide appeared to be marginally increased at the highest level of
IPTG tested (I mM) when treated for 3 hours, further experiments on this construct were
conducted under these conditions. Of note, the BAIl N-terminal antibody recognizes a
background bacterial protein of approximately 60 kDa, which is observed in both IPTG-
treated and control bacterial slurries. We confirmed that this peptide was not due to some
nonspecific effect of either the transformation itself or the introduction of a Vstat40-
containing vector (Figure 5.2B), as no Vstat40 peptide was observed in extracts from FE.coli
transformed with a pcDNA3.1-Vstat40 vector.

We next wished to determine whether the GST-Vstat40 peptide was present in the
supernatant of the slurry lysate or whether it was localized in insoluble inclusion bodies. If
present in the supernatant, this peptide could be purified from the background with relative
ease, using reduced glutathione. Analysis of supernatants and inclusion body fractions from
IPTG-treated pGEX2T-transformed E.coli confirmed that under present induction
conditions the GST-Vstat40 band is specifically localized to the inclusion body fraction, and
that this band is specifically due to induction of the GST-Vstat40 peptide (Figure 5.3A). An
additional protocol to wash and solubilize the inclusion fraction was developed,

demonstrating that the GST-Vstat40 can be solubilized with minimal background using an
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8M Urea buffer (Figure 5.3B). Ultimately, this solubilized fraction must be dialyzed into
appropriate buffer conditions before proceeding with purifying the recombinant protein.

Expression of GST-Vstatl20 in inclusion bodies. We next expressed the GST-

Vstat120 vector in E.coli and observed that a peptide of approximately 150 kDa was induced
under induction conditions similar to those previously described for GST-Vstat120 (data not
shown). However, this construct yielded a significant amount of background detected by the
BAII N-terminal antibody. We therefore elected to induce this construct with 0.1 mM IPTG
in further experiments. As with GST-Vstat40, the GST-Vstat120 peptide and the majority of
the background proteins were observed to localize in inclusion bodies. These peptides were
solubilized only with 8M urea buffer; very little signal was observed in the wash buffer
fractions (Figure 5.4A). This finding was observed in both TOP10 and BL21.DE E.coli
transfected with the GST-Vstat120 construct (Figure 5.4B).

Initial results of purifying dialyzed GST-Vstat40 with reduced glutathione and

thrombin. We wished to dialyze the solubilized inclusion body containing GST-Vstat40 in
order to create buffer conditions suitable for GST pulldown and thrombin cleavage. To this
end, the solubilized GST-Vstat40 was dialyzed in buffers of decreasing urea concentration
using dialysis cassettes. Aliquots of the dialysate were taken with each buffer change to
monitor for sample loss (Figure 5.5A). Other dialysate aliquots were also incubated with
glutathione resin and subsequently with thrombin in an attempt to release purified Vstat40
into the slurry supernatant. While incubation with thrombin yielded a previously unobserved
fragment corresponding in size with cleaved Vstat40, this fragment was unexpectedly
observed in both the supernatant and glutathione pellet fraction (Figure 5B), suggesting that

Vstat40 may interact nonspecifically with the glutathione resin. A final step to remove
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thrombin from the reaction was not attempted but would be necessary to proceed with
purification.

To investigate the possibility of nonspecific interaction with glutathione, nontagged
Vstat40 was generated in the CM of mammalian cells and incubated with the glutathione
resin or a control agarose resin. While a minimal amount of unbound Vstat40 was observed
in the supernatant of the glutathione pulldown, a larger amount was observed to be retained
in the bead fraction (Figure 5.5C). In contrast, no Vstat40 was observed to be pulled down by
the agarose beads. In sum, these findings suggest that Vstat40 may have some previously
unknown specific interaction with glutathione. More immediately, it presents a significant
complication for purifying Vstat40 via this approach. Further troubleshooting will be
required to generate purified recombinant human Vstat40.

Factors complicating GST-Vstatl20 purification. As observed in Figure 5.4A, a

significant amount of nonspecific background is initally retained in the insoluble pellet
fraction when the GST-Vstat120 inclusion bodies are solubilized. In the hopes of reducing
this background prior to thrombin purification, we wished to determine whether the pH of
the dialysate of solubilized GST-Vstatl20 could be altered to improve binding of the
solubilized protein to the reduced glutathione. Following dialysis, the GST-Vstat40-
containing solution was found to have a pH of approximately 9. The solution was divided
into equal aliquots and pH-adjusted to the indicated values prior to incubation with reduced
glutathione. We observed that solutions adjusted to a pH of 7-8 showed improved peptide
binding to glutathione (Figure 5.6A). This step will be important in future studies for
removing the background for GST-Vstat120.

An additional problem with the thrombin approach to purification of the

recombinant Vstatl20 protein is that Vstatl20 itself appears to be cleaved by thrombin.
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Extracellular BAI1 contains one motif that is identical to one of the two known thrombin
recognition sites, Gly-Arg-Glysog (Figure 5.6B). This site is not found in Vstat40 but is present
in the Vstatl20 in the second TSR. Thus, while thrombin has not been demonstrated to
process extracellular BAIL, it is possible that it may cleave Vstatl20 at this site. If this 1is
demonstrated to occur, purification with thrombin of the entire GST-Vstat120 peptide may
not be a possibility. In support of this hypothesis, we observe that when dialyzed GST-
Vstatl20 is treated with thrombin, an additional band appears to be amplified in the
subsequent supernatant (Figure 5.6C, arrow). This band corresponds to the correct size of the
piece recognized by the BAIl N-terminal antibody if Vstat120 were cleaved at the predicted
thrombin cleavage site.

Identification of a desired antigenic region in the hormone-binding domain of human

BAII. In designing an appropriate antibody against the HBD of BAII, selection of a
desirable antigenic region in the BAIl HBD was determined in consultation with R. Hall.
Preferably, an antigenic sequence should be between 12-25 amino acids, as longer sequences
may promote structural complications. The sequence should contain no glycosylation
modification sites. Internal cysteines should be avoided due to the coupling to KLH via a
cysteine. We sought to minimize certain amino acids, including cysteine, methionine,
arginine, tryptophan, and glutamine, as well as the number of hydrophobic amino acids in
the sequence. No glutamic acid residues were included at the N-terminal end of the sequence
to prevent the formation of pyroglutamine by cyclization. Conversely, proline and tyrosine
residues are optimal and promote antigenicity. In accordance with these guidelines, the
human BAIl sequence CELDEEGIAYWEPPT was ultimately chosen as the source for the

HBD antibody.
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It should be noted that the mouse hormone-binding domain contains a similar
sequence, CELDEEGIAFWEPPT (Figure 5.7A), where the two species’ sequences are
identical except for the tyrosine substitution to a phenylalanine. As tyrosine is an antigenic
residue, this substitution may interfere with the effectiveness of this antibody in any future
administration to mice, or the detection of murine BAIl-derived peptides by Western blot.

Characterization of antiserum against the hormone-binding domain. The antiserum

was assessed for recognition of the BAIl N-terminal domain by Western blotting against
cellular extracts lacking or expressing BAIL. Specifically, whole cell extracts were prepared
from 293 cells mock-transfected or transfected with Vstatl20, wild-type BAIl or a
combination of the two vectors. The benefit afforded by this approach is that it verifies both
that the antiserum 1is specifically recognizing BAIl and that the recognition is specific to the
N-terminal domain. Compared to the background signal from identical extracts probed with
the preimmune serum (Figure 5.7B, left panel), the anti-HBD antiserum specifically
recognized the Vstat120 and full-length BAI1 proteins (Figure 5.7B, middle panel). Identity
of the recognized proteins was verified using the BAIl N-terminal antiserum (BNT, Figure
5.7B, right panel). Of note, Western blotting with BNT yields a stronger signal than blotting
with the HBD antibody when the primary antiserum 1is incubated at equivalent dilutions
(1:1000). This suggests that BN'T has a higher affinity for the denatured BAIl protein than
HBD, though the significance of this association is unclear.

Detection of BAIl fragments in CM. The HBD antiserum was able to detect the

presence of the Vstat120 fragment in the CM of 293 cells transfected with either wild-type or
S927D mutant BAIl ¢cDNA (arrow; Figure 5.7C). As shown by the N-terminal antibody, the
S927D construct yielded much higher levels of Vstat120 peptide. No fragment corresponding

to Vstat40 was detected by the HBD under these conditions, as expected. Other bands were
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detected in the CM of these transfected cells (indicated by asterix), but further
characterization is necessary to determine whether these bands represent other events of
proteolysis of the BAI1 extracellular domain, or whether they are nonspecific CM proteins

recognized by the antiserum, as has been shown for the N-terminal antiserum.
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Discussion

Retention of overexpressed proteins in inclusion bodies presents a major challenge for
those interested in purifying these molecules. In the present work, we have shown that we
have cloned the Vstat proteins into GST vectors and that the resulting constructs yield GST-
Vstats in the presence of IPTG. We have further shown that the inclusion bodies containing
the Vstats may be solubilized in 8M urea, and that this solution may be dialyzed into a Tris
buffer for further purification via pulldown with reduced glutathione. However, under the
conditions of the system, the majority of the dialyzed GST-Vstats either did not bind to the
reduced glutathione or was present in the wash buffer. Further optimization of the dialysis
and glutathione binding steps will be required if any large-scale production of GST-Vstats is
to be attained by this method.

Notably, we were able to precipitate GST-Vstat40 using reduced glutathione.
However, we show that non-GST-tagged Vstat40 expressed in the conditioned medium of
mammalian cells was also able to bind to reduced glutathione. This 1s likely due to the
predicted glycosylation of Vstat40 or some other aspect of its three-dimensional
conformation. However, it casts doubt on the assumption that the purification of GST-
Vstat40 1s due to a highly specific GST-glutathione interaction. Further work is necessary to
determine the integrity of the GST tag and to characterize the nature of the Vstat40-
glutathione interaction. If a way to avoid Vstat40-glutathione binding can be found, the
preliminary data show that bead-attached GST-Vstat40 may be processed into a fragment
corresponding to the size of Vstat40 following incubation with thrombin, suggesting that this
approach is able to yield the desired recombinant Vstat40 peptide. Again, troubleshooting to

improve the efficiency of thrombin cleavage will be useful in increasing the generation of
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rhVstat40. Further characterization with HPLC and mass spectrometry will be required to
verify identity and purity of this preparation.

Purification of rhVstatl20 poses a larger challenge due to the high levels of
background generated by construct induction and which are retained in the inclusion bodies.
The origin of these fragments i1s not immediately apparent. If many of these fragments are
due to GST-Vstatl20 degradation by bacterial enzymes, purification of the desired full-
length peptide is likely to pose a significant challenge. Another problem with the current
approach 1s that thrombin appears to cleave Vstatl20 at a canonical thrombin cleavage site
within the molecule itself. If GST-Vstat120 is to be purified, a different method of eluting it
from the glutathione slurry will have to be identified.

Further work is necessary to best elucidate how to purify the GST-Vstats from the
inclusion bodies. Preliminary work with 8M urea, dialysis and alterations of system pH
yielded modest success but it is likely that much of the expressed protein is lost in the process.
After a more effective approach is achieved, final experiments should focus on characterizing
the subsequent peptides with a combination of HPLC and mass spectrometry. Once this is
achieved, future experiments can begin to more precisely elucidate the function of the Vstat
proteins.

Even if this purification system were ultimately optimized and yielded the desired
recombinant Vstat peptides, a major limitation of this system is that the peptide is currently
expressed in bacterial cells, not mammalian cells. While this permits expression of a large
amount of relatively pure protein, it raises questions about its functionality. This is
particularly relevant for BAIl as its extracellular domain is believed to be heavily
glycosylated, which is very likely to contribute to its function and is a mechanism that is not

present in bacteria. There are thus concerns about the three-dimensional structure of the
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GST-Vstats in this system with important implications for the functionality of the resulting
peptides. One potential solution to this problem would be to express the constructs in insect
cells, which are able to attach modifications such as glycosylation.

Another potential alternative would avoid complications of dialysis and tag removal
altogether. If the Vstats nonspecifically bind glutathione, this interaction could potentially be
used to purify bioactive Vstats directly from the conditioned medium. Due to the likelihood
of CM contaminants also binding to the glutathione, this approach may prove problematic. It
may however be worth a serious attempt, if a cell line with minimal secretion of background
peptides is identified.

In addition to the work on GST-tagged Vstat peptides, in this chapter we also
demonstrate generation of antiserum that specifically recognizes the hormone-binding
domain of BAIl under the reducing conditions of gel electrophoresis. We further show that
the antiserum 1is sufficient to recognize the BAIl extracellular domain, both as a part of the
full-length BAIl receptor and when secreted into the CM, with high specificity and low
background. The HBD antiserum is able to detect Vstatl20 and replicate and confirm
findings of the BNT antibody of relative Vstat120 levels when derived from either the wild-
type or S927D mutant BAIl ¢cDNAs. As expected, the HBD antiserum does not detect
Vstat40, as this fragment does not contain the HBD.

This antibody is likely to prove useful for many applications. The antibody may
already be incorporated into ongoing studies of BAIl extracellular domain proteolysis. It may
also be an asset in studies of BAIl function as either a mediator of engulfment or angiogenesis
inhibitor. If the endogenous ligand for the BAIl HBD is identified, the antibody may be able
to compete for ligand-receptor binding, or function as an agonist. Such an interaction would

permit finely-tuned study of BAI1 function either under cell culture conditions or i viwo. For
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this and similar applications, it may thus be desirable to separate out the HBD antibody with
an additional purification step in order to remove background contaminants.

