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ABSTRACT

Sparstolonin B (SsnB) is a novel bioreactive coumubisolated fronSparganium
stoloniferum an herb historically used in Traditional Chiné&edicine as an anti-tumor
agent. SsnB has demonstrated anti-inflammatorygsties, inhibiting Toll-like receptor
mediated inflammation in isolated macrophages anmdice. Angiogenesis, the process
of new capillary formation from existing blood veks is dysregulated in many
pathological disorders, including atheroscleradigbetic retinopathy, and tumor growth.

The goal of the project was to investigate the-angiogenic effects of SsnB.

The first part of the project utilizad vitro functional assays to study how SsnB
affected endothelial cells. SsnB inhibited endidheell tube formation (Matrigel
method) and cell migration (Transwell method) idose-dependent manner. Microarray
experiments with human umbilical vein endotheligl(HUVECSs) and human coronary
artery endothelial cells (HCAECs) demonstratededéhtial expression of several
hundred genes in response to SsnB exposure (9d@5&hgenes, respectively, with fold
change> 2, p < 0.05, unpaired t-test). Microarray datarfrboth cell types showed
significant overlap, including genes associatedh wéll proliferation and cell cycle.

Flow cytometric cell cycle analysis of HUVECs tredtwith SsnB showed an increase of
cells in the G1 phase and a decrease of cellei®s thhase. Cyclin E2 (CCNEZ2) and Cell
division cycle 6 (CDCG6) are regulatory proteinsttbantrol cell cycle progression

through the G1/S checkpoint. Both CCNE2 and CD@6evdownregulated in the

Vi



microarray data. Real Time quantitative PCR coméd that gene expression of CCNE2
and CDC6 in HUVECs was downregulated after SsnB®sure, to 64% and 35% of
controls, respectively. The data suggest that $sap exert its anti-angiogenic
properties by downregulating CCNE2 and CDC6, hglgrogression through the G1/S

checkpoint.

In the second portion of the project, a chick aaltantoic membrane (CAM)
assay was utilized to investigate SsnB inhibitibexvivoangiogenesis. Chick embryos
were exposed to methylcelluose discs containingcleebontrol (DMSO) or SsnB.

Chick embryos receiving SsnB discs showed sigmificaduction in capillary length and
branching relative to the vehicle control groupve@ll, SsnB caused a significant

reduction in angiogenesis, demonstratinggXvivoefficacy.
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CHAPTER1

INTRODUCTION

Atherosclerosis

Atherosclerosis is a serious chronic disease tifiga significant portion of the
U.S. population and causing many deaths, from ¢mmdi such as ischemic stroke and
myocardial infarction. There are many risk factimrsatherosclerosis including
hypertension, smoking, diabetes, high-fat diet, dyslipidemia. Atherosclerosis
specifically involves the formation of plaques viitiblood vessels, progressing through
several stages (illustrated in Figure 1.1). Indh#diest stage, fatty streaks or atheromas
form as lipids and lipoproteins deposit in the tanintima of the blood vessel. A high
ratio of LDL:HDL favors this event. The lipid defits become oxidized and induce
injury to the endothelial cells lining the bloodsgel. Endothelial injury is a key step in
atherosclerosis; endothelial cells may also be @y denuding events or by more
subtle hemodynamic changes. Cell adhesion moleeuteupregulated in the
endothelium, and inflammatory cells are attractethée site of injury, including
monocytes which differentiate into macrophages.nf@asrophages migrate to the area of
oxidized lipids, scavenger receptors and toll-li&eeptors bind the lipids and help
activate the macrophages to release inflammatdokines and mediators. The
macrophages transform into foam cells as they ugkexidized lipids. Additional cells

migrate to the area, including mast cells and leytes. An advanced lesion forms as



smooth muscle cells from the tunica media proliraenigrate into the plaque, and form
a fibrous cap. The smooth muscle cells may alustorm into foam cells. An area of
dead cells and cholesterol crystals forms withenglaque. A capillary network also
grows within the plaque to help provide nutriegigses, and inflammatory cells to the
growing plaque. Blood vessels within the tunicaeaditia, known as the vasa vasorum,
supply this capillary network. As the plaque pesges, the fibrous cap weakens and
ruptures, exposing the highly thrombogenic necrotie region. Thrombus formation
subsequently ensues. The thrombus may occludessel or become an embolus that

travels to another region of the body (Sluimer Bagmen 2009).

Normal Artery Atheroma Advanced Plaque Ruptured Plaque

Figure 1.1 Atherosclerotic Plaque Progression.

Plaque formation does not typically occur in viyge mice. However, ApoE
knockout mice and LDL receptor knockout mice shayni§icant plaque progression
after several months on a high fat diet (such ad¥estern Diet). Plaque formation in
mice can be accelerated by surgical interventiomswalter hemodynamics or induce
endothelial injury. These procedures include cotepdad partial carotid ligation, where
the entire common carotid artery or its branchedigated with sutures. The resulting
decreased blood flow and oscillatory shear stredsae the time to plaque formation.

Another model of atherosclerosis in mice is wirduoed endothelial cell injury. In this



model, a wire is inserted into the carotid artamng the luminal surface is scraped to
induce endothelial injury. A similar model involséhe application of electrical current
to the carotid. Mice may also be injected witlopplysaccharide, derived from gram
negative bacteria, to induce an inflammatory respand cause atherosclerosis (Nam et

al. 2009).