Further characterization will be necessary to fully understand the biological activity of
the HBD antibody. We have shown that it recognizes BAIl under the denaturing conditions
of Western blot, but have not tested whether the antibody recognizes the BAIl hormone-
binding domain 1in its native conformation, which may preclude its use in assays of that
domain’s functionality. More research will thus be necessary to determine whether the
antibody recognizes nondenatured BAIl, preferably using functional assays such as reporter
assays for the activity of Rho, Rac or B-catenin. Overall, the development of this antibody
constitutes an important step for a more complete understanding of the complex interplay of

proteolysis and ligand-binding activity of the BAIl N-terminal domain.
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Generating recombinant proteins: An experimental overview
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Figure 5.1. Schematic of steps involved in producing and purifying recombinant

Vasculostatin peptides.
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Figure 5.2. GST-Vstats are inducible following IPTG stimulation. (A) Results of IPTG
treatment of TOP10 E. coli transformed with pGEX2T-GSTVstat40. Western blot analysis
of pellet lysates with the BNT antibody. (B) Comparison of IPTG treatment of E.coli
transformed with pGEX2T-GSTVstat40 or pcDNA-Vstat40 to confirm specificity of

induction. * indicates nonspecific background.
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pGEX-Vstat40: soluble fraction
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Figure 5.3. GST-Vstat40 is localized in inclusion bodies following induction and lysis. (A)
Western blot demonstrating specific localization of GST-Vstat40 in E.coli inclusion bodies.
(B) Optimization of a washing protocol to remove background from the GST-Vstat40

inclusion body pellets. * indicates nonspecific background.
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Figure 5.4. Isolation of the GST-Vstat]120 inclusion body fraction. (A) Isolation of the GST-
Vstat120 inclusion body pellet from TOPL0 E.coli using the washing protocol. (B) Similar
expression and isolation of GST-Vstatl20 from BL21.DE E.coki. * indicates nonspecific

background.
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Figure 5.5. Dialysis and pulldown of GST-Vstat40. (A) Western blot demonstrating
successful pulldown of solubilized, dialyzed GST-Vstat40 by gluthatione resin. (B) Western
blot showing cleavage of pulled down GST-Vstat40 by recombinant human thrombin and
both released into the supernatant and retained in the bead fraction. (C) Retention of non
GST-tagged Vstat40 prepared from the CM of mammalian cells in the glutathione bead

fraction.
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Figure 5.6. Factors affecting GST-Vstatl20 purification by pulldown. A) Effect of

GST-Vstat120

< Thrombin
cleavage product

modulating pH on solubilized GST-Vstat120 pulldown by gluthathione resin. (B) Schematic
of canonical thrombin cleavage site in extracellular BAIl. (G) Western blot depicting
increased levels of a previously unidentified fragment when GST-Vstat120 is incubated with

thrombin, suggesting that thrombin may process the BAII extracellular domain.
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Figure 5.7. Development of an antiserum against the BAI1 HBD.

(A) Schematic of location and composition of antigenic peptide selected to generate the HBD.
Antigenic human sequence is shown in comparison to corresponding mouse sequence.

(B) Comparison of 293 extracts expressing indicated constructs and analyzed by Western
blot. Left: Extracts probed with the HBD preimmune serum (1:1000). Middle: Extracts
probed with the HBD antiserum (1:1000). Right: Extracts probed with the BAIl N-terminal
antibody (1:1000).

(C) CM from WT or S927D BAll-expressing cells probed with the HBD antibody,

replicating the findings of Vstat120 expression when probed with the BN'T antibody.
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CHAPTER 6.

DISCUSSION AND FUTURE DIRECTIONS.
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As emphasized in the introduction, aggressive gliomas constitute a significant health
problem for many, and the need for improved therapies is urgent. While many novel therapeutic
approaches to the treatment of gliomas have been unsuccessful at promoting patient progression-
free survival, much has been learned in the process to inform the continued development of
treatments for this disease. The prospect of using naturally-occurring molecules such as BAIl as
anti-angiogenic therapeutics continues to be an important area for further research in this regard.

The aims underlying the work summarized in the previous chapters have been to
characterize the cellular mechanisms underlying the generation of the primary known secreted
product of the BAIl extracellular domain, Vasculostatin-40, and to determine the functional
significance of this processing. Despite the focus on BAII, this research reveals novel insights
about the complexity of mechanisms regulating angiostasis, particularly in the brain.
Investigations of functionality indicate the significant promise of this molecule and its derivatives
as an anti-cancer agent or as a treatment for other neurological diseases marked by vascular
compromise. Finally, a more thorough understanding the biology of BAII significantly expands
and improves upon our knowledge of GPCR biology and pharmacology, especially that of the
class B GPCRs, a group which has historically received less attention, but whose complex
structure and function play vital roles in physiology and disease. Taken together, the results of
these studies paint a picture of a regulatory event with significant biological impact, both for

BAII itself and its microenvironment.
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6.1. Summary of results.

In Chapter 2, we observe that Vstat40 is a biologically relevant fragment of the BAIl
extracellular domain and that, like BAII, its expression is lost in GBM. We show that Vstat40 is
the primary known secreted fragment of the BAIl ECD and its processing is affected by levels of
Vstat120 secretion. Specifically, increases in Vstatl20 generation inhibit Vstat40 proteolysis,
suggesting that attachment of the ECD to the cell membrane is crucial to promote Vstat40
generation. Our data suggest that matrix metalloproteinase 14 (MMP-14) is directly responsible
for cleaving the extracellular domain of BAIl between amino acids 320 and 328 into

Vasculostatin-40 (Vstat40). This proteolysis is specifically inhibited by overexpression of tissue

MMP-14 structure B B e

™ PEX HNG CAT PRO

Golgi apparatus

Pro-MMP-14

Endoplasmic reticulum

Figure 6.1 Schematic representing localization and sequence of three major events in
BAIl proteolysis and MMP-14 activation during protein maturation. Abbreviations: TM,
transmembrane; PEX, hemopexin; HNG, hinge; CAT, catalytic domain; PRO,
propeptide sequence.
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inhibitor of metalloproteinases 3 (TIMP-3), a known MMP-14 inhibitor. The proprotein
convertase family of enzymes, particularly furin, play an important role in MMP-14 activation,
which serves to explain why Vstat40 proteolysis is reduced but incompletely inhibited when levels
of active furin are experimentally modulated. The ubiquitous expression of furin and MMP-14 in
the brain, and their upregulation in aggressive gliomas, supports the hypothesis that Vstat40
processing is likely a common biological event with widespread significance for the regulation of
angiostass.

We also show the association between the generation of Vstat120 and Vstat40, using the
BAI1-S927D mutant, which may act as a phosphomimetic substitution, and the BAII-3TM,
which lacks the C-terminal domain and 4 of the transmembrane repeats. As discussed in the
Introduction and illustrated in Figure 6.1, GPS proteolysis yielding Vstat]120 is believed to occur
in the endoplasmic reticulum. Because MMP-14 is believed to be inactive prior to its cleavage by
furin in the trans-Golgi network, it is hypothesized that Vstat40 has not yet been cleaved from
extracellular BAI at this stage. Once cleaved, Vstat]20 may be secreted into the medium or be
retained at the cell surface via non-covalent association with the transmembrane portion of BAIL.
BAIl containing the S927D mutation yields increased secreted Vstatl20, due to chemical
mechanisms as yet incompletely understood, and which leads to a significant decrease in the
production of Vstat40. Vstat40 production is also inhibited in a BAI1 construct containing only
the extracellular portion and three transmembrane repeats (BAI1-3TM). These findings strongly
indicate that association of the extracellular domain of BAIl with the transmembrane portion, or
with the cell membrane, is important for Vstat40 proteolysis. Additionally, MMP-14 is a
membrane-bound receptor and is likely to most efficiently cleave molecules also located at the
cell surface. Localization of the BAIl receptor, potentially via association of its PDZ-binding

domain with specific scaffolding molecules, may thus be critical for this event, possibly by
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aligning BAII in proximity to MMP-14. These hypotheses remain to be tested, possibly through
co-immunoprecipitation studies that could be used to demonstrate a physical association. What
becomes of the portion of extracellular BAIl following Vstat40 proteolysis, tentatively named
Vstat80, 1s a question that is as yet unanswered, although the HBD antibody described in
Chapter 5 is now available to address this problem.

In Chapter 3, the functional significance of Vstat40 generation is examined by
investigating the anti-angiogenic activity of Vstat40. Vstat40 is observed to inhibit angiogenesis in
a battery of standard culture assays, indicating that its proteolysis is not necessarily a mechanism
to inhibit the potent anti-angiogenic activity of Vstatl20. While both Vstat40 and Vstat120
inhibit endothelial cell migration and tube formation in a CD36-dependent manner, the data do
not provide a clear interpretation of their relative potency. A more precise system of
experimental Vstat administration, such as the purified peptides obtained from the GST
pulldown approach described in Chapter 5, is necessary to most conclusively elucidate their
differential bioactivity. We further show that CD36 is expressed on the vasculature of mouse and
human brains as well as human GBM, indicating that Vstats are appropriate therapies for this
target m vivo. We include the caveat that as CD36 does appear to be broadly expressed and not
limited to tumor-associated vasculature, administration of CD36-interacting peptides may have
unwanted consequences in vivo, such as the induction of apoptosis in healthy vessels. Future
clinical use of Vstats should factor in the goal of site-specific administration to avoid side effects of
this kind. Importantly, Vstat40 is demonstrated to inhibit angiogenesis i viwo, supporting the
rationale for further investigation of its therapeutic properties. Finally, preliminary evidence
indicates that Vstat40 may act to counteract the pro-permeability effects of VEGF in culture,

suggesting an alternative therapeutic application for this molecule.
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In Chapter 4, we observe that, in contrast to the published reports on Vstat120, Vstat40
1s not sufficient to inhibit the growth of orthotopic LN229-derived glioma xenografts when
induced via doxycycline administration. The previous Vstatl20 studies utilized clones of a
different tumor cell line (U87MG), and which expressed Vstatl20 constitutively (Kaur et al.,
2009), rendering any comparison to these results imperfect. Further, previous work on LN229-
derived xenografts expressing Vstatl20 have previously exerted a less dramatic effect on
subcutaneous tumor growth than upon the tumorigenecity of U§7MG-derived clones. Thus, one
cannot rule out cell line-dependent mechanisms underlying Vstat40’s failure as an anti-tumor
therapeutic, or the possibility that it may yet demonstrate anti-tumor efficacy. Notably, we
observe that Vstat40 significantly inhibits angiogenesis in xenografts only when Vstat40
expression 1s induced, in keeping with observations of Vstat120 activity (Kaur et al., 2005; Kaur
et al., 2009). We demonstrate other effects that may depend on Vstat40 expression, such as
significant differences in tumor cell morphology and adhesive properties, and a reduction in the
levels of cleaved caspase 3. Collectively these observations serve as an indication of the bioactivity
of Vstat40, which may extend beyond the regulation of angiogenesis in i viwvo models.

Also in Chapter 4, we take a step back to examine the role of BAII in the larger picture of
glioma biology, an analysis made possible due to recent developments in microarray and clinical
analysis of large numbers of tumor specimens. We confirm previous observations that BAIl
expression is lost in astrocytomas and GBM and that the loss is proportional to increase in tumor
grade. In keeping with the hypothesis that BAI1 acts as a tumor suppressor, we show that higher
levels of BAIl confer a statistically significant survival benefit to astrocytoma but not GBM
patients. Importantly, we demonstrate for the first time that elevated BAII is also associated with
reduced levels of GBM angiogenesis, confirming the importance of pursuing studies of its

molecular biology or therapeutic significance.
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These microarray data also permit a big-picture investigation of the biology of multiple
angiogenesis regulators in tumors. The prevailing hypothesis, described previously as the
“angiogenic switch,” is that more successful tumors generally upregulate pro-angiogenic
molecules and downregulate angiogenesis inhibitors (Hanahan and Folkman, 1996). This
imbalance leads to an overall gain in tumor neovascularization, subsequently promoting tumor
growth and metastasis. Interestingly, we observe that tumors do not treat all angiogenesis
regulators according to this simple principle. If the principle were generally correct, one would
expect to see low levels of angiogenesis inhibitors and high levels of angiogenesis stimulators
when BAII levels are low, and vice versa. When expression of other pro- and anti-angiogenic
molecules, such as VEGF, TSP-1, interleukins, and the endostatin precursor collagen XVIII, is
ordered by increasing BAIl expression, several distinct patterns of regulation emerge.
Specifically, the expression of molecules such as IL-6 and TSP-1 decrease as BAIl increases,
while expression of VEGF-A and HIF-lalpha does not change in relation to BAIl and
expression of BAIs 2 and 3 is positively correlated with BAI1 expression. The specificity of the
observed patterns, and their robustness across databases, suggests that some angiogenesis
regulators may be regulated in concert by tumor-specific mechanisms currently unknown. The
significance of these observations is not yet clearly understood, but further investigation may
yield important insights impacting the optimization of anti-angiogenic therapy for aggressive
gliomas.

In Chapter 5, we highlight noteworthy technical advances aimed at encouraging novel
and finely-tuned investigations of the biology of BAII. First, we show development of constructs
that yield GST-tagged Vstat peptides upon induction in bacteria. This system currently requires
improvement in several arenas, primarily in enhancement of the specific binding of dialyzed

GST-Vstats to glutathione resin. While more troubleshooting is required to perfect this
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approach, however, the generation of purified recombinant Vstat peptides will be of great benefit
to studies of Vstat functionality, as the current approach using Vstats expressed in conditioned
medium is beset by concerns of contaminants and lack of quantifiability. Further, we
demonstrate the generation of antiserum against the BAIl hormone-binding domain. This
antiserum will be useful to detect other portions of the BAII extracellular domain not recognized
by the antibody against extracellular BAI1 used in these studies to identify Vstat40 (BNT),
permitting the observation of other fragments or proteolysis events occurring in the BAII
extracellular domain. It may also serve as an agonist or antagonist of BAI1 activity, or competing
with an endogenous HBD ligand. Together, these advances set the stage for the next generation

of BAIl studies and offer new avenues for these investigations.

6.2. Conclusions.

We identity that furin-activated MMP-14 directly processes extracellular BAIl at a
previously unknown cleavage site into a secreted, highly-abundant fragment. While both furin
and MMP-14 are implicated in tumorigenesis, we show that they act sequentially to generate a
novel angiogenesis inhibitor, Vstat40. We show that Vstat40 generation is not merely a
mechanism to inactivate Vstatl20, though it is as yet difficult to draw precise comparisons of
their bioactivity. While a wealth of clinical and i silico data demonstrates the promise of the
BAIs, particularly BAIL, for cancer therapy, studies of Vstat40 represent a less promising avenue
for future followup in that arena than those of full-length BAI1 or the Vstat120 peptide, due to its
negligible effect on subject survival using the inducible model described in Chapter 4. However,
these observations per se are not conclusive proof of its lack of anti-tumor activity and should not
be taken as a rationale not to pursue further work on the utility of Vstat40 as an anti-tumor

agent. Indeed, we observe that the LN229-derived glioma xenografts used in the mn viwo
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tumorigenesis study demonstrate significantly decreased angiogenesis when Vstat40 is induced
with doxycycline. That Vstat40 expression does not exert a significant effect on subject survival
under these conditions does not diminish the significance of its overall biological effect in gliomas
or in the normal cellular milieu. The MMP-14 proteolysis event is clearly robust and highly
conserved as Vstat40 is observed in the conditioned medium of a variety of cells transfected with
BAIl cDNA. Vstat40 cleavage may thus affect multiple aspects of BAIl function, as
angioregulator, engulfment mediator, cell adhesion molecule, or GPCR. When taken together,
these results demonstrate that Vstat40 processing is an important biological event, and 1is

ultimately likely to have important consequences for neurovascular or glioma biology.