Intraplaque Angiogenesis

Atherosclerotic plague rupture is the leading eaafsacute cardiovascular events
such as myocardial infarction (“heart attack”) aschemic stroke. In this process, the
fibrous cap overlying an atherosclerotic plaquésfaesulting in rapid thrombus
formation which may completely occlude the veslealding to ischemia and tissue death
downstream of the blockage. Newly developed andrrang myocardial infarction
afflicts approximately 1.1 million people in the B®er year, with a 40% fatality rate;
220,000 of these deaths occur without hospitabrmatiRoughly 75% of these clinical
events are caused by atherosclerotic plaque rugdlearly, methods of stabilizing
atherosclerotic plaques to prevent plaque ruptugavhave a significant clinical impact

(Sluimer and Daemen 2009).

Research has shown a link between capillary né&sweithin atherosclerotic
plaques and plaque progression and rupture (Slwetredr 2009). Under normal
physiological conditions, only thick-walled bloodssels such as the descending aorta
and the common carotid artery contain an intrameaplllary network. This network of
blood vessels, known as the vasa vasorum, is eduatthe tunica adventitia and outer

third of the tunica media. It supplies the bloassel wall with nutrients and allows gas



exchange. Human atherosclerotic arteries have sleatensive intraplaque
angiogenesis, often linked to the vasa vasorurhadtbeen suggested that hypoxia and/or
reactive oxygen species are responsible for imggatew capillary formation (Khurana et
al. 2005). Capillary networks within atherosclex@laques serve as a source of
inflammatory cells, nutrients, and mediators, alluythe neo-intima to expand beyond
the normal wall thickness. Intraplaque angiogenisscorrelated with decreased plaque
stability and increased incidence of plaque ruptsudsequent thrombus formation, and
intra-arterial occlusion. Recent research hasestgg that inhibiting angiogenesis may
improve plaque stability and decrease the charmrgddque rupture (Moreno et al. 2004,
Virmani et al. 2005). In addition, inhibiting alogienesis may decrease plaque formation
by limiting this supply of necessary factors to ghaque region (Sluimer and Daemen

2009).

Oxidative stress and reactive oxygen species (R@% been linked to many
different pathological states, including atheroszdes. ROS are also employed in normal
physiological responses in vascular cells, inclgdimiracellular signaling. ROS include
hydrogen peroxide, superoxide anion, nitric oxiN©®J, peroxynitrite, and hydroxyl
radical. Sources of ROS include NADPH oxidase€)8Nlipoxygenases, the
mitochondrial electron chain, and xanthine oxidaReactive oxygen species can also be
found in environmental sources, such as cigaretteke and diesel exhaust fumes.
Certain reactive oxygen species, such as the sxideranion, may react with NO,
forming peroxynitrite which oxidizes and damagesdimembranes, lipoproteins, and
cellular enzymes. As NO becomes inactivated, viéetamh is impaired, resulting in a

state of hypertension. ROS may also increaseadbision molecules in endothelial



cells, leading to a state of vascular inflammatiédl. of the preceding effects predispose

the vasculature to atherosclerosis (Ushio-Fukal.et999).

Steps Involved in Angiogenesis

Angiogenesis is one mechanism of new blood vdes®lation. Specifically,
angiogenesis refers to capillary formation fromsérg blood vessels; whereas,
vasculogenesis refers to the novaformation of blood vessels during embryogenesis.
Angiogenesis plays an important role in many norevaints in the body, including
wound healing, embryogenesis, and female reprogauptiocesses. During these normal
processes, angiogenesis is highly regulated. Wiatsgl angiogenesis contributes to
many pathological conditions, such as rheumatdiuiéis, psoriasis, retinopathy, and
tumor growth and metastasis. Clearly, angiogenssia important event in the human
body. In addition, endothelial cells play a kelerduring angiogenesis. Therefore, an
understanding of endothelial cell functions is eisg¢when discussing angiogenesis

(Bussolino, Mantovani, and Persico 1997).

Angiogenesis is a complex event that occurs inrs¢ggages and involves
interactions between cells, soluble factors, artchegllular matrix molecules. First,
proteolytic enzymes break down the basement meralwhan existing blood vessel.
Endothelial cells with the help of proteolytic enzgs, including matrix
metalloproteinases (MMPs) and the plasminogen atctivsystem (PA), break down the
basement membrane and invade the surrounding $isJuee PA system is comprised of
the serine proteases urokinase-type plasminogeratmt(UuPA) and tissue-type

plasminogen activator (tPA) that convert plasminmomgo its active form, plasmin.



Plasmin degrades numerous extracellular matrixeprst including fibronectin, laminin,
and fibrin. Plasmin also helps activate many MMREtrix metalloproteinases are more
specific in the matrix molecules that they degradéer the basement membrane of the
blood vessel is broken down, endothelial cells atginto the surrounding tissue and
proliferate. Growth factors and other soluble enug in the ECM often facilitate and
regulate this process. The growth factors thastmed bound to the ECM can be
released as the ECM is degraded by proteasesaitCgrowth factors, such as vascular
endothelial growth factor, act as chemoattractthasfacilitate the migration of
endothelial cells to certain locations. After heriation and migration, the endothelial
cells form a new lumen and start to secrete exttdaematrix molecules, ultimately

forming a new capillary (Liekens, De Clercq, andyt$e2001).

Preliminary Research

The strong connection between plague instabifity @angiogenesis initially
captured our attention. What causes intraplaggeganesis? How can we inhibit
intraplaque angiogenesis? Will inhibiting angiogsis prevent plaque rupture? These
were questions that first intrigued us. Our preliany research sought to investigate the
cause and process of angiogenesis within atherosiclplaques. We hypothesized that
reactive oxygen species were responsible for @piformation within plaques. Later
we decided to investigate the anti-angiogenic mtogseof the plant derived compound
Sparstolonin B. We will first begin with a brieéskcription of the preliminary research
conducted on reactive oxygen species and intraplaqgiogenesis. The majority of this
dissertation will then be devoted to examining Sfmdonin B and its anti-angiogenic

properties.



To study the relationship between reactive oxygmaties, angiogenesis, and
atherosclerosis, a mouse model of atherosclerassuized. In this model, ApoE
knockout mice underwent left carotid ligation. Tigated mice were placed on a high
cholesterol diet (Paigen Diet - 1.25% cholesteiai)0, 7, 14, and 21 days. During this
time, atherosclerotic plaques developed within dgetted carotid artery. After the
appropriate time course, the mice were sacrificetierfused with heparinized saline
and neutral buffered formalin. Both left and righrotid arteries were dissected in an
entire block, including the trachea and esophag@iazotid blocks were fixed, processed,
and embedded in paraffin. The specimens wereosectiinto 5 um sections and
collected on glass slides. Plaque formation wasahestrated by hematoxylin and eosin
(H&E) and Masson’s Trichrome staining. To inveatgreactive oxygen species
formation in the plaque, antibodies against 8-iestane (8-1P) were chosen. 8-IP forms
after reactive oxygen species react with componaitse cell membrane. The slides
were deparaffinized and hydrated; immunohistochahsitaining was performed to
detect 8-IP. A colorimetric reaction was utilizeddetect the presence of 8-IP. Light
microscopic images were acquired with a 10X obyeckens, and the stained area within

sections was measured with Image-Pro Plus imadggsamaoftware.

Immunohistochemical staining for 8-1P was perfodnoa carotid artery sections
taken from mice that had undergone a complete idaadery ligation for O, 7, 14, or 21
days. The staining results were analyzed by digdiach carotid image into three
separate regions (intima, media, and adventitid)ragasuring the positively stained area
in each region (see Appendix, Figure A.1). The imeegion exhibited the least amount

of staining in all sections; whereas, the advengtihibited the most staining. Day 14



specimens demonstrated the largest stained a&an0 showed the least staining.
Overall, 8-IP seemed to increase over time and padBay 14. Afterwards, 8-IP
staining dropped on Day 21. In addition, Day 1d af sections showed areas of 8-IP
staining that overlapped with capillary networksndtfied by antibody Ter 119
(erythroid cell marker) and hematoxylin and eosairss. Day 7, 14, and 21 sections
exhibited 8-IP staining in areas containing foartscand adventitial fat cells. Day 0
staining was confined to the endothelium. Thesalte suggest that ROS formation

increases during atherosclerotic plaque developmehts mouse model.

The results demonstrated a potential role fortre@aoxygen species in capillary
formation within atherosclerotic plagues. 8-isgame is formed when reactive oxygen
species react with arachidonic acid, a componenéltdlar membranes. Since 8-IP is
elevated in the neointima at 14 and 21 days a#estidl ligation, this implies that
reactive oxygen species are present in the atierosic plaques. The colocalization of
8-IP and intraplaque capillary networks suggesas ROS may be involved in
neovascularization. Day 14 sections demonstrdiesgaining before intraplaque vessels
are present, supporting this hypothesis. Hypoamleen show to be a major driving
force for angiogenesis, but other factors, suateastive oxygen species, may play a key
role in this process. ROS may activate many oktrae angiogenic pathways as
hypoxia, including the stabilization of the tranption factor hypoxia inducible factor
(HIF)-1a which upregulates VEGF. Future directions coalbrporate research into the
mechanisms of ROS stimulation of angiogenesis dddianal markers of ROS, such as

4-hydroxynonenal (4-HNE).



Angiogenesis Inhibition and Sparstolonin B

The research outlined above explored a potentrabfus for intraplaque
angiogenesis. After completing this research ai$ Wweemed important to investigate new
ways to inhibit angiogenesis. New methods to iitlabgiogenesis may hold the key to
new treatments not only for atherosclerosis, k& &r various other angiogenesis-
related pathological conditions, including psosasiancer, and rheumatoid arthritis.
Sparstolonin B (SsnB) is a newly isolated compofnonh the aquatic herlgparganium
stoloniferum Based on prior research conducted on both SedBhee parent plant
(described in the following pages), we hypothesithed SsnB would inhibit

angiogenesis.

Angiogenesis may be inhibited at multiple ste@sowth factors, including
Vascular Endothelial Growth Factor (VEGF) and b&sbroblast Growth Factor (bFGF),
are suitable targets. Current approaches to segqUdsGF include soluble VEGF
receptors and neutralizing antibodies against VE®Eacellular signaling molecules,
including tyrosine kinases, can be inhibited tovpre receptor-mediated activation of
endothelial cells. There also exist natural angiasis inhibitors, including endostatin,
retinoids, and fibronectin fragment, which may &egéted for angiogenesis inhibition.
Angiogenesis inhibitors often target endothelidisciarough the inhibition of cell
proliferation, migration, and protease producti@urrent research into angiogenesis
inhibition has demonstrated ways to limit atheresusis. By inhibiting intraplaque
angiogenesis, necessary factors, such as inflamynagtls, oxygen, and mediators, are

not delivered to the growing plaque, diminishingqule growth. Plaque stability may



also be improved, decreasing the likelihood of p&aupture and subsequent thrombosis

and stroke or myocardial infarction (Pandya, Dhallad Santani 2006).