6.3. Future directions.

One important criticism leveled at the current approach to studying the Vstats is that
currently there is no conclusive method by which one can accurately compare the efficacy of the
Vstat peptides in biological assays, and in so doing derive conclusions about their relative
functions i viwo. The differential effects of Vstat40 and Vstat120 on tumor growth, among other
differences, underlie the need for further exploration of these questions. To this end, production
of purified recombinant human Vstat fragments will be the best and most reliable method to
compare their activities, and for this reason, it will be essential for further studies on this subject
to troubleshoot and improve upon the preliminary system designed for this purpose and
described in Chapter 5. When optimized, this system, based on the generation of GST-tagged
Vstat proteins, will represent an important advance in the study of BAIl function. For example,
preliminary work with GST-tagged Vstatl120 suggests that thrombin as well as MMP-14 may act
to process extracellular BAIl into secreted fragments (Figure 5.6C). More extensive analyses

should be undertaken to determine whether Vstatl20 or the putative Vstat80 fragment are
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cleaved into smaller fragments by thrombin or other undetermined enzymes. BAI2 is also known
to be cleaved (Okajima et al., 2010), suggesting that the extracellular domains of the three BAI
family members undergo proteolysis, with broad functional implications.

In any event, proteolytic cleavage is likely to affect the biological activity of the receptors
themselves. To this end, further studies on BAIIl should be informed by previous work on the
protease activated receptor 1 (PARI). Extensive research has shown that thrombin’s proteolysis
of the extracellular domain of PAR1 exposes a tethered ligand in the cell-attached portion of the
ECD, leading to both receptor and platelet activation (Andersen et al., 1999; Macfarlane et al.,
2001; Vu et al., 1991). Notably, the secreted fragment generated from this PAR1 proteolysis may
act as an inhibitor of angiogenesis, termed parstatin (Zania et al., 2009). The proteolysis 1s thus a
critical means of regulating intracellular signaling of PAR1, itself a GPCR. It is possible that such
a proteolysis exposes a similar peptide ligand in the ECD of BAII, and this event could have
functional consequences for intracellular BAI1 signaling. Exposure of such a tethered ligand
could result either from MMP-14 processing or by thrombin processing at the canonical
thrombin cleavage site, though the latter has not yet been demonstrated in culture or n vio.
Opverall, this comparison with the biology of PARI opens up avenues for research into other
important functional consequences of Vstat40 generation.

An important limitation of research on the function of the BAI1 extracellular domain is
that the BN'T antibody detects both Vstat40 and Vstat120 but not the piece of extracellular BAIl
remaining after Vstat40 processing, tentatively named Vstat80. If stable, the Vstat80 piece would
contain four bioactive TSRs, and could prove to inhibit tumor growth with similar efficacy to
that of Vstat120. Further research into the use of fragments of extracellular BAIl as anti-cancer
therapeutics could be designed to focus on verifying the existence of Vstat80 and evaluating its

anti-tumor activity. Naturally, such studies would also further our understanding of the function
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of BAII and its extracellular domain in particular. To this end, these experiments could utilize
the newly-designed antibody against the BAI1 hormone-binding domain, described in Chapter 5,
to detect the presence of Vstat80 or other BAIl-derived peptides undetectable with the N-
terminal antibody.

Other research on Vstat40 may focus on its potential ability to regulate vascular
permeability as well as angiogenesis, and results of preliminary experimentation in this area are
described in Chapter 3. Most research on the functionality of the BAII extracellular domain has
focused on its thrombospondin type | repeats, and with good reason, as they appear to exert an
important influence on the angiogenic process via engaging the CD36 receptor. Another motif
implicated in the regulation of angiogenesis is the RGD motif found in Vstat40 and Vstatl20.
Integrins containing an oy subunit bind RGD motifs found in extracellular matrix proteins, and
soluble RGD-containing proteins can be used to compete with cell attachment to the
extracellular matrix. Thus, Vstats are capable of interfering with the function of integrins, which
serve as essential co-regulators of VEGFR2 signaling (Byzova et al., 2000; Somanath et al.,
2009). A more in-depth study, using a construct with a mutation in the RGD motif (Vstat40-
RAD), would more conclusively determine the mechanisms by which Vstat40 inhibits VEGF-
induced vascular permeability and any involved downstream signaling pathways (Gavard and
Gutkind, 2006). A more thorough investigation of Vstat40’s cell surface targets will further our
understanding of Vstat40’s anti-permeability activity, whether through an interaction with the
VEGFR2, VEGF itself, or integrins, and determine which intracellular signaling cascades are
regulated in the process.

A final important direction for future studies of BAIl function should be its role in the
brain as a cell surface molecule with important implications for synaptic function. As previously

noted, BAII interacts with a variety of molecules associated with the post-synaptic density (Lim et
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al., 2002; Shiratsuchi et al., 1998a). If expressed at synapses or associated glia, BAIl or its Vstat
derivatives could play a role in synaptic function, or the maintenance of the neurovascular niche
so critical to brain function (Abbott et al., 2006; Pumiglia and Temple, 2006). Further, the TSRs
of TSP-1 are known to play an important role in synaptogenesis (Christopherson et al., 2005),
and it is conceivable that the TSRs of BAIl could have similar activity. Further studies, ideally

using a BAI1 knockout mouse, should investigate this interesting possibility.
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APPENDIX 1

PROTOCOLS

Protocols used in experiments:

1. Cell culture

2. Transient transfection of cDNA and siRNA in mammalian cells

3. Preparation of conditioned medium from mammalian cells

4. Protein precipitation by trichloroacetic acid (TCA) or acetone

5. PAGE/Western blot analyis

6. Sulforhodamine B (SRB) and crystal violet cell growth assays

7. Modified Boyden chamber cell migration assay

8. Scratch wound cell migration assay

9. Matrigel endothelial cord formation assay

10. Quantitative directed i vivo angiogenesis assay (DIVAA)

11. In vitro vascular permeability assay

12. Vector cloning

13. Preparation of stable inducible clones for tumorigenesis studies

14. In vivo vascular permeability with Evans blue dye in intracranial tumors
15. Production of GST-tagged peptides and inclusion body solubilization

16. Dialysis and thrombin purification of GST-tagged peptides
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Protocol 1. Cell culture.

Tumeor and immortalized cell culture. Culture immortalized cells in DMEM with 10%
fetal bovine serum (FBS) and antibiotics and passage every 2-4 days. Treat cells with
ciprofloxacin as necessary to prevent mycoplasma contamination.

Complete immortalized cell culture medium:

-  DMEM (Mediatech, 10-013-CV) 400 mL
- Fetal bovine serum (Gibco) 45 mL
- Nonessential amino acids 5 mL

- Sodium pyruvate 5 mL

- Antibiotic/Antimycotic solution 5 mL

Immortalized cell types used in experiments:

Human glioma cell lines U§7MG, LN229, U251-B12, and stably transfected derivatives.
Other cancer cell lines: LoVo (human colon adenocarcinoma).

Other: HEK 293, HFF-1 (immortalized human fibroblasts)

Refer to cell line information sheets for specific details regarding generation and selection

maintenance.

Primary endothelial cell culture. Frozen stocks may be obtained from the Emory
Dermatology Core. Culture endothelial growth medium supplemented with growth factors
(Lonza, CC-4176). Treat with ciprofloxacin as necessary to prevent mycoplasma

contamination.
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Complete primary endothelial culture medium (all included inl.onza):

- Endothelial growth medium 400 mL
- GA1000 (gentamycin/amphotericin) 0.5 mL
- Heparin 0.5 mL
- Hydrocortisone 0.2 mLL
- Ascorbic acid 0.5 mL
- RS3-IGF-1 0.5 mL
- hFGF-B 0.5 mL
-  hEGF 0.5 mL
- VEGF 0.5 mL
- FBS 10 mL

Primary cell types used in experiments:
Human dermal microvascular endothelial cells (HDMECs) and human umbilical vein

endothelial cells ( HUVEGs).

Special waste considerations: dispose of biological material into Biohazard containment

receptacles.
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Protocol 2. Transient transfection of cDNA and siRINA in mammalian cells.

The purpose of this experiment is to generate transient expression of desired genes in
mammalian cells. This protocol is derived from the GenePorter (Genlantis) protocol for
transfection. Please refer to the manufacturer’s instructions. All experimental apparatus must

be kept sterile during transfection.

Reagents and Equipment

Mammalian cells of interest

Culture media: both complete and serum-free

15 mL tubes (Corning) and culture plates (10-15 cm)
1x sterile PBS

GenePorter transfection reagent

Purified cDNA or siRNA

Protocol
- Grow cells of interest to 60-80% confluency in plates or wells of desired size for
experiments. To generate large quantities of CM or generate stable clones, 100-150
mm dishes are preferable, while 6 or 12 well plates are preferable for siRNNA
transfection.
- Incubate GenePorter (20 uL./mL of serum-free transfection medium) and purified
plasmid DNA (0.5-1 ug/mL) or siRNA separately in 15 mL tubes containing half the

total transfection volume of serum-free medium for 10 minutes. Mix by inversion.



203

-  Combine GenePorter and DNA mixtures and mix by inversion. Incubate for 10
minutes at room temperature and briefly centrifuge.

- Meanwhile, wash cells thoroughly with PBS 2x.

- Add transfection medium to plates or wells and swirl gently to cover.

- Allow transfection to proceed for 4-6 hours in cell incubator.

- Terminate transfection either by aspirating transfection medium and adding complete
medium, or by adding medium containing 20% FBS in a 1:1 ratio.

- Allow transfected cells to recover overnight.

- Continue with experimentation or proceed to collection of CM by washing off all

complete medium with PBS and incubating in serum-free medium.

Special waste considerations: Dispose of biological material in appropriate Biohazard box.
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Protocol 3. Preparation of conditioned medium from mammalian cells.

The purpose of preparation of conditioned medium (CM) is to generate quantities of
bioactive, biologically-generated secreted proteins for use in experiments. It should be noted
that different cell types may endogenously express different levels of secreted proteins that
may confound experimental findings. It may be desirable to screen the background CM of
secretor cells with Coomassie or silver stain to determine if other proteins are expressed at

high levels.

Reagents and Equipment

Mammalian cells of interest

Culture media: both complete and serum-free

15-50 mL tubes (Corning) and culture plates (10-15 cm)

Ix sterile PBS

For concentrating: Amicon concentrators of desired volume (15 mL suggested)

Protocol
- Prior to CM collection, transfect cells to express the desired protein of interest. It is
important that cells recover overnight in serum-containing medium prior to CM
collection.
- Wash cells extensively with PBS to remove bovine serum albumin from cell surface.
- Incubate cells for 24-48 hours in serum-free medium for all CM collections. Do not
use serum-containing medium. Incubation periods longer than 48 hours are not

recommended as cells will begin to undergo apoptosis.
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Harvest CM by pipetting into 15 or 50 mL conical tubes. Keep tube contents sterile if
they will be used in further biological experiments.

Centrifuge CM at 6000xg for 15’ to remove floating cells prior to analysis or
concentration.

Precipitating CM: proceed to CM precipitation protocol to generate samples for

Western blot analysis.

Concentrating CM for biological experiments:

Transfer centrifuged CM to the top compartment of an Amicon Ultra concentrator (5
kDa MW cut-off), being careful to maintain sterile conditions.

Centrifuge at no greater speed than 6000xg as faster speeds may compromise the
filter membrane.

The time of centrifugation may range depending on the temperature of the centrifuge
(recommended: 4-9 degrees Celsius) and the volume of the sample to be concentrated.
It is recommended to monitor centrifugation at regular intervals, such as every 20-30
minutes, to prevent overcentrifugation and sample loss.

Concentrate sample to desired volume. For example, a 15 mL starting sample may be
concentrated approximately 30x to a final volume of 500 uL. This concentrated
sample may be diluted in appropriate medium to 1x (33 ul. concentrate in I mL of
medium).

One may elect to save samples of CM prior to and after concentration to determine
success of sample concentration or gain an understanding of levels of protein
expression in the final sample(s).

Store unused concentrate at -80 degrees Celsius.
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- Alternatively, sample may be buffer-exchanged after concentration. Simply add 15
mL of reaction buffer to concentrated sample and invert to mix, then recentrifuge to
desired reaction volume (100-500 uL).

- If desired, a Bradford assay may be performed to quantify protein in the sample. For
identifying levels of specific proteins in a heterogenous CM mix, however,

quantification using Western blot may prove more useful.

Special waste considerations: Dispose of biological material in appropriate Biohazard box.
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Protocol 4. Protein precipitation by T'CA or acetone.

The purpose of this experiment is to precipitate the secreted contents of conditioned medium
from animal cells to ascertain levels of secreted proteins.
Recommended usage: TCA precipitation may be desirable for large samples, while acetone

precipitation may be desirable for small samples.

Reagents and Equipment

Mammalian cells of interest

Culture media: both complete and serum-free for the preparation of CM described in
Protocol 3.

15 mL tubes (Corning) and culture plates (10-15 cm)

1x sterile PBS for washing pellets

Acetone (chilled to -20 degrees C), or

50% TCA: diluted in dH2O and stored at 4 degrees C. Protect from light.
Vortexer

High-speed (15-20,000xg) centrifuge

Eppendorf tubes

1x Laemmli sample buffer

Protocol
- Harvest CM and centrifuge at 6000xg for 15 minutes at 4 degrees Celsius to remove

floating cells.
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TCA precipitation:

Dilute trichloroacetic acid (TCA) to 50% with dH2O. Store at 4 degrees. Protect
from light. Take extreme care when handling TCA as it is highly corrosive.

Add 250 uL. 50% TCA for every mL of CM. Invert or vortex to mix thoroughly.
Place samples on ice for one hour.

Following precipitation, centrifuge samples at maximum speed (15,000xg) for half an
hour at 4 degrees.

Remove samples from centrifuge immediately and decant supernatant.

Wash step (at least one is important to remove residual TCA): wash cell pellet with
acetone.

Centrifuge as before. Decant supernatant. Allow to air-dry, inverted, over a paper
towel, for 10-15 minutes.

Resuspend samples in desired volume of 1x sample buffer (try 150 uL for a 5 mL

starting sample) for Western blot analysis.

Acetone precipitation:

Pre-chill acetone in -20 degrees Celsius.

Add 4 volumes of ice-cold acetone to CM. Invert or vortex to mix thoroughly.

Place samples at -20 degrees for at least 2 hours; overnight if possible.