Sparstolonin B (SsnB) is a novel bioactive compbigolated from the plant
Sparganium stoloniferuroy Dr. Qiaoli Liang from the laboratory of Dr. Dag Fan at
the University of South Carolina School of Medic{héang et al. 2011) Sparganium
stoloniferumis a perennial, aquatic plant grown in North amgtEChina, whose tubers
have long been used in Traditional Chinese Medi€li@&M) for the treatment of several
inflammatory diseases and as an anti-spasmodiaatndumor agent. Previous work
with this herb has mainly dealt with its extractSsnB is one of several chemical
compounds that have been isolated and charactdraaadsparganium stoloniferum
NMR and X-ray crystallography have identified SsaBa polyphenol with structural
similarities to isocoumarins and xanthone (seeréidu?). Isocoumarins are a class of
compounds that often exhibit anti-coagulant, amflammatory, and anti-tumor

properties (Qiu 2008; Liang et al. 2011; Xiong le2809).
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Figure 1.2 Structure of SsnB

SsnB shows potential as a safe, non-toxic phamat@ed agent for the treatment
of several pathological conditions. At concentmas up to 10QM, SsnB does not
exhibit cytotoxic effects on various cell types;luding peritoneal mouse macrophages,
phorbol myristate acetate (PMA)-differentiated THIfacrophages, Human Umbilical
Vein Endothelial Cells (HUVECSs), Human Aortic Smbdfluscle Cells (HASMCs), and
monocytic THP-1 cells. Prior research has showah &snB exhibits strong anti-
inflammatory effects on mouse and human macrophagéesctively inhibiting the
inflammatory responses of macrophages to ligand$db-like Receptors 2 and 4 (TLR2
and TLR4). SsnB has also been shown to suppresssti@am signaling pathways after
TLR2 and TLR4 activation, including MAPK and NdB. These findings suggest that

SsnB may be an antagonist to TLR2 and TLR4 (Liareg.€2011).
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Targeting endothelial cell proliferation has shguatential in the area of
angiogenesis inhibition. Endothelial cell prolddon may be inhibited in numerous
ways, including the downregulation of cell cyclgutatory proteins (Pandya, Dhalla, and
Santani 2006). Cyclins and cyclin dependent kisase regulatory proteins that control
progression through the cell cycle by regulatingcsiic cell cycle checkpoints. Cyclins
help activate cyclin dependent kinases, which phogpate downstream proteins that
allow cells to progress through these checkpoiiigclin E2 (CCNEZ2) and Cell Division
Cycle 6 (CDCB6) are regulatory proteins that controlgression through the G1
checkpoint (see Figure 1.3). Downregulation of &2Nwind CDC6 could trap cells at the
G1 checkpoint and prevent endothelial cells fronerng the final stages of cell division
(Wu et al. 2009; Borlado and Mendez 2008). We Heymothesized that SsnB may exert
anti-angiogenic effects by downregulating CCNE2 @mC6, trapping endothelial cells

at the G1 checkpoint and preventing complete ceisidn.
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Figure 1.3 Cell Cycle
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The parent plarsparganium stoloniferuinas been used for centuries in
Traditional Chinese Medicine for the treatmentafcer. Furthermore, previously
published research has shown that extracts and isthiated chemical compounds from
this herb, including a sucrose ester, a phenylprojgaglycerol, carboxylic acid esters,
and a phenylpropanoid glycoside, have demonstraitght anti-cancer effects (Li et al.).
Compounds used to treat tumors often possess ilitg abinhibit angiogenesis, among
other properties. This enables these compouniimitdblood vessel growth into
growing tumors, limiting the supply of necessaryriamts and cells and subsequently
inhibiting tumor growth (Meng et al.). Since SsisRlerived from this plant used in
cancer treatment, we tested the hypothesis th& 8sty possess anti-angiogenic
properties in addition to its already establishet-mflammatory properties. Moreover,
SsnB offers advantages over current protein anggje inhibitors, including angiostatin

and thrombospondin, which require parenteral adstration.

Specific Aims

The overall goal of the project is to demonstthtd SsnB inhibits angiogenesis
and to determine its mechanism of action in bloglangiogenesis. Our initial vitro
studies demonstrated the potential of SsnB as @aagiogenic agent, which inhibits
human endothelial cell tube formation and migrati@ur microarray data showed how
SsnB affected gene expression, with an enrichmiethtferentially regulated genes
associated with cell proliferation, replication,gration, and cell cycle. SsnB arrested
endothelial cell division in the G1 phase in asaban with downregulating the cell cycle
proteins cdc6 and cyclin E2. Furthermore, we destrated that SsnB inhibitexk vivo

angiogenesis in the chick chorioallantoic membiassay. Overall, we hypothesize that
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SsnB inhibits angiogenesis by targeting endothekdlicycle progression, cell migration,
and chemotaxis. The project may ultimately demastthe potential of SsnB as a
pharmaceutical compound used to inhibit angiogeresil possibly to stabilize

atherosclerotic plaques.
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Specific Aim 1— Functional Assays:

To demonstrate the anti-angiogenic effects of Stin@®ughin vitro functional assays

using human endothelial cells.

Specific Aim 2— Mechanistic Studies:

A. Microarray:

To test the effects of SsnB on the gene expregsmiiie of Human Umbilical
Vein Endothelial Cells (HUVECSs) and Human CoronArtery Endothelial Cells

(HCAECs).

B. Cell Cycle Reqgulation:

To investigate how SsnB affects expression of géoiecell cycle regulatory

proteins and progression through the cell cycle.

Specific Aim 3—EXx vivoStudies:

To demonstrate the anti-angiogenic effects of SartBeex vivochick chorioallantoic

membrane (CAM) assay.