Following precipitation, centrifuge samples at maximum speed (15,000xg) for half an
hour at 4 degrees.

Remove samples from centrifuge immediately and decant supernatant.

Allow samples to air-dry, inverted, over a paper towel for 10-15 minutes.
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- Resuspend samples in desired volume of 1x sample buffer (try 150 uL for a 5 mL

starting sample) for Western blot analysis.

Notes on CM precipitation

- There is not enough protein in typical CM collected in serum-free medium to yield a
“pellet”: precipitate will look like a fine white mist along one edge of the tube.

- If'a pellet is present, it is likely due to too much BSA remaining in the CM from an
incomplete wash of the cells prior to CM collection. Anticipate a distortion of the
Western blot at approximately 60 kDa.

- When resuspending in sample buffer, make sure to generously wash the inside of the
tube with buffer to make sure all precipitate is resuspended. It may be desirable to
recentrifuge the tubes briefly to minimize sample loss.

- When working with TCA, take care that the sample buffer does not change color
from blue to yellow (due to residual acid from the TCA). If so, add a small amount of

dilute NaOH until buffer regains its color.

Special waste considerations: dispose of acetone and TCA in special containers. Dispose of

biological material in appropriate Biohazard box.
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Protocol 5. PAGE/Western blot analysis.

The purpose of this protocol is to analyze the expression of proteins in a sample of

whole cell extract or conditioned medium.

Reagents and Equipment

Samples (CM or WCE) to be analyzed

Gel-loading pipet tips

Power supply for electrophoresis

BioRad precast Criterion gels of desired acrylamide concentration (18 well gel/10%: Catalog
#345-0010)

BioRad electrophoresis (running) apparatus

BioRad electrophoresis (transfer) apparatus

BioRad sandwich cassette for transfer

Whatman paper

Nitrocellulose membrane

1x running and transfer buffers (below)

Ponceau staining solution

1x PBS-0.2% Tween20 detergent (“PBST”), or

1x Tris-buffered saline-0.1% Tween20 (“TBST”)

Powdered milk, bovine serum albumin or other blocking agent
Primary and secondary antibodies

Chemoluminescence detection reagent (Pierce)
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Protocol

SDS-polyacrylamide gel electrophoresis (SDS-PAGE):

Electrophoresis (“running”) buffer: (10x stock in 1L. dH2O)

= Tris-Cl 302 ¢
*  Glycine 144 ¢
= SDS 10 g

Running buffer and stock do not need to be pHed, and may be stored at room
temperature. For best results, make 1x running buffer fresh each time.

Preferably premade gels should be used to minimize gel imperfections and make most
efficient use of time.

Plan sample loading in gel. A little diagram of what lanes contain what samples will be
helpful when analyzing blot later.

Select a gel (BioRad Criterion preferred) based on size of protein of interest. 10%
acrylamide works well when visualizing proteins in the 30-70 kDa range.

Rinse gel with dH2O and remove protective strip at bottom.

Add samples (20-35 ul./well, depending on well size) to gel carefully, to avoid sample
loss or spillage. Do not keep samples on ice prior to loading as some sample
components may start to accumulate due to the cold, making equal pipetting difficult.

Reserve at least one lane for protein size marker (15-20 uLl).

Electrophoresis: 80V for 15 minutes, until the samples contact the resolving gel. After
this, voltage can be increased to 110V. Monitor sample progress through the gel to

prevent sample loss. Electrophoresis should last 2-2.5 hours.
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- Turn off power supply and remove gel from PAGE cassette.

- Prepare transfer “sandwich” as shown in figure by preparing plastic casing, 4 pieces
Whatman paper and two sponges in transfer buffer as shown. Prepare a piece of
nitrocellulose membrane by cutting it to gel dimensions and soaking it in
electrophoretic transfer buffer. Be careful when handling membrane as it is fragile

and may pick up skin proteins.

Transfer setup

Membrane

Gel [
Whatman paper
Sponge

Electrophoretic transfer:

- Transfer buffer (10x stock in 1L. dH20)

= Tris-Cl 302 ¢
= Glycine 144 ¢
= SDS lg

- Transfer buffer stock does not need to be pHed and may be stored at RT.



213

- Transfer buffer, 1x working dilution (1xin 1.5 L):

=  ]10x Transfer buffer 150 mL
=  Methanol 300 mL
= dH20 1050 mL

- Ix transfer buffer should be stored at 4 degrees C.

- Open gel casing using specially designed top of PAGE cassette. Carefully exise top
(wells) and bottom (thick ‘“foot’ of gel) with a razor blade and discard.

- Gently lift gel and place on top of Whatman paper in transfer buffer.

- Cover gel with prewet transfer membrane and roll a glass pipette tube over the
membrane to remove bubbles between membrane and gel. Cover with remaining
Whatman paper and sponge and close transfer sandwich.

- Place cooling pack and stir bar in clean transfer cassette.

- Place transfer sandwich in transfer cassette and cover with 1x transfer buffer.

- Transfer: 87 V for 1.5 hours or 50 V for 3 hours. Transfer should be done at 4
degrees. Incubate transfer cassette in ice bucket if necessary.

- Stop transfer and determine that lane marker has transferred to membrane. Wash
membrane with PBS.

- If desired, incubate membrane with ponceau stain prior to antibody treatment to
determine levels of protein and verify that there are no bubbles interfering with signal.

- Remove ponceau by washing with 0.2% PBS-Tween20.

Antibody incubation: refer to manufacturers’ protocols for specific wash buffers to be used

for particular antibodies (Cell Signaling: use TBST-BSA instead of PBST-milk).
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- Block membrane in fresh 5% PBST-milk for 1 hour.

- Incubate with primary antibody (BNT: 1:1000) in PBST-milk overnight at 4 degrees
on the rocker.

- Wash 3x 5 minutes with PBST at RT.

- Incubate 5-7 hours at RT on rocker with respective secondary antibody (rabbit
1:1000, Dako preferred) in PBST-milk.

- Wash 3x 5 minutes with PBST. An additional quick wash step with PBS may be
desired.

- Prepare chemiluminscence detection agents. Cover the membrane thoroughly with
ECL agents, seal under plastic flap in ECL cassette, and visualize with film in the

darkroom.

Special waste considerations: 1x transfer buffer may be stored and reused once.

Methanol-containing liquids should be properly disposed of.



215

Protocol 6: Sulforhodamine B (SRB) or crystal violet cell growth assay.

These simple staining procedures are useful to analyze cell number increase over time (ie,

net growth). SRB staining protocol is derived from (Vichai and Kirtikara, 2006).

Reagents and Equipment
Mammalian cells of interest
Culture media: both complete and serum-free
Culture plates (Corning; 10-15 cm)
1x sterile PBS

Spectrophotometer

TCA, chilled

Sulforhodamine B

Acetic acid

10 mM Tris buffer, or

Crystal violet

Methanol

Protocol
- Trypsinize cells under study and plate in a 24-well plate at a density of 2.5 x10* cells
per well in complete medium.
- If administering an inducing agent, such as doxycycline (2 ug/mL), wash cells and

add in fresh complete medium after each 24 hour period.
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- Fix cells at 4 degrees with cold 10% TCA in PBS after the desired time intervals (0 hr,
24 hr, 48 hr, 72 hr, 96 hr).

- Wash fixed cells 3x with dH2O and air-dry prior to staining.

- SRB staining: prepare 0.4% SRB in 1% acetic acid solution

- After staining | hr, wash cells 5x with 1% acetic acid and air-dry.

- Solubilize SRB dye with 10 mM Tris buffer and quantify absorbance using a

spectrophotometer at 564 nm.

- Crystal violet staining:

- Wash cells with PBS and fix for 10 minutes on ice using ice-cold methanol.

- Aspirate methanol and cover cells with crystal violet stain (0.5% crystal violet in 25%
methanol) for 10 minutes at room temperature.

- Wash cells thoroughly with dH2O to remove excess dye. Allow to air-dry.

- Cells may be counted or the dye solubilized in 100% methanol for quantification.

- Quantify absorbance at OD540.

Special waste considerations: solutions containing methanol or TCA should be disposed of in

appropriate containers.
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Protocol 7. Modified Boyden chamber cell migration assay

The purpose of this assay is to quantify the migration of cells in response to a stimulus and/or

the presence of an inhibitor.

Reagents and Equipment

Mammalian cells of interest (endothelial between passages 2-5)
Endothelial culture media: both complete and serum-free
Culture plates (10-15 cm; Corning)

Transwell chambers (Becton Dickinson labware #353097, with a pore size of 8 um.)
Migration-stimulating or inhibiting agents of interest
Hemocytometer/microscope

Q-tips

Diff-Quik staining kit (Dade Behring)

Aspirator

Trypsin-EDTA

Microscope slides, coverslips, razor blades, tweezers and clear nail polish

Protocol
- Grow cells of interest to generate a desired quantity of cells. Serum-starve cells
overnight prior to performing assay. Maintain sterile conditions and reagents during
experiment.
- Hydrate Transwell chambers with 200 uL serum-free culture medium prior to

plating.
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If using a migration-inhibiting agent, suspend agent in serum-free culture medium at
desired concentration (concentrated CM should be used at 1x). Otherwise, use plain
serum-free culture medium to resuspend counted cells (next step).

Wash, trypsinize and count cells with a hemocytometer. Resuspend cells in serum-free
culture medium at a desirable density for plating (eg, 5x10* cells /100-200uL.).

If using a migration-stimulating agent, suspend at desired concentration in serum-
containing or serum-free culture medium for use in the bottom chamber. Otherwise,
use serum-containing culture medium.

Add 500 uLL (migration-stimulating) serum-containing culture medium to bottom well
of Transwell chambers, making sure that the chamber insert rests in the migration
stimulating medium.

Plate in triplicate at a density of 5x10? cells per chamber in the top well of Transwell
chambers.

Incubate cells in cell culture incubator for 8-12 hours.

Remove cells from top side of membrane using a Q-tip. Wash membrane with PBS to
remove dislodged cells, and remove wash buffer with an aspirating pipet. **Be careful
not to touch tip of aspirator to fragile membrane during washes.

Fix and stain cells using the Diff-Quik staining kit (Dade Behring), according to the
manufacturer’s instructions. Air-dry stained membranes overnight.

Gently excise membranes from inserts using a razor blade and tweezers.

Place membranes on a microscope slide. Take care to verify that membranes are lying
as flat as possible on slide. Cover with a clean coverslip. Attach coverslip using very

small drops of clear nail polish. *¥If nail polish bleeds to membranes and leaches out
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the dye, there 1s still a very good chance that the cells themselves will still be stained
and can be counted.

- Visualize and count cells per view field using 10x magnification.

Special waste considerations: none.
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Protocol 8. Scratch wound cell migration assay.

The purpose of this experiment is to quantify rate (speed and distance) of cell migration in the
presence of stimulators or inhibitors. It is critical to verify that cells are confluent prior to
experiment and that the precise region of migration measurement can be found again after

migration (8-12 hours later).

Reagents and Equipment

Mammalian cells of interest (endothelial between passages 2-5)
Endothelial culture media: both complete and serum-free
Culture plates (10-15 cm; Corning)

Migration-stimulating or inhibiting agents of interest
Microscope with camera/imaging software

Sharpie, 10 ulL. pipet tips

Protocol

- Grow cells of interest to complete confluency in 6 well plates. Serum-starve cells
overnight prior to performing assay. Maintain sterile conditions and reagents during
experiment.

- Reserve microscope for assay start and endpoints as imaging is critical and will take a
long time.

- Prepare control and experimental media (budget 0.5-1mL medium per well). Serum-
free medium may be used as a negative control; other conditions should contain

migration-stimulating serum.
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Mix agents in experimental medium thoroughly and centrifuge prior to use.

Draw two perpendicular lines on the bottom of each well using a straight edge and

Representative image of scratch

Sharpie (may be easier to do this prior to
wound assay setup.

plating cells).

in each well (dotted in diagram).

Wash cells 2x with 1 ml. PBS to remove

Maintaining sterile conditions, use a 10 uL.
pipet tip to draw 2-4 straight parallel lines

dislodged cells.

Cover cells with desired medium. If pretreating cells, incubate with agents of interest
mixed with serum-free medium for 30 minutes, then mix with 20% serum-containing
medium to promote migration.

First image: take cells to microscope immediately as imaging will take some time
(depending on how many wells/scratches, 1-2 hours). Assign a number to each well.
Use grid on well to locate scratches, using 20x magnification. Take measurements
using computer software (if available — otherwise be sure to include scale bar on
image). Select scratches with clean parallel borders for ease of measurement. Take a
picture for each measurement and save it with the well number and notation
concerning the scratch. Keep a physical record of what scratch is being imaged in
what well, and note the relationship to the grid.

Incubate in cell culture incubator for 8-12 hours depending on speed of

migration/cell type.
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- Second image: for best results, cells should not be fixed for the second image as this
may interfere with cell shape. Repeat imaging as previously described, generating
images/measurements for each observable scratch.

- (Galculating wound closure: if measurements of wound width were not available from
the computer software, use a straight edge to measure the width of the wound to the
length of the scale bar.

(initial wound width — final wound width)/(initial wound width)*100 = %closure

Special waste considerations: dispose of biological material in appropriate Biohazard box.
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Protocol 9. Matrigel endothelial cord formation assay.

The purpose of this experiment is to observe elements of the recapitulation of endothelial

cord formation m vivo.

Reagents and Equipment

Mammalian cells of interest (endothelial between passages 2-5)

Complete endothelial cell culture medium (Lonza)

Trypsin-EDTA

1x sterile PBS

6-well culture dishes (Corning)

Cell-stimulating or inhibiting agents of interest

Microscope with camera/imaging software to take pictures of cords, if desired

Matrigel (Becton Dickinson: store at -20 degrees C)

Protocol

- Grow primary cultures of endothelial cells (HDMEC, HUVEC) at passage 2-4 to
generate a desired quantity of cells. Serum-starve cells overnight (1% serum) prior to
performing assay. Maintain sterile conditions and reagents during experiment.

- Thaw matrigel at 4 degrees for several hours or overnight before experiment.
(Matrigel should be stored at -20 degrees.)

- Precoat wells of a 24-well plate with 250 uLL of matrigel. Keep matrigel on ice, and
use chilled tips if possible. Allow matrigel to solidify in a 37 degree incubator for at

least an hour prior to experiment.
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- Trypsinize and count endothelial cells, and resuspend in serum-containing endothelial
culture medium.

- Seed cells into wells at a density of 50,000 cells/well. Each condition should be
performed in triplicate.

- Prepare treatment medium, if desired: combine agents of interest with serum-
containing culture medium at desired concentration (accounting for presence of
medium in wells), and add to wells. Add equivalent volumes of culture medium to
control wells. Minimize use of medium: total volume not to exceed 500 uL. Swirl to
mix.

- Allow cells to recover in culture incubator overnight (12-18 hours, depending on cell
type: HUVEC recover more quickly than HDMEC).

- Image using 10x microscopy.

- Notes: Endothelial cells will arrange themselves into ‘nodes’ which may connect to
other nodes. Single node-node connections may be scored as ‘cords’, whereas
connections of cords that arrange themselves into a ring-like structure (recapitulating
the formation of the endothelial lumen) may be scored as enclosed structures.

- Quantify vascular structure formation with three views per well and calculate using

statistical software.

Special waste considerations: dispose of biological material into Biohazard boxes.
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Protocol 10. Quantitative directed m viwo angiogenesis assay (DIVAA).

The purpose of this experiment is to quantify physiological angiogenesis i vivo in the
presence of stimulators or inhibitors. This protocol is derived from that of the kit

manufacturer (Trevigen, Catalog # 3450-048-K).

Reagents and Equipment

Tube preparation:

DIVAA kit (Trevigen, Catalog # 3450-048-K): contains tubes, growth factors, matrigel,
FITC stock solution, CellSperse solution

Angiorack (Trevigen): sold separately, but essential for holding tubes upright
Agents of interest to be added to tubes

Fine-tipped forceps to handle tubes

Sterile eppendorf tubes

Surge

Sterile sutures

Sterile ketamine/xylazine solution

Sterile scalpels

Sterile forceps

Sterile surgery scissors to make initial cut

Ethanol/alcohol prep pads to sterilize equipment during surgery

Warming pad

Scale to weigh animals
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Notes on preparation for DIVAA:

- This protocol is optimized for use in nude mice. Plan to implant two tubes per side of
each mouse; however, three per side is possible. If more than one treatment condition
1s being used, tattoo the mice of each treatment group for ease of identification.

- *Make sure to have the AngioRack (Trevigen, 3450-048-09) on hand. Otherwise it
will be impossible to hold the tiny tubes upright and in place while filling them.

- Preparation of tubes. Store reagents at their respective temperatures prior to use.

- Plan experiment with the assumption that animals may be able to remove several
tubes and thus extras may be desirable. Ideally, 8-10 reactors should be used per

condition to achieve statistical significance, but pilot experiments may require fewer.

- Thaw matrigel at 4 degrees. Keep all reagents on ice. Prior to adding agents of
interest, prepare matrigel by combining with provided VEGF (0.5 ng/ mL), bFGF
(1.5 ng/mL) and heparin (100 ng/mL) according to the manufacturer’s instructions.

- Divide prepared matrigel into chilled 1.5 mL microfuge tubes into portions as
required for the experiment. Budget 20 ul. matrigel mix per tube, so that one 250 uLL
tube of matrigel may fill 12 reactors.

- Add agents of interest to respective tubes. **Do not let volume of added agents exceed
10% of volume as this may compromise matrigel solidification. Pipet thoroughly to
mix. Avoid air bubbles in mix.

- Add matrigel mix to tubes. To avoid air bubbles in mix, bend reactor slightly and
begin pipetting mix at bottom of tube, drawing tip out as tube fills. Fill completely

with matrigel mix, avoiding formation of a meniscus at the top of the tube.
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Remove tube from AngioRack with tweezers and place, inverted, into a labeled sterile
microfuge tube and cap.

When all tubes are prepared and in microfuge tubes, place tubes at 37 degrees for at
least an hour to allow gel to solidify.

Implantation of tubes. Anesthetize mice using intraperitoneal injection of
ketamine/xylazine. Do not anesthetize all at once as surgery may take some time.
Make a small surgical incision above the flank of the anesthetized mouse. Avoid the
musculature and body cavity. Keep the incision as small as possible to prevent the
subject from removing the tubes when it wakes up. Refer to the Trevigen protocol for
images of how surgery should look. Insert scissors into the incision to gently cut away
connective tissue between skin and body wall to facilitate tube insertion.

Implant the control tubes on one side of each mouse (for example, all control tubes
implanted above the left flank) and the treatment tubes on the other.

Use tweezers to insert tube into incision, with the open end of the tube facing into the
wound. Be careful not to squeeze the tube so that the gel is dislodged. Push first tube
in, so that there is room for a second tube next to it. Insert the second tube in the
same manner.

Close the incision site using sterile sutures close together (without severing the
connection between sutures — this will prevent the mouse from opening up a hole in
the surgery site to remove the tubes).

Repeat procedure for opposite flank.

Allow subjects to recover on heating pad until awake.

Monitor subjects for health and tube removal for 10-15 days after implantation.
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Tube excision and FITC quantification. After desired period, humanely
sacrifice subjects with CO2.

Cut a fairly wide swath of skin around reactors to prevent gel being dislodged.
**Carefully remove excess skin from tubes. Be aware that vessels growing into the
tube are still attached to the skin and do not pull on the skin at the tube opening as
this will dislodge vessels/clots.

After excision, photograph the tubes or image with microscopy to obtain preliminary
images of vascularization.

To remove gel from tubes, first excise closed end with a razor and discard. Aiming
end of reactor into an microfuge tube, insert pipette tip in other end and pipet 300 uL.
of CellSperse wash buffer (from kit components) to flush gel into microfuge tube.
**Use a separate microfuge tube for each reactor.

Recap tube and incubate at 37 degrees for 1-3 hours.

Prepare 1x DIVAA wash buffer from 10x stock.

Centrifuge cell suspensions at 250xg for 10 minutes at room temperature to generate
cell pellet. Wash with 500 uL. 1x wash buffer and re-centrifuge.

Dilute 25x FITC dilution buffer (provided in kit) to 1x. Add 1 ul. 200x FITC-lectin
per 200 uLL FITC dilution buffer. Protect FITC solutions from light.

Add 200 uL diluted FITC solution to each cell pellet. Invert to suspend and briefly
centrifuge.

Incubate pellets at 4 degrees G overnight in darkness.

Wash pellet 3x with wash buffer, centrifuging at 250xg for 5 minutes.
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- Suspend each pellet in 100 ul. of wash buffer and place in well of 96 well plate.
Perform fluorimetric analysis at 485 nm excitation, 510 nm emission. Use wash buffer

as a control.
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Protocol 11. In vitro vascular permeability assay.

The purpose of this assay is to determine whether agents of interest may interfere with or

promote vascular permeability. This protocol is derived from the Chemicon In Vitro vascular

permeability assay (Catalog #ECM640).

Reagents and Equipment

Chemicon In Vitro vascular permeability assay kit (Catalog #ECM640): contains culture wells
and FI'TC-dextran solution

rhVEGF165 (Cell Signaling)

Endothelial cells HDMEC or HUVEC, p. 2-4)

Permeability-modulating agents

1x sterile PBS

Endothelial culture media: both serum-free and complete

- Culture endothelial cells of interest at low passage (2-3) to generate sufficient cells for
assay (to be performed in triplicate).

- On day of assay start, trypsinize cells and count. Resuspend in complete endothelial
culture medium at a concentration of 1x106 cells/mL.

- Keep forceps in ethanol and handle inserts with forceps.

- Add 200 uLl. collagen coating solution to bottom of inserts. Incubate at room
temperature for 1 hour, maintaining sterile conditions.

- Shake out residual solution into a waste container (do not aspirate).

- Hydrate inserts with 250 uL. of provided Cell Growth medium at RT for 15 minutes.
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- Remove growth medium. Seed cells into wells (200 uL./well = 2x10° cells/well).

- Cover with 500 uLL culture medium.

- Allow to recover several days until confluent monolayer is formed.

- Serum-starve cells overnight.

- Pretreatment: combine agents of interest with endothelial culture medium (final
volume: 500 uLL per well). Carefully aspirate medium from cells and pretreat for 30
minutes.

- Add rhVEGF165 to a final concentration of 10 ng/mL.

- Incubate in cell incubator for 18 hours.

- Visualization: remove medium from cells carefully. Transfer inserts to detection plate.

- Add 500 ul. medium to the bottom chamber of each well. Dilute FITC-dextran
solution (250 uL)) in 1.75 mL culture medium. Protect FITC from light.

- Add 150 uL of diluted FITC-dextran solution to each insert. Incubate at R'T for 5
minutes.

- Remove inserts from detection plate. Gently rock plate to mix.

- Remove aliquots of solution from each well and pipet into a 96well plate.

- Read plate with a fluorimeter at excitation 485 nm and emission 530 nm.

Special waste considerations: dispose of biological material in a Biohazard container.
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Protocol 12. Vector cloning.

The purpose of cloning vectors is to insert DNA encoding genes of interest into vectors
designed to express them under certain conditions, such as doxycycline inducibility described

below.

Reagents and Equipment

PCR:

Commercially available expression vector (Invitrogen)
Desired cDNA of interest to serve as PCR template
PCR primers to generate insert

PCR mix (Invitrogen Platinum Taq SuperMix)
DMSO (for GC-rich templates such as BAII)

PCR thermal cycler

PCR tubes

Digestion and ligation:

Restriction enzymes (New England Biolabs)

Restriction enzyme digestion buffer (New England Biolabs)
Bovine serum albumin (New England Biolabs)

Eppendorf tubes

Gel purification kit (QiaGen Catalog # 28104)

T4 Ligase (Invitrogen Catalog #15224-041)

Ligase buffer (Invitrogen)

Plating:
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Luria-Bertani (LB) powder

Agar

Ampicillin

Untreated plastic dishes to make bacterial plates

Glass spreaders, sterilizing Bunsen burner and EtOH

Protocol

Making LB-amp plates:

PCR:

Make 1L LB stock by mixing 25 ¢ LB powder in dH2O on stir plate.

pH LB stock to approximately 7.4 using NaOH.

Make 1000x ampicillin stock (100 mg/mL). Store at -20 degrees C.

Divide LB stock into two 500 mL solutions. Add 7.5 g agar to one beaker. Cover with
aluminum foil and autoclave tape. Autoclave (liquid cycle) for 15-30 minutes.

Allow to cool. Monitor LB-agar to make sure it doesn’t solidify. When warm but still
liquid, add 500 ul. 1000x ampicillin stock and swirl gently (no bubbles!) to mix.

Pour onto plates and allow to dry (15-20 min) on benchtop. Do not overdry. Store in
the dark at 4 degrees.

LB stock can be kept on benchtop if sterile; add amp stock to grow colonies.

Use PCR to generate Vstat40 encoding insert (comprising BAI1 amino acids 1-328)
flanked at the 5 end by a HindIII site and at the 3* end by an Xbal restriction site.
Inducible vector: pTRE2 (Invitrogen). Does not contain a selection marker for

geneticin selection.
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- Primers ordered from IDTDna and resuspended in dH2O at a concentration of 500
ng/uL.

- PCR setup protocol for BAIl ¢cDNA (GC-rich, requires 5% DMSO): follow specific

manufacturer’s protocol for individual polymerases.

= DNA (5-10 ng) 2-4 uL.

= [0x PCR buffer 2 uLL

= DMSO 2 uL.

=  Forward primer 0.5 uLL

= Reverse primer 0.5 uLL

=  Polymerase (Taq, Pfu) 0.4 uLL

= (Clean dH20 to final volume

=  Total reaction volume: 20 uL

- PCR reaction protocol:

= 2 minutes, 94 degrees C

= 30 seconds, 94 degrees C

= 30 seconds, 57 degrees C

* | minute 45 seconds, 72 degrees C
* Repeat steps 2-4 34 times.

* 10 minutes, 72 degrees G

= Untl retrieval, 4 degrees C

- Purify insert using a Qiagen gel purification kit. Digest insert and vector in
preparation for ligation.

- Typical digest protocol, to be altered as desired:

= DNA 3-7 uL

= 10x buffer (NE Biolabs) 2 uL.

= 10 BSA (NE Biolabs) 2 uL.

=  HindIII 0.8 uLL

=  Xbal 0.8 uL.

= dH20 to final volume

= Total digest volume: 20 uL.

- Purify digested insert and vector in preparation for ligation. Quantify purified DNA

to determine relative concentrations.
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- Ligate purified insert and vector (approximate ratio of 3:1). Take vector size into
account (if 3x larger than insert, use equivalent amounts of DNA).

- Ligation protocol (from protocol for T4 ligase, Invitrogen, Catalog #15224-041):

= Vector (35 ng) 1 uLL

* Insert (35 ng) 1 uLL

= 5x reaction buffer 4 ulL

= T4 ligase (2.5 U) 0.5 uL.

= Fresh dH20 to final volume

=  Total reaction volume: 20 ulL

- Proceed with transformation and plating on fresh LB-ampicillin plates.

Transformation:

- Thaw 50 uLL competent TOP10 E.coli on ice on benchtop for 10 minutes.

- Add 1-3 ul desired cDNA (0.1 ug — 0.5 ug) to bacteria and keep on ice for 15-20
minutes.

- Heat-shock bacteria for 30 seconds at 42 degrees C.

- Immediately return to ice for 2 minutes.

- Plate desired amount in 200 ul. LB-amp puddle on fresh plates (prewarmed at 37
degrees C). Spread with sterilized, cooled glass spreader.

- Incubate inverted at 37 degrees C overnight to obtain colonies.

Special waste considerations: dispose of biological material in a biohazard container.
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Protocol 13. Preparation of stable inducible clones for tumorigenesis studies.

The purpose of this experiment is to generate tumor cell line clones stably expressing a gene

of interest (Vstat40).

Reagents and Equipment

Tumor cells of interest

Complete cell culture medium

Trypsin-EDTA

1x sterile PBS

Vectors containing DNA of interest

Selection reagents (G418: Clontech Catalog # 631308)
Cell culture dishes (15 cm)

Cloning disks (Sigma, Z374431)

6-well plates (Corning)

Forceps, alcohol prep pads

Protocol
- Culture tumor cells stably expressing the tet-on plasmid, such as LN229-1.16 glioma
cells. Maintain selection using appropriate antibiotic (puromycin (0.5 ug/mL) for
IN229-L16 cells).
- Transform TOPI0 E.coli with inducible plasmid or select a colony from a plate. If

necessary, grow up additional plasmid containing selection marker of interest, such as
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pEGFP-N2 (Invitrogen, Catalog # 6081-1), which contains the neomycin resistance
marker for geneticin selection. Grow in LB/ampicillin overnight.

Purify DNA using a Qiagen midiprep kit according to manufacturer’s instructions.
Run an aliquot on gel to verify plasmid of correct size.

Verify plasmid composition with combinations of restriction enzymes as desired.
Quantify inducible vector and selection marker vector.