Specific Aim 1 involved the use of seveiralitro functional assays to reveal if
and how SsnB inhibited angiogenesis-related funstia isolated endothelial cells.
Specific Aim 2 further investigated the mechanidmmabibition by examining changes in
gene expression with microarrays and determinirg 8snB affected cell cycle
progression. Specific Aim 3 demonstrated angiogisnahibition in arex vivosystem.

Overall, SsnB exhibits many diverse effects, inslgdanti-inflammatory, anti-

15



angiogenic, and cytostatic properties, which sugted it may have potential therapeutic

uses for a plethora of disorders.
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CHAPTERZ2

SPARSTOLONIN B INHIBITS PRGANGIOGENIC FUNCTIONS AND BLOCKS CELL CYCLE
PROGRESSION IN ENDOTHELIAL CELLS

Abstract

Sparstolonin B (SsnB) is a novel bioactive compbisolated fronSparganium
stoloniferum an herb historically used in Traditional Chiné&edicine as an anti-tumor
agent. Angiogenesis, the process of new capifarpation from existing blood vessels,
is dysregulated in many pathological disorderduitiag diabetic retinopathy, tumor
growth, and atherosclerosis. In functional ass&gsB inhibited endothelial cell tube
formation (Matrigel method) and cell migration (Msavell method) in a dose-dependent
manner. Microarray experiments with human umbliken endothelial cells (HUVECS)
and human coronary artery endothelial cells (HCAEEsnonstrated differential
expression of several hundred genes in resporSsnB exposure (916 and 356 genes,
respectively, with fold change2, p < 0.05, unpaired t-test). Microarray datarfrboth
cell types showed significant overlap, includingnge associated with cell proliferation
and cell cycle. Flow cytometric cell cycle anasysf HUVECSs treated with SsnB
showed an increase of cells in the G1 phase ardraake of cells in the S phase. Cyclin
E2 (CCNE2) and Cell division cycle 6 (CDC6) areutagory proteins that control cell
cycle progression through the G1/S checkpoint. hBSENE2 and CDC6 were
downregulated in the microarray data. Real Timangtative PCR confirmed that gene

expression of CCNE2 and CDC6 in HUVECs was dowretgd after SsnB exposure, to
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64% and 35% of controls, respectively. The daggsst that SsnB may exert its anti-
angiogenic properties in part by downregulating &2Nind CDCB6, halting progression

through the G1/S checkpoint.

Introduction

Sparstolonin B (SsnB) is a novel bioactive compbigolated from the plant
Sparganium stoloniferuna perennial, aquatic plant grown in North andtExdsna,
whose tubers have long been used in Traditionat€da Medicine (TCM) for the
treatment of several inflammatory diseases anch ah-spasmodic and anti-tumor
agent. NMR and X-ray crystallography have ideatfSsnB as a polyphenol with
structural similarities to isocoumarins, a class@hpounds that often exhibit anti-
coagulant, anti-inflammatory, and anti-tumor prajesr(Qiu 2008; Xiong et al. 2009;
Liang et al. 2011). SsnB may hold potential aafa,snon-toxic pharmaceutical agent for
the treatment of several pathological conditioAs concentrations up to 1QM, SsnB
does not exhibit cytotoxic effects on various tgbes, including mouse peritoneal
macrophages, HUVECs, human aortic smooth musde egld monocytic THP-1 cells.
Prior research has shown that SsnB exhibits staotignflammatory effects on mouse
and human macrophages by selectively inhibitingilammatory responses of
macrophages to ligands for Toll-like Receptor (TEZRYnd TLR4. SsnB has also been
shown to suppress downstream signaling pathwags BiftR2 and TLR4 activation,
including MAPK and NF¢B (Liang et al. 2011). These findings suggest 8=aiB may
be an antagonist to TLR2 and TLRA4.

Angiogenesis refers to capillary formation fromsgixg blood vessels.

Angiogenesis plays an important role in many pHgsjical events in the body, including
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wound healing, embryogenesis, and female reproguptiocesses (Folkman 1971; Risau
1997). During these normal processes, angiogeiselsighly regulated. Unregulated,
excessive angiogenesis contributes to many patiesloguch as rheumatoid arthritis,
psoriasis, retinopathy, and tumor growth and mas#s{Staton, Reed, and Brown 2009).
Inhibiting pathological angiogenesis may prove ¢ca effective therapy for these
angiogenesis-related diseases.

Angiogenesis is a complex process that occureveral stages and involves
interactions between cells, soluble factors, artchegllular matrix molecules.
Endothelial cells play a key role in angiogenegisdothelial cells can secrete proteolytic
enzymes which break down the basement membramefisting blood vessel,
allowing the cells to invade the surrounding tissumigrate in response to an angiogenic
stimulus, and proliferate. Growth factors and odwuble proteins in the ECM often
facilitate and regulate this process, includingcudar endothelial growth factor (VEGF).
The endothelial cells form a new lumen, start wete extracellular matrix molecules,
and ultimately form a new capillary (Bussolino, Mavani, and Persico 1997; Carmeliet
2003; Liekens, De Clercq, and Neyts 2001). Muediscare also recruited to the site and
play an important role in angiogenesis. Angiogenemgy be inhibited at any of these
key steps (Pandya, Dhalla, and Santani 2006). efiaggendothelial cell proliferation,
cell migration, and chemotaxis have shown potemtiahgiogenesis inhibition.