Vectors may be linearized prior to transfection if desired.

Transfect cells according to the GenePorter transfection protocol. Combine inducible
and selection marker (cDNA to be at a ratio of 10:1 to ensure selected colonies will
express gene of interest.

After 24 hours recovery from transfection, passage cells to very low density in 15 mL
plates (use 5-10 plates), in complete medium containing 800 png/mlL G418
(Invitrogen) and 0.5 ug /mL puromycin.

Maintain selection, changing medium every other day. Wash away dead cells.

Within 2 weeks, most cells should be dead (a control plate containing non-transfected

cells may be used to verify) and drug-resistant colonies should be developing.

Selecting colonies using cloning disks:

Keep cloning disks sterile. Place 25-50 disks in small dish of trypsin to soak.

Wash remaining cells with PBS and aspirate medium.

Keeping cells sterile, circle colonies on bottom of plate with sharpie to indicate
presence of colonies.

Allow plate to dry somewhat to prevent trypsin spreading to other colonies.

Use sterile forceps to place cloning disks on desired colonies. Wipe forceps with

alcohol prep pads between colony selections.
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- After 3-5 minutes, gently remove cloning disks, taking care not to touch other clones,
and place in 6 well dishes containing 1-2 mL complete medium with selection drug
(geneticin) as before. Gently tap plate to encourage cells to detach from disks.

- Allow cells to recover and expand for several days.

- To determine inducibility, passage each colony into two wells. After recovery, cover
cells with serum-free medium and treat one well with doxycycline (2 ug/mL).

- *Doxycyline should always be made fresh and filtered prior to use. Do not freeze
doxycycline. Harvest CM for Western blot to determine inducibility and leakiness of
clone.

- Select clones with good inducibility and no background for use in experiments.

- Switch drug concentration in medium to half selection concentration for

maintenance.

Special waste considerations: dispose of biological material in a Biohazard container.
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Protocol 14. In vwo vascular permeability with Evans blue dye in intracranial

tumors.

The purpose of this experiment is to demonstrate vascular permeability in tumors in the
presence or absence of permeability-modulating agents. Small molecules such as EBD leach
through fenestrations in irregulat tumor vasculature, permitting detection of tumor and

approximate size (principle of MRI detection).

Reagents and Equipment

Evans blue dye powder (Sigma Catalog # E2129)

Syringe (25 bore)

Mice bearing intracranial tumors (also can be performed with nude mice injected
subdermally with permeability-inducing agents such as VEGF)

Scale

Ketamine-xylazine anesthesia solution

Heating pad

Brain dissection tools: scissors, forceps

Protocol
- Implant mice intracranially with tumor cells. Do not wait until subjects have reached
endpoint of tumor burden as it is likely that all tumors will be quite vascularized by
this time.
- Weigh subjects of control and treatment conditions to assure that animals of

equivalent weight and health status are being assayed.
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Weigh animals prior to tail vein injection.

Tail vein injection protocol:

Anesthetize subjects intraperitoneally with ketamine/xylazine. The TVI injection
procedure is approved by IACUC either for awake or anesthetized subjects, but may
be practiced upon anesthetized subjects only.

Immobilize tail proximally and distally.

Begin injections in the distal tail and move towards the animal. One cannot inject
behind a punctured vein. Either vein may be used.

Hold syringe with bevel facing up, in such a way to maintain outward pressure against
the plunger. The plunger must be held this way in a gentle, constant manner in order
to aspirate blood from the tail vein. The needle is not in the vein until the blood is
aspirated. Make sure no bubbles are in the solution prior to injection; however, the
mouse tolerance for injected air is much better than humans’.

If there is resistance to injection, the needle is not in the vein. The injected substance
should go in smoothly and the blood in the vein should disappear briefly after

injection.

Evans blue dye: administer 30 mg/kg.

Allow subjects to recover on heating pad. Return to cage for 24 hours.

Humanely sacrifice subjects using CO2. Dissect out brain and image any observable
dye on brain surface.

Homogenize brain tissue with a douncer and suspend in 1 mL dimethylformamide to

extract the dye overnight.
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- Centrifuge extracts at 5000xg for 10 minutes. Aliquot supernatant into 96 well plate.

Use DMF as a negative control.

- Analyze fluorescence of supernatant using a fluorometer at 540 nm excitation and

680 nm emission.

Special waste considerations: dispose of biological material in Biohazard boxes. Store

carcasses in appropriate DAR refrigerator.
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Protocol 15: Production of GST-tagged peptides and inclusion body
solubilization.

Inclusion bodies containing the GST-Vstats may be solubilized using 8M Urea buffer.
A washing protocol was developed to solubilize the protein, consisting of four steps with
associated buffers, based on the protocol described in Chapter 4 of Protein Purification

Protocols (D. Margaret Worrall) (Doonan, 1996).

Reagents and Equipment

Competent E.coli (BL21.DE, Invitrogen — preferred)

LB-amp

Bacterial shaker (able to perform 250 rpm at 37 degrees C)
Spectrophotometer

IPTG (Sigma, Catalog # 16758)

Buffers: composition for lysis, wash and solubilization buffers described below.

Rocker/ice

Protocol
Induction:
- Transform bacteria with IPTG-inducible construct of interest.
- Resuspend bacteria in LB-amp (regular LB may be used, if kept sterile) so that 50 uLL
of bacterial prep grows in 4 mL LB-amp.
- Grow at 37 degrees C/250 rpm on shaker until an OD600 value of approximately 0.6
(range 0.5-0.7) 1s reached. Begin testing OD values after 1 hour on shaker as this value

may be reached between 1.5 and 3 hours.
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- Once the optimal OD value is achieved, add IPTG to the prep at desired
concentration (1 mM starting concentation).
- Grow induced bacteria on shaker another 1.5-3 hours on shaker at same conditions.
- Remove bacteria and pellet 8000xg/ 15 min/4 degrees to obtain pellet for analysis.
Lysis:
- Resuspend bacterial pellets in lysis buffer (below) and incubate for 30 minutes on ice
on the rocker.
Lysis buffer: 100 mM Tris-Cl, 50 mM EDTA, 50 mM PMSF, lysozyme (300 nug/mL),
sodium deoxycholate (1 mg/mL) and DNAse (10 mg/mL).
Wash 1:
- Centrifuge bacterial slurry for 15 minutes at 15,000xg at 4 degrees.
- Store supernatant fraction for precipitation and analysis.
- Resuspend insoluble fraction in Wash 1 buffer and incubate for 4 hours at room
temperature on the rocker.
Wash 1 buffer: Lysis buffer, 2M urea, 0.5% Triton X-100.
Wash 2:
- Centrifuge bacterial slurry for 15 minutes at 15,000xg at 4 degrees.
- Store supernatant fraction for precipitation and analysis.
- Resuspend insoluble fraction in Wash 2 buffer and incubate for 2 hours at room
temperature on the rocker.
Wash 2 buffer: Lysis buffer, 4M urea, 0.5% Triton X-100.
Solubilization:
- Centrifuge bacterial slurry for 15 minutes at 15,000xg at 4 degrees.

- Store supernatant fraction for precipitation and analysis.
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- Resuspend insoluble fraction in Solubilization buffer and incubate overnight at room
temperature on the rocker. This will dissolve inclusion bodies and the resulting slurry

can be dialyzed to remove urea.

Solubilization buffer: 8M urea, 50 mM Tris, ] mM DTT.

Special waste considerations: none.
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Protocol 16. Dialysis and thrombin purification of GST-tageed peptides.

The purpose of these experiments is to remove urea from solubilization buffers used to
solubilize inclusion bodies containing GST-tagged peptides. Dialysis removes urea in a
stepwise fashion, while glutathione beads specifically bind to the GST tag for a pulldown
procedure. Purified recombinant peptide may be obtained by cleaving the GST tag off the

peptide using thrombin enzyme.

Reagents and Equipment

Solubilized inclusion body fraction (from Protocol 15)
Slide-A-Lyzer G2 dialysis cassettes (15 mL, 10 kDa MW cut-off: ThermoScientific Catalog #
87731)

Dialysis buffers (composition described below)

Stir bar and magnetic plate

15 mL centrifuge tubes

Chilled acetone

Glutathione resin (“beads”) (Clontech Catalog # 635607)
Eppendorf tubes

1x PBS

Thrombin (GE Life Sciences, Catalog # 27-0846-01)

Protocol
Dialysis.

- Obtain 15 mL Slide-A-Lyzer G2 dialysis cassettes (ThermoScientific).
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Hydrate cassette in dialysis buffer for 2 minutes prior to adding substance to be
dialyzed.

Remove and tap dry (do not blot membrane).

Twist cap carefully until open. Use a 10 mL pipette to add substance to be dialyzed
into cassette.

Suspend cassette (autoclave tape works well) so that it is immersed in dialysis buffer in
large (2L) glass beaker.

Add stir bar and place on magnetic stir plate. Agitate gently.

Keep an eye on cassette to verify that it does not overswell.

Change dialysis buffer as desired (after 12-24 hour intervals). Use decreasing
concentrations of urea in 50 mM T'ris buffer. Recommended starting point: two-fold
dilution per step. Start with 4M urea dialysis buffer, then progress to 2M urea, then
IM urea, then 0.5M urea, and so forth until desired concentration is obtained.

Take aliquots of dialysate during dialysis to monitor sample loss. Precipitate with

chilled acetone for analysis by Western blot.

GST pulldown.

Following dialysis, recover the dialysate from the inside of the cassette using a 10 mL
pipette. For best results, immediately proceed to GST pulldown. However, it may be
desired to precipitate aliquots of dialysate to verify levels of protein prior to pulldown.
Prepare glutathione resin for pulldown by washing with 1 volume of PBS and
centrifuging at 1500xg for 10 minutes.

Add dialysate to glutathione resin in clean eppendorf tubes. Starting ratio: combine

300 uL resin per 1 mL dialysate.
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- Seal tubes with parafilm. Incubate at 4 degrees C on the rocker overnight.

- Centrifuge tubes at 1500xg at 4 degrees C for 15 minutes to collect pellet.

- Retain and precipitate supernatant with 4 volumes of chilled acetone to determine
how much sample is not bound to glutathione.

- Wash pellet containing GST-tagged proteins gently with PBS and centrifuge.

Thrombin purification.

- Resuspend pellet in 300 uL fresh PBS.

- Add 1 U catalytically active thrombin to bead slurry.

- Incubate at RT on the rocker as desired (overnight).

- Centrifuge pellet at 1500xg for 15 minutes to collect supernatant fraction (containing
cleaved protein) and pellet fraction.

- Precipitate supernatant fraction with acetone and analyze with Western blot. It is a
good idea to also analyze the pellet fraction to determine the levels of GST-tagged
protein retained on the beads. To do so, suspend the pellet fraction in 1 volume
sample buffer and boil for 3 minutes to dissolve resin prior to loading on

electrophoresis gel.

Special waste considerations: none. Take care when handling urea.
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APPENDIX II

PLASMID CONSTRUCTS

Constructs developed:

1. Alanine scanning constructs (Vstat40 cleavage site) 249
2. Tagged Vstat40 cleavage site identification constructs 259
3. Untagged Vstat40 cleavage site identification constructs 263
4. Vstat40 expression vector (pcDNA3. 1) 271
5. pTRE2-Vstat40 (inducible tumorigenesis construct) 273
6. GST-Vstats (pGEX2T) 275
7. Vstat40-RAD (pcDNA3.1) 279

8. Full-length BAIl mutant constructs 281
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Probe records:
Record Number 8-048

genename BAI1
plasmid/probe/vector  V/stat40-Q2-5, R323A

name
Keywords BAIl1, Vasculostatin, Vstat
specles and origih ~ human
HGM symbol BAI1
chrom. location 8g24
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jichimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

comments The (tagged) insert is the BAI1 N terminal domain up to amino acid 329 with
a point mutation R323A, which does not appear to abrogate Vstat40 process

ing.

Description:
vector PcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  no digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacteria TOP10

Freezer Location B 8a-48,49

Polymorphisms:
enzyme allele size (Kb) frequency
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I Open reading frame
B Origin of replication
M Promoter
. galll 13 B Regulatory sequence
P‘—vNA 3.1D —VﬁlH-S x B Selectable marker
Ndel 485 W Tag
B Unique restriction site

T7 prom

Hindlll 903
Kpnl 913
7
~
> BA11 ¢cDNA
: - /Iac prom . \-335 kazs A
0"4sm °;
- SVA0ER reg S — _EcoRV 2147

. Xbal 2174

arke SV40 prom
SV40 prom SV40 origin

20 of the 20 labels are shown. Created using PlasMapper
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Probe r rds:

Record Number 8-050

gene name BAI1
plnmldlprobdv:.ct"c‘:: Vstat40-Q2-6, Q325A

Keywords BAI1, Vasculostatin, Vstat
specles and origin  human
HGM symbol BAI1
chrom. location 824
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

comments The (tagged) insert is the BAI1 N terminal domain up to amino acid 331 with
a point mutation Q325A, which does not appear to abrogate Vstat40 process
ing. Insert is cloned into pcDNA3.1/5-His.

Description:
vector PCDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  No digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacteria TOP-10

Freezer Location B 8a-50,51

Polymorphisms:
enzyme allele size (Kb) frequency
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Bglll 13
pPecONAS.ID- vS/uis Ndel 485
' 7 T7 prom
N . / Hindill 903
. . AKpnIQIE
.~ 6500bp ¢ 2

amp prom ’
~ arker
5 = T——pBR322 origin
- = 5000bp - F_1rf(2
k i A1 cDNA
lac prom 20000p -
. L g 1-335 A
€ 45000p -~ 032-5
) .
- S — _FcoRV 2147

*_Il marke

SV40 prom
SV40 prom SV40 origin

20 of the 20 lsbels are shown.

Xbal 2174

I Open reading frame
B Origin of replication
I Promoter

B Regulatory sequence
I Selectable marker
i Tag

B Unique restriction site

Created using PlasMapper
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Probe records:
Record Number 8-052

gene name BAI1
plasmid/probe/vector  V/stat40-Q2-7, S326A

name
Keywords BAI1, Vasculostatin, Vstat
specles and origih  human
HGM symbol BAI1
chrom. location 8q24
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

comments The (tagged) insert is the BAI1 N terminal domain up to amino acid 332 with
a point mutation S326A, which does not appear to abrogate Vstat40 process

ing.

Description:
vector PcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  No digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacterla TOP10

Freezer Location B 8a-52,53

Polymorphisms:
enzyme allele size (Kb) frequency
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1 Open reading frame
B Origin of replication

B Promoter
Balll 13 B Regulatory sequence
I Selectable marker
ngNAB.\D -V5|His Ndel 485 W Tag
L || R / B Unique restriction site
o 7 T7 prom
\ ‘ / Hindlll 903
P
. - AKpnl 913
. 6500bp ¢
- 7
: amp prom >
~ nar
* = T—pBR322 origin
- = 5000bp - F f
. b : BA11 ¢ DNA

5 lac prom 2000bp

@ 450000 -~
. -
- SV40ER reg “# N ——FcoRV 2147

~ ~Xbal 2174

NTP_Il marke SV40 prom
SV40 prom SV40 origin

20 of the 20 Labels are shown. Created using PlasMapper
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Probe records:
Record Number 8-046

genename BAI1
plasmid/probe/vector \/stat40-Q9, R328A

name
Keywords BAI1, Vasculostatin, Vstat

specles and origih ~ human

HGM symbol BAI1

chrom. location 8Qq24
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

Comments The insert is the BAI1 N terminal domain up to amino acid 334, with a point
mutation (R328A) at the arginine believed to be the final amino acid in Vstat
40, in a predicted furin cleavage site. This mutation is observed to abrogate
Vstat40 processing.

Description:
vector PcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site no digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacteria TOP10

Freezer Location B 8a-46,47

Polymorphisms:
enzyme allele size (Kb) frequency
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§ Open reading frame
B Origin of replication

puDNA 3.\D - NS ,H;S B Promoter
Bglll 13 B Regulatory sequence
B Selectable marker
Ndel 485 B Tag
Lt = % / B Unique restriction site
- ' /! T7 prom
‘ / Hindlll 903
‘ ’
Kpnl 913
4

" * T——pBR322 origin ¥
- = 5000bp . . ORE 1
. . : i BAA ¢DNA
3 lac prom 20000p - &
- 1-355 Rapgh
4500bp -~
. Cd
- S — _EcoRV 2147

« ~Xbal 2174

NTP_Il marker SV40 prom
SV40 prom SV40 origin

20 of the 20 lsbels are shown. Created using PlasMapper




Record Number
gene name
plasmid/probe/vector
name
Keywords
specles and origin
HGM symbol
chrom. location
copy number
GenBank #

Source

References

user and date
Comments

Description:
vector
cloning site
Insert kb
total size
resist.
Bacterla
Freezer Location

Polymorphisms:

enzyme

Pr:

8-044
BAI1
Vstat40-Q8, S329A

BAI1, Vasculostatin, Vstat
human

BAI1

8q24

1

602682

S Cork, NB1 p186-222

Nishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

S Cork November 2007

Tagged insert is BAI1 N terminal domain until a.a. 344 amplified by PCR, wit
h point mutation S329A. This mutation does not prevent Vstat40 processing.

pcDNA 3.1D/V5-His-TOPO (5.5kb vector)

no digestion; PCR-generated inserts ligate directly with linear vector
1kb

6.5

amp

TOP10 (Invitrogen supercompetent)

B 8a-44,45

allele size (Kb) frequency

257
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8 Open reading frame
B Origin of replication

I Promoter

B Regulatory sequence
I Selectable marker

pc.DNA 3.1D-V5/is I Ndel 485 W Tag
e el , /

Bglll 13

B Unique restriction site

T7 prom

. /I
. / indlll 903
. s Kpnl 913

4
4

g

~
. = T———pBR322 origin
- - S000bP & Y o
. : | ong &A1 <DNA
ac prom -
. - / -~ -
@ 450000 . - 1-335 Sazq A
& td
S __FcoRV 2147
- SV40ER reg

« L Xbal 2174

marke SV40 prom
SV40 prom SV40 origin

Created using PlasMapper

20 of the 20 Labels are shown.
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Probe records:
Record Number 8-042

genename BAI1
plasmid/probe/vector \/stat40-R3

name
Keywords BAI1, Vasculostatin, Vstat
species and origin  human

HGM symbol BAI1
chrom. location 824

copy number 1

GenBank #
source S Cork, NB1 p186-222

References  Njishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

comments The insert is the BAI1 N terminal domain up to amino acid 322. Vstat40 isob
served to be not processed from this slightly smaller (tagged) fragment.

Description:
vector PcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  no digestion; PCR-generated inserts ligate directly with linear vector

Insertkb 1 kb

total size 6.5 kb
resist. amp

Bacterla TOP10

Freezer Location B 8a-42,43

Polymorphisms:
enzyme allele size (Kb) frequency



260

8 Open reading frame
B Origin of replication

B Promoter

B Regulatory sequence

Bglll 13
B Selectable marker
. Ndel 485 o Tag
P;DNﬁ 1,_\'9-\15,\-\-5 LSRN 'I - iy / B Unigue restriction site

T7 prom

4
: / indill 903
-
- /Kpnl 913
¢

~
3 [ ————pBR322 origin BAI1 <DNA
2 e ; aa. 1-322 (R3)
. » I o " + +
5 «” @ - %
. -
/ < ——_ECcoRV 2132
- ; SV 4OE\R reg T~Xbal 2159
., 3500bp eooow e ’ ‘

[

LI RS N
: 2 .
] c \ q \
o el TR {1 origin
NTP_Il marke SV40 prom

SV40 prom SV40 origin

20 of the 20 Labels are shown. Created using PlasMapper
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Probe records:

Record Number 8-054

genename BAI1
plasmid/probe/vector \/stat40-Q3
name

Keywords BAI1, Vasculostatin, Vstat
specles and origih  human
HGM symbol BAI1
chrom. location 824
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, November 2007

comments The insert is the BAI1 N terminal domain up to amino acid 330. Vstat40 is ob
served to be processed from this slightly larger (tagged) fragment.

Description:
vector pPcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  no digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacterla TOP10

Freezer Location B 8a-54,55

Polymorphisms:
enzyme allele size (Kb) frequency
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PGVNA 3.\D "V5/"“s

20 of the 20 labels are shown.

\

! Open reading frame
B Origin of replication

B Promoter
Bglll 13 B Regulatory sequence
B Selectable marker
Ndel 485 W Tag
Lk 'l| 8 / B Unique restriction site
4 /! T7 prom
B Hindlll 903
i /AKpnl 913
¢
'

= BMmA DNA

a.a. 1-330 (Q3)
= + +¢J

EcoRV 2105
Xbal 2132

\
' 1 . ' KA \florigin

SV40 prom
SV40 prom SV40 origin

Created using PlasMapper
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Probe records:
Record Number 8-056

gene name BAI1

plasmid/probe/vector \/stat40-R1
name

Keywords BAI1, Vasculostatin, Vstat
specles and origin  human
HGM symbol BAI1
chrom. location 8Qq24
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  Njishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, October 2007

comments This insert contains N-terminal BAI1 cDNA up to amino acid 277 cloned into
pcDNAS3.1/V5-His. Vstat40 is not processed from this smaller untagged frag
ment.

Description:
vector PCDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  No digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size 6.5 kb
resist. amp

Bacterla TOP10

Freezer Location B-8a-76

Polymorphisms:
enzyme allele size (Kb) frequency
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I Open reading frame
B Origin of replication
M Promoter

B Regulatory sequence

Bglll 13
pf,DNA 30D~ V5/ His ¥ selectable marker
Ndel 485 W Tag
N ”I ST / B Unique restriction site
\ 7 T7 prom

- Hindlll 903

//Kpnl 913

¢
~ b
- BAVA cDWNA

a.a. - 230 (RY)

N EcoRV 1976
T—Xbal 2003

A}
’\ . \fl origin
. ] .
\\SV40 prom

NTP_Il marke SV40 origin
Stul 3148 SV40 prom

Created using PlasMapper

22 of the 22 labels are shown.
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Probe records:
Record Number 8-058

gene name BAIl1

plasmid/probe/vector  Vstat40-R2
name

Keywords BAI1, Vasculostatin, Vstat
specles and origin ~ human
HGM symbol BAI1
chrom. location 8q24
copy number 1
GenBank #
source S Cork, NB1 p186-222

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, October 2007

Comments This insert contains N-terminal BAI1 cDNA up to amino acid 298 cloned into
pcDNA3.1/V/5-His.. Vstatd0 is not processed from this smaller untagged frag
ment.

Description:
vector PcDNA 3.1/V/5-His-TOPO (Invitrogen) 5.5 kb
cloning site  no digestion; PCR-generated inserts ligate directly with linear vector

Insertkb 1 kb

total size 6.5 kb
resist. amp

Bacterla TOP10

Freezer Location B-8a-70

Polymorphisms:
enzyme allele size (Kb) frequency
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Bglll 13
- B Selectable marker
: -V5/His
P‘DN' 310 s/ Ndel 485 W Tag
v ° g 'I e R / B Unique restriction site
AL /7 T7 prom

4
Ve
6500bp 7/

amp prom
AMP marker 7

SV40ER reg 25000p :

Al \
' f1 origin

\

I ' ' 5

= /\ SV40 prom
NTP_Il marker

$V40 prom SV40 origin

21 of the 21 labels are shown.

Hindill 903
//Kpnl 913
¢

{1l Open reading frame
W Origin of replication
B Promoter

B Regulatory sequence

© BMA <DNA
. a.a. V-28% (R2)
EcoRV 2039

T~ Xbal 2066

Created using PlasMapper
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Probe records:
Record Number 8-060

genename BAIl1
plasmid/probe/vector \/stat40-R5

name
Keywords BAI1, Vasculostatin, Vstat
species and origih  human

HGM symbol BAI1
chrom. location 8q24

copy number 1

GenBank #
source S Cork, NB1 p186-222

References  Njishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, October 2007

comments This untagged construct contains N-terminal BAI1 cDNA up until amino acid
351 cloned into pcDNAS3.1/V5-His. Vstat40 is processed from this larger frag
ment.

Description:
vector PCcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb
cloning site  no digestion; PCR-generated inserts ligate directly with linear vector

insertkb 1 kb

total size  6.5kb
resist. amp

Bacterla TOP10

Freezer Location B-8a-71

Polymorphisms:
enzyme allele size (Kb) frequency



268

20 of the 20 labels are shown.

I Open reading frame
B Origin of replication

B Promoter

B Regulatory sequence

Bglll 13
I Selectable marker
Ndel 485 B Tag
ST S / M Unique restriction site
\ : / T7 prom
- /
pcDNA3.ID g ’ / Hindill 903
Vvs/His f Kpnl 913
¢
~ s o 4

-~ -
. T™——pBR322 origin
= 50006p = n
extvacelular BAA
- lac prom 4 -
b an.1-351 (RS)
- . s
SV40ER reg S ——EcoRV 2192
% T~xbal 2219
: 3500bp ]m‘ :
v \ N
* 1, .a
’ S :
y ' . 5 \ y \
| T f1 origin
' Juil SV40 prom

SV40 prom SV40 origin

Created using PlasMapper




Record Number

gene name

plasmid/probe/vector
name

Keywords
species and origin
HGM symbol
chrom. location
copy number
GenBank #

Source

References

user and date

Comments

Description:
vector
cloning site
Insert kb
total size
resist.
Bacteria

Freezer Location

Polymorphisms:

enzyme

Probe records:
8-062
BAI
Vstat40-R6

BAI1, Vasculostatin, Vstat
human

BAI1

8g24

1

S Cork, NB1 p186-222

Nishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

S Cork, October 2007

This construct contains N-terminal BAI1 cDNA up until amino acid 375 clone
d into pcDNA3.1/V5-His.. Vstat40 is processed from this larger untagged fra
gment.

pcDNA 3.1/V5-His-TOPO (Invitrogen) 5.5 kb

no digestion; PCR-generated inserts ligate directly with linear vector
1 kb

6.5kb

amp

TOP10

B-8a-72

allele size (Kb) frequency
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I Open reading frame
B Origin of replication

Il FPromoter
ngNA 3.D- VS/H" Bglll 13 B Regulatory sequence
I Selectable marker
Ndel 485
Wl Tag
R I| Lo B Unique restriction site
s ] T7 prom
. /
’ / Hindlll 903
¢

L4

AKpnl 913
4

- . T——pBR322 origin
" — 50000p - A1 cDNA
e lac prom : AA. VT 334 (RO)
- . /
s
o “*  4500bp
”’ .
: SV40ER reg & s Ppe——
-
* \Xbal 2297

ITP_Il marker

SV40 prom
SV40 prom sv40 origin

Created using PlasMapper

20 of the 20 labels are shown.




Record Number

gene name

plasmid/probe/vector
name

Keywords
specles and origin
HGM symbol
chrom. location
copy number
GenBank #

Source

References

user and date
Comments

Description:
vector
cloning site
Iinsert kb
total size
resist.
Bacteria
Freezer Location

Polymorphisms:

enzyme
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Probe records:
8-040
BAI1
Vstat40-Q1

BAI1, Vasculostatin, Vstat
human

BAI1
8g24
1

S Cork, NB1 p186-222

Nishimori, et al., Onco%ene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

S Cork, November 2007

The insert is the BAI1 N terminal domain up to amino acid 328 cloned into p
cDNA3.1/V5-His, generating the predicted Vstat40 (untagged).

pcDNA 3.1//5-His-TOPO (Invitrogen) 5.5 kb

no digestion; PCR-generated inserts ligate directly with linear vector
1 kb

6.5 kb

amp

TOP10

B 8a-40,41

allele size (Kb) frequency
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pePNA 3.4D /v5-His
(\nv:-\roﬁen} o

20 of the 20 labels are shown.

Bglll 13 B Regulatory sequence
I Selectable marker
Ndel 485 W Tag
LoV '1 e / B Unigue restriction site
,’ T7 prom
: / Hindlll 903
‘ ’
' Akpnl 913
: ¢
7

amp prom

marke

SVA40ER reg

3000bp >
\\.‘/
e

SV40 prom
SV40 prom SV40 origin

Il Open reading frame
B Origin of replication
B Promoter

- Extencellular BAI1
. a0 1-328 (Vstab4Dd)

-~

St — __ECoRV 2126
1 Xbal 2153

Created using PlasMapper
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Probe records:
Record Number 8-064

genename BAI1
plasmid/probe/vector pTREZ2-Vstat40
name

Keywords BAI1, vasculostatin, Vstat40
species and origin ~ human
HGM symbol BAI1
chrom. location 8q24
copy number 1
GenBank #
source S Cork NB2 p264-298, NB3 p11-31

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

useranddate S Cork, August 2009

comments This vector expresses Vstat40 (BAI1 aa 1-328) in response to doxycycline (1
-2 ug/mL). This vector was used to generate inducible Vstat40-expressing L
16 cells for tumor experiments.