In the present study, we demonstrate that SsniBitalendothelial cell functions
related to angiogenesis in sevamavitro functional assays. The data suggests the
potential of SsnB as an anti-angiogenic agent loyvgig inhibition of human endothelial

cell tube formation and migration. We have alsarexed the effects of SsnB on
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endothelial cell gene expression, focusing in paléir on pathways related to
angiogenesis. In addition, our data show that Sanésts endothelial cell division in the
G1 phase and downregulates the cell cycle proteloé and cyclin E2. Overall, these
findings add anti-angiogenic and cytostatic prdpsrto the list of diverse effects

exhibited by SsnB.

Experimental Procedures
Materials —Sparstolonin B was purified from the ple&parganium stoloniferum
according to previously published methods (LiangleR011). The purity of SsnB was
determined to be greater than 99% by HPLC, andality test was utilized to ensure
that samples were consistently > 99% pure.
Cell Culture- Human coronary artery endothelial cells (HCAE®@siman umbilical vein
endothelial cells (HUVECSs), and human cardiac miaszular endothelial cells
(HMVECSs) were obtained from Lonza (Hopkinton, MAjdacultured on polystyrene,
tissue culture-treated petri plates (100 X 20 maated with 0.1% gelatin. HUVECSs,
HCAECs, and HMVECs were cultured in endothelial ogdium supplemented with
10% fetal bovine serum (FBS) and endothelial céibgen / growth supplement
(Biomedical Technologies, Stoughton, MA). The dahdbal cell medium was replaced
every 2-3 days, and the cells were passaged aifteplete confluence was reached.
Confluent plates were trypsinized and split, areddélls were cultured until the fourth
passage was reached.

Matrigel Tube Formation AssayTo initially determine if SsnB inhibited pro-
angiogenic cell functions, a tube formation assdk Matrigel was performed. Growth

factor reduced Matrigel (BD Biosciences, Bedfordd\)Mvas added to the wells of a 96
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well polystyrene culture plate and incubated at@7or 30 minutes. Cells (HUVECS,
HCAECs, or HMVECs at passage 2 to 4) were addead¢h well to reach a final number
of 20,000 cells per well. SsnB was added to thiésva¢ a concentration of 1, 10, or 100
pnM. Endothelial cell medium with DMSO (0.1%) wased as a vehicle control. Each
group contained 4 replicates. The plates weresglat an incubator for 4 h. During the
incubation, the endothelial cells formed elongatdctures called cords, also known as
tubes. After 4 h, neutral buffered formalin wasledi to fix the cells. Pictures of three
non-overlapping fields were taken from each wé&le lengths of single cell endothelial
cords were measured with Image-Pro Plus (Media ies, Silver Spring, MD), and
the sum of tube lengths for each well was deterchiriehe average total length and
standard deviation for each group were determiaed the appropriate statistical tests
(ANOVA and Newman-Keuls) were completed. The ttdrenation assay was replicated
three times for both HUVECs and HCAECs. The asgay also repeated with cardiac
HMVECs.

Cell Viability - A Live/Dead assay (Invitrogen, Eugene, OR) wid&zad to
investigate the effect of SsnB on cell viabilitfhe Matrigel tube formation experiment
was repeated with HUVECs in chamber slides at a@atnation of 20,000 cells per well.
The cells were treated with SsnB (1, 10, or 100 pMYehicle Control (0.1% DMSO) as
described above. After four hours of incubatidr, slides were removed. A chamber
slide containing HUVECSs treated with 70% methamol30 minutes was used as a
control for dead cell staining. The slides wengirased and washed with PBS, and
EthD-1 and calcein AM were added to each well. plages were incubated in the dark,

and images were taken with a light microscope th@gnification..
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Transwell Insert Cell Migration AssayThe cell invasion assay was performed
with a Transwell insert system (6.5 mm diameteeitsswith 8.0 pum pores in a
polycarbonate membrane situated in wells of 24 p@lystrene, tissue culture treated
plates, Corning Incorporated, Corning, NY ). Tharnswell inserts were coated with
0.1% gelatin for 30 min and incubated in low semedium for 1 h. Cultured HUVECs
were trypsinized and then resuspended in low senedlium (0.5% fetal bovine serum
without endothelial cell mitogen), and added adB0,cells per insert. The cells were
allowed to adhere to the inserts for 30 min. Neatjous concentrations of SsnB
(0.0001, 0.001, 0.01, 0.1, 1, 10, and 100 uM) drale control (0.1% DMSO) were
added to the Transwell inserts. After 30 min,riedium in the lower chamber for the
experimental groups was replaced with low seruminmedontaining 10 ng/ml VEGF,
establishing a chemoattractant gradient betweetothansert and lower chamber. For
the negative control group, the medium was replagddlow serum medium (0.5% fetal
bovine serum). The plates were incubated for 83v2C. During the incubation, the
cells migrated through the pores of the Transweslkert towards the lower chamber. At
the end of this period, cells on the upper surtddbe insert were removed, and migrated
cells on the bottom side were fixed in formalin @tained with Hoechst dye (a
fluorescent nuclear stain). The filter insertsevamoved from the wells and mounted
on glass slides. Cells were counted from four oaméields observed with a 10X
objective lens. The cell migration experimentsevepeated three times at high SsnB
concentrations (0.1, 1, 10, 100 uM) and one timewatSsnB concentrations (0.0001,

0.001, 0.01, 0.1 puM) for HUVECs.