Description:
vector PTRE2 (Clontech)
cloning site  Hindlll/Xbal

insertkb 1 kB

total size 5 kB
resist. amp

Bacteria TOP10

Freezer Location B-8a-73

Polymorphisms:
enzyme allele size (Kb) frequency
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§ Open reading frame
B Origin of replication

B Promoter
B Regulatory sequence
TRE re B Selectable marker
/ CMV2 prom B Unique restriction site
pTREZ St Pwull 485
! o Clal 510
(Clontech) v \", /%Hindlll 515
= JRA o
/ ‘., :
4 400bp -

Extracellular BAI1
a.a. 1-328 (Vsratrdo)

_~PBR322 origin
.,l20®p

. “xbal 1505

2600bp
s, 24000p 220000
., roff
LN R

.

~
o
. \\Ncol 1642

Hincll 1688

‘\'

Bglll 2227

13 of the 13 lsbels are shown.

Created using PlasMapper




Pr records:

Record Number 8-066

genename BAI1
plasmid/probe/vector pGEX2T-Vstat40

name
Keywords BAI1, vasculostatin, Vstat40
species and origin  human
HGM symbol BAI1
chrom. location 8024
copy number 1
GenBank #
source S Cork NB2 p290-298, NB3 p62-90

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).

userand date S Cork, January 2010

comments This vector expresses GST-tagged Vstat40 (BAI1 aa 10-340) in response to
IPTG (1 mM) administration. Created using primers designed by D Zhu.

Description:
vector PGEX-2T (Amersham)
cloning site BamHI/EcoRI

Insertkb 1 kB

total size 6 kB
resist. amp

Bacterla TOP10

Freezer Location B-8a-74

Polymorphisms:
enzyme allele size (Kb) frequency

275



276

Il Open reading frame
B Origin of replication
B Promoter
f GEX-27 B Regulatory sequence
tac prom B Reporter gene
lacZ rn
(Amﬂ’ﬁham} i i I selectable marker
lac prom ! A P B Tag
v A B Unique restriction site
Hpal 5100
ECORV 5044 \ d
\ 3 BamHI 931
~ N
lacl reg\
. ___Xhol 1218
= Crvacellnlar BAIN
¢DNA a.a.10-340
( Vstat 40)
-
PBR322 origin ¢ .
. ' . Al
ampr ke
14 of the 14 Labels ave shown. Created using PlasMapper
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Probe records:
Record Number 8-068

genename BAI1

plasmid/probe/vector pGEX2T-Vstat120
name

Keywords BAI1, vasculostatin, Vstat
species and origin  human
HGM symbol BAI1
chrom. location 824
copy number 1
GenBank #
source S Cork NB2 p290-298, NB3 p62-125

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).

userand date S Cork, January 2010

comments This vector expresses GST-tagged Vstat120 (BAI1 aa 10-927) in response t
o IPTG (0.1-1 mM) administration. Created using primers designed by D Zhu

Description:
vector PGEX2T (Amersham)
cloning site BamHI/EcoRlI

insertkb 3 kB

total size 8 kB
resist. ampicillin

Bacteria TOP10

Freezer Location B-8a-75

Polymorphisms:

enzyme allele size (Kb) frequency
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I Open reading frame
Il Origin of replication
B Promoter
B Regulatory sequence
¢ GER-2T lacZ_a reporter tac prom B Reporter gene
lhmcrskﬁm) lac prom \ , B selectable marker
\ ol et Ty o Tag
\ b .

Hpal 6653 . ;
EcoRV 6597 \ . B Unique restriction site

\
lacl reg\ Q

BamHI 931

Xhol 1218

Exrvacellular BA11
8. 10-82% (Vsrati2d)

AMP marker l
amp prom EcoRIl 3440

15 of the 15 lsbels are shown. Created using PlasMapper
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Probe records:
Record Number 8-070

genename BAI1
plasmid/probe/vector  Vstat40-RAD

name
Keywords BAI1, vasculostatin, Vstat40
specles and origin ~ human

HGM symbol BAI1
chrom. location 8g24

copy number 1

GenBank #
source S Cork NB4 p12-69

References  jishimori, et al., Oncogene 15:2145-2150 (1997).

userand date S. Cork, July 2010

Ccomments This construct contains the RAD mutant at the RGD motif (in Vstat40 in pcD
NA3.1 vector). Introduced by primer overlap extension using Xho fwd and re
v primers and RAD fwd and rev mutant primers.

Description:
vector PCDNA3.1-Vstat40 (Q1)
cloning site  Xhol (between Vstat40 Xhol site and pcDNA MCS Xhol site)

Insertkb 1 kb

total size 5 kb
resist. ampicillin

Bacteria TOP10

Freezer Location B-8a-76

Polymorphisms:
enzyme allele size (Kb) frequency
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! Open reading frame
B Origin of replication
B Promoter

B Regulatory sequence

Bglll 13
I Selectable marker
pecPNASAD /N5 -His Ndel 485 B T
e I| " / B Unique restriction site
<"w:k°5en3 . ' ' /’ T7 prom
3 ’ Hindlll 903

~
o
\

‘ //Kpnl 913
4

6500bp,

amp prom

o amp marker
- e —— i = H
. PBR322 origin - . Gxirmcelinlar BAVY
- = 5000bp : . 328 CV‘W“}
lac prom - tf 232 A ("RAD“>
. SVA4OER reg ~* ———EcoRV 2126
- Xbal 2153
. . 3500bp {m J )
v p (W
. P i
' a— £ \
[ 'R f1 origin
NTP_Il marke SV40 prom

SV40 prom SV40 origin

20 of the 20 Labels are shown. Created using PlasMapper
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Pro -

Record Number 8-072

gene name BAI1
plasmid/probe/vector BA|1-L1
name

Keywords BAI1, vasculostatin, vstat
specles and origin  human
HGM symbol BAI1
chrom. location 824
copy number 1
GenBank #
source S Cork NB4 p85-103

References  njishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, July 2011

comments This vector contains alterations in the MCS of the vector containing full-lengt
h BAI1 cDNA cloned into pcDNAS3.1D+, with the result that this vector contai
ns only a single Xhol site (in the BAI1 gene). Following double digest with Ec
oRV and Xbal to remove the Xhol site in the MCS, the vector was treated wit

h the Klenow fraament and relinated
Description:

vector PCDNAS.1
cloning site EcoRV/Xbal digest to remove Xhol site
Insertkb none
total size 10 kB
resist. amp
Bacteria TOP10
Freezer Location B-8a-77

Polymorphisms:
enzyme allele size (Kb) frequency



282

I Open reading frame
B Origin of replication
B Promoter
<DNAS3.) () Nrul 209 B Regulatory sequence
P . a: \acking Ndel 485 I Selectable marker
lmn-hroat ’ B Unique restriction site

Mol restvichon sibe 1 0]
ia M(CS g .

g P vcchr) g =

T7 prom

e

amp prom

; - \ amp marker 1500bp *, -
. ~soooss \pBR322 origin .
-~ »e -
- - ,,}Iac prom -
po .- BO0ObY o
1ark B < _ -
o - =T——C(lal 2986

SV40 prom o F.ln
SV40 origin / . : BAAA (.DNA
SV40 prom i ., 500 coow 0006 \'
. , =
/ . LU PR S
f1 origin L5 p g
’ I \

~
-
-

Xbal 6332

Created using PlasMapper

17 of the 17 labels are shown.




Record Number
gene name
plasmid/probe/vector
name
Keywords

species and origin

HGM symbol
chrom. location

copy number

GenBank #

Source

References

user and date

Comments

Description:
vector
cloning site
Insert kb
total size
resist.
Bacteria
Freezer Location

Polymorphisms:
enzyme

Probe records:
8-074
BAI1
BAI1-RSQ

BAI1, vasculostatin, Vstat
human

BAI1

8g24

1

S Cork NB4 p85-140

Nishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

S Cork, July 2011

283

This vector contains a point mutant in the BAI1 gene cloned into the L1 vect
or, changing RSQ in the Vstat40 cleavage site to AAA using primer overlap

extension.

BAI1-L1 (pcDNA3.1+)
between Agel and Xhol sites
1 kB

10 kB

amp

TOP10

B-8a-78

allele size (Kb)

frequency
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I Open reading frame
B Origin of replication

B Promoter
LA vector: FcDNA 3.0 (P Nui209 M Regulatory sequence
I Selectable marker
‘ﬁd‘“ﬁ Ahrel S;‘"C T7 prom . Unique restriction site
in McS ‘

bh\ A LDNA w\""\ﬂ\

\g
SV40 prom % \
S

SV40 origin
SV40 prom p
/'. RSQ.,,c — AAA
f1 origin /
(*rsa")

g

Xbal 6332

Created using PlasMapper

17 of the 17 labels are shown.




285

Probe records:
Record Number 8-076

genename BAI1
plasmid/probe/vector BA|1-QSL
name

Keywords BAI1, vasculostatin, Vstat
specles and origin  human
HGM symbol BAI1
chrom. location 8Q24
copy number 1
GenBank #
source S Cork NB4 p85-140

References  \jishimori, et al., Oncogene 15:2145-2150 (1997).
Cork SM et al. (2011) Oncogene, submitted.

userand date S Cork, July 2011

comments This vector contains a point mutant in the BAI1 gene cloned into the L1 vect
or, changing QSL in the Vstat40 cleavage site to AAA using primer overlap e
xtension.

Description:
vector BAI1-L1 (pcDNAS.1+)
cloning site between Agel and Xhol sites

insertkb 1 kB

total size 10 kB
resist. amp

Bacteria TOP10

Freezer Location B-8a-79

Polymorphisms:
enzyme allele size (Kb) frequency



286

! Open reading frame
B Origin of replication

B Fromoter
LA vector: P <ONAR N (4 Nrul 209 B Regulatory sequence
. | sive Nde| 485 I Selectable marker
Loag M5 Xwol i / T7 prom B Unique restriction site

d /
X e,
/

n MCs e LU
Xhol 1248

amp prom

. /
~ AMp marker

_'\m pBR322 origin

N

SV40 prom -
SV40 orlgln// 4 BALI1 cDNA with
SV40 .
prom / 5 QSL;’_’ 2 AAA
1 origin / .
’ \ C "OSL“)

~
-—
-
-

Xbal 6332

17 of the 17 labels ave shown. Created using PlasMapper




APPENDIX III
CELL LINES
Cell lines developed:
1. LN229-L16-#5 288
2. LN229-L16-#14 289

3. LN229-L16-#17 290

287



1 Record #
Cell Line names
Date received

at Passage #

Cell type

key word search
Source address

published reference

Description/purpose

Media Requirements

Growth conditions
drug sensitivity

transfection

AdenolacZ infection
nude tumorig. dose

288

E11

LN229-L16-5

25/7/2011

2

human

glioma (tet-inducible)

BAI1, vasculostatin, Vstat40, L16, LN229
S Cork NB3, p45-74

none

These cells were created for the purpose of studying Vstat40 anti-tumor activity in vivo. They were
created by co-tri TRE2-Vstat40 vector (no selection marker) with pEGFP-N2 vector (G4
18 resistance) into 16 cells at 10:1 ratio to ensure that virtually all G48-resistant colonies

would contain the inducible Vstat40 vector. Clones were screened (-/+ dox) to verify selective indu

cibility in the presence of doxycycline.

Complete growth medium (10% FBS in DMEM) with appropriate antibiotics (see b
elow).

Cells must be cultured in 0.5 ug/mL puromycin to maintain TA vector selection/ind
ucibility. Further culturing in 400 ug/mL G418 (Invitrogen) maintains clonal selection
Doxveveline (2 ua/mi) mav ba used to selectivalv induce Vstatd0 aexorassion

none
Growth similar to parental LN229 cells (tumor burden reached at 2-3 months post-implantation).

Immunotype

birth date

2J40-41

mycotest Date frozen



1 Record #
Cell Line names
Date received

at Passage #

Cell type

key word search
Source address

published reference

Description/purpose

Media Requirements

Growth conditions
drug sensitivity

transfection

Vials

Passages Frozen
DAR certif

289

E12

LN229-L16-14

25/7/2011

2

human

glioma (tet-inducible)

BAI1, vasculostatin, Vstat40, L16, LN229
S Cork NB3, p45-74

none

These cells were created for the purpose of studying Vstat40 anti-tumor activity in vivo. They were
created by co-tr TRE2-Vstat40 vector (no selection marker) with pEGFP-N2 vector (G4
18 resistance) into LN2 16 cells at 10:1 ratio to ensure that virtually all G48-resistant colonies

would contain the inducible Vstatd0 vector. Clones were screened (-/+ dox) to verify selective indu

cibility in the presence of doxycycline.

Complete growth medium (10% FBS in DMEM) with appropriate antibiotics (see b
elow).

Cells must be cultured in 0.5 ug/mL puromycin to maintain tTA vector selection/ind
ucibility. Further culturing in 400 ug/mL G418 (Invitrogen) maintains clonal selection
Doxveveline (2 ua/mi mav be used to selactivelv induce Vstatd0 axnrassion

none
Growth similar to parental LN229 cells (tumor burden reached at 2-3 months post-implantation).

Immunotype

birth date

2J42-43

mycotest Date frozen



1 Record #

Cell Line names

Date received

at Passage #

Species

Cell type

key word search
Source address

published reference

Description/purpose

Media Requirements

Growth conditions
drug sensitivity

transfection

AdenolacZ infection
nude tumorig. dose

Phenotype
Chrom. abnormal.

Karyotype
patient name

Neuropathology #

Pedigree

Member number
Location

Vials

Passages Frozen

DAR certif

290

E13

LN229-L16-17

25/7/2011

2

human

glioma (tet-inducible)

BAI1, vasculostatin, Vstat40, L16, LN229
S Cork NB3, p45-74

none

These cells were created for the of studying Vstat40 anti-tumor activity in vivo. They were
created by MMMTR .Vstatd0 vector (no selection marker) with pEGFP-N2 vector (G4
18 resistance) into 16 cells at 10:1 ratio to ensure that virtually all G48-resistant colonies

would contain the inducible Vstat40 vector. Clones were screened (-/+ dox) to verify selective indu

cibility in the presence of doxycycline.

Complete growth medium (10% FBS in DMEM) with appropriate antibiotics (see b
elow).

Cells must be cultured in 0.5 ug/mL puromycin to maintain TA vector selection/ind
ucibility. Further culturing in 400 ug/mL G418 (Invitrogen) maintains clonal selection
Doxveveline (2 a/mi mav be used to selectivalv induce Vstatdd axnrassion

none
Growth similar to parental LN229 cells (tumor burden reached at 2-3 months post-implantation).

Immunotype

birth date

2J44-45

mycotest Date frozen