22



Cell Cycle Analysis Cell cycle analysis was performed using propidiodide
staining and flow cytometry. HUVECSs (approximat@&h2o confluent) cultured in 6 well
polystyrene culture plates coated with 0.1% gebatiine serum starved for 24 hours in
low serum medium containing 0.5% fetal bovine seand no endothelial cell mitogen
to synchronize the cells in the GO/G1 phase. Aftehours, the low serum medium was
replaced with treatments of either 100 uM SsnBadricle control (0.1% DMSO) diluted
in complete growth medium (10% fetal bovine seruithwndothelial cell mitogen) in
triplicate. The treated cells were incubated #y 30, and 36 hours. After incubation,
the cells were trypsinized, transferred to 5 miypplrene round bottom tubes (12 X 75
mm), and centrifuged. The medium was aspirated tla@ cells were washed with PBS.
After fixing the cells with ice-cold 70% ethanolrfd5 min, the cells were centrifuged
and stained with propidium iodide for 30 min. Tdamples were then analyzed with a
flow cytometer (Beckman Coulter FC500). The umstdiand stained cell groups were
used to calibrate the settings on the flow cytometde data were collected and
analyzed with ModFit software.

Microarray Analysis- Confluent plates (100 X 20 mm polystyrene, t&ssulture-
treated petri plates coated with 0.1% gelatin, To¥fluent) of HUVECs and HCAECs
(four plates for HUVECSs, n=2, and six plates forAELCs, n=3) were chosen for the
microarray experiments. Half of the plates recgigemplete growth medium (10% fetal
bovine serum with endothelial mitogen) containimticle control (0.1% DMSO), and
the remaining plates received complete growth nmadiantaining 100 uM SsnB. The
plates were incubated for 24 h to allow SsnB tcetev effect on cellular gene

expression. Following incubation, RNA isolationsa@mpleted with the RNeasy Mini
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kit from Qiagen. The cells were lysed, and RNA wemdated by using the RNeasy spin
columns and following the protocol provided by Qeag Purified RNA was sent to the
Medical University of South Carolina Proteogenontesility for microarray analysis.
The GeneChip Human Genome U133 Plus 2.0 Array Wkzed to track changes in
gene expression due to SsnB treatment. Complétendss uploaded to the NCBI Gene
Expression Omnibus database (accession number GS8y4

Real Time RT-PCRAfter a careful analysis of the microarray d&ey genes
(CDC6, CCNEZ2, KITLG, ALDH3A1, CCNB1, CDC2, HMMR, BPH3, ANLN, and
CDKNB3) were chosen for quantitative real-time PQRT-PCR) to verify the gene
expression results. HCAECs and HUVECs were expts&$nB or vehicle control for
24 h (as previously described in the microarrayise For RT-PCR, RNA was isolated
from the cells with the RNeasy Mini kit as descdlpreviously. After forward and
reverse primer kits (Qiagen, Valencia, CA) wereskd, the RNA was amplified. The
one-step RT-PCR reactions were completed on thR&laCycler thermal cycler system
in the Instrumentation Resource Facility at the Ufiool of Medicine. The expression
levels were normalized, and RNA levels were quaadtif

Data Analysis Microarray data analysis, including data normai@a(robust
multi-array average), identification of differerijaexpressed genes (comparative
analyses with dChip software), and heat map coctsbrny was carried out to determine
how SsnB affects gene expression and affected jpggm = 2 for HUVECs and n = 3
for HCAECSs). After a careful analysis of the miar@ay data, several key genes were
chosen for gRT-PCR to verify the gene expressisnlt®& The genes were chosen based

on the following criteria: fold change2, p < 0.05, unpaired t-test with a false discgver
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rate approximating 0%, appearing in both data ($#t8/ECs and HCAECS), and gene
function relating to cell proliferation and/or angenesis. For gRT-PCR, the expression
levels were normalized to the housekeeping genelFARNd RNA levels were

compared between groups with th&C; method.

Results

SsnB inhibits endothelial cell tube formation aedl migration- Figures 2.1 and
2.2 show representative results from the tube fiomand cell migration assays with
HUVECs. SsnB treatment resulted in a dose-depémaleibition of HUVEC tube
formation at concentrations between 1 and @dIQ(p < 0.05, Newman-Keuls test). SsnB
also demonstrated a dose-dependent inhibition @dMhduced cell migration at
concentrations between 0.0001 and ML (p < 0.05), which leveled off between 0.1 and
100uM (p < 0.05). Experiments with HCAECs also demaatsd a dose-dependent
inhibition (between 1 and 100 uM) of endothelidl tgbe formation on the substrate
Matrigel (Figure 2.1). A dose-dependent inhibitmfrtube formation was also seen with
cardiac HMVECs (see Appendix, Figure A.2). Resfitisn the live/dead assay with
HUVECs showed that SsnB had no effect on cell \itgdat the concentrations used.
Cells treated with SsnB or vehicle control showedifive staining for live cells, but no
staining for dead cells (red fluorescence). Tlizda suggest that SsnB is able to inhibit
endothelial cell morphogenesis and that cell migrata crucial process in angiogenesis,

may play a role.
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Figure 2.1SsnB inhibits endothelial cell tube formation onthNgel. A. Total tube
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SsnB arrests endothelial cells in the G1 phagbeetell cycle Figure 2.3 depicts
representative results from the cell cycle expenitsie In comparison to vehicle controls,
flow cytometric cell cycle analysis of HUVECSs tredtwith SsnB showed an increase of
cells in the G1 phase and a decrease of cell®is tbhase after 24, 30, and 36 hours of
treatment. In untreated cells, the percentagelts ;m S phase decreased and the
percentage in G2/M increased from 24 to 36 houes afidition of growth medium, as
expected once cells begin to re-enter and moveigiirthe cell cycle. Overall, these
results imply that endothelial cells are being sted in the GO/G1 phase, suggesting an

inhibition of cell proliferation, an important st@pangiogenesis.
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Figure 2.3 SsnB arrests endothelial cells in thep@ase of the cell cycle. A. After 24,
30, and 36 hours of treatment, 100 uM SsnB decdetheepercentage of cells in the S
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SsnB changes the expression of genes associdtedelNicycle and cell
proliferation - Microarray experiments demonstrated differergigression of several
hundred genes in response to SsnB exposure (988 fenHUVECs and 356 genes for
HCAECs, fold change 2, p < 0.05, unpaired t-test with a false discgvate
approximating 0%). Supplementary Table A.1 andpfementary Table A.2 present the
results of the gene function enrichment analysisfldVECs and HCAECSs, respectively.
Overall, microarray data from both cell types shdwmgnificant overlap, including genes
in pathways associated with cell proliferation,osikeleton, chemotaxis, and cell cycle,
all areas implicated in angiogenesis. These reaund consistent with the data obtained
from the cell migration and cell cycle function&dies. From this microarray study, it
is clear that SsnB regulates genes involved inagagiic processes in HUVECs and
HCAECs.

Real Time RT-PCRFollowing microarray data analysis, key genesgd in
Table 2.1) were chosen for verification with realé RT-PCR. Cyclin E2 (CCNE2) and
Cell division cycle 6 (CDC6) are regulatory protethat control cell cycle progression
through the G1/S checkpoint. Both CCNE2 and CD@éevdownregulated in the
microarray data. qRT- PCR confirmed that geneesgion of CCNE2 and CDC6 was
downregulated after SsnB exposure to 64% and 3586rdfols respectively for
HUVECSs and to 57% and 14% of controls respectit@yHCAECs. Kit-Ligand
(KITLG), also known as stem cell factor, is a pmot@volved in the differentiation and
growth of stem cells. Aldehyde dehydrogenase 3lyamember A1 (ALDH3A1) is a
protein involved in the aryl hydrocarbon receptattyvay. These genes were chosen for

further study because they were highly upregulaie8snB treatment in the microarray
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data set. In HUVECs, gRT-PCR analysis demonstrdadKI TLG and ALDH3A1
expression was upregulated to 400% and 1280% dafatenrespectively. In HCAECs,
KITLG and ALDH3AL expression was upregulated to #68nd 4620% of controls,

respectively. The microarray data was supportdibth data sets.

Table 2.1 Comparison of RT-PCR and Microarray Resurold expression change vs.
vehicle control.

HUVECs HCAECs
PCR Microarray PCR Microarray
Gene 2% Eolg change 2% o change
value value p-value | value value p-value
KITLG 4.0 6.2 0.02795 2.6 2.1 0.000]'O
ALDH3A1 12.8 7.7 0.00609 46.2 8.8 0.000¢1
HMMR 0.24 0.11 0.03073 0.062 0.20 0.000p6
DIAPH3 0.19 0.34 0.03248 0.26 0.38 0.0001L9
ANLN 0.20 0.09 0.00900 0.13 0.11 0.00001
CDKN3 0.18 0.19 0.01471 0.22 0.18 0.0001L8
CCNB1 0.40 0.19 0.02304 0.13 0.16 0.00003
CDC2 0.14 0.08 0.0044( 0.17 0.20 0.00004
CDC6 0.35 0.23 0.01521 0.14 0.18 0.001B5
CCNE2 0.64 0.24 0.01814 0.57 0.38 0.001'80

Discussion

Pathological angiogenesis is associated with nagsorders, including
rheumatoid arthritis, diabetic retinopathy, andriasis. Recent research has shown that
inhibiting angiogenesis may prove to be an effectherapeutic option in treating these
disorders. In the present study, potential angia@genic effects of SsnB were
demonstrated in several vitro functional assays with endothelial cells, inclgdthe

Matrigel tube formation assay and the Transwekinhsell migration assay. SsnB was
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also shown to arrest endothelial cells in the Gdsptof the cell cycle. The cellular
functions tested in these assays represent key stgmgiogenesis that are inhibited by
SsnB, including cell proliferation, cell migratioand chemotaxis. To further investigate
the mechanism of action for SsnB, we utilized macray analysis to examine how SsnB
affected gene expression in endothelial cellseA8snB exposure, genes associated with
cell proliferation, cell cycle, chemotaxis, and trhytoskeleton were differentially

regulated in both HUVECs and HCAECs. Our data sagthat SsnB alters gene
expression in these pro-angiogenic pathways.

Targeting endothelial cell proliferation has shguatential in the area of
angiogenesis inhibition. Endothelial cell prolddon may be inhibited in numerous
ways, including the downregulation of cell cyclgutatory proteins (Pandya, Dhalla, and
Santani 2006). Cyclins and cyclin dependent kisase regulatory proteins that control
progression through the cell cycle by regulatingcsiic cell cycle checkpoints. Cyclins
help activate cyclin dependent kinases, which phospate downstream proteins that
allow cells to progress through these checkpoitgclin E2 (CCNEZ2) and Cell division
cycle 6 (CDC6) are regulatory proteins that conprolgression through the G1/S
checkpoint. CDC6 regulates DNA replication, andlicyE2 activates cyclin-dependent
kinase 2 (Wu et al. 2009; Borlado and Mendez 20@8)wnregulation of CCNE2 and
CDC6 will trap cells at the G1/S checkpoint andvere endothelial cells from initiating
DNA replication. The cell cycle regulatory protejrCyclin E2 (CCNEZ2) and Cell
division cycle 6 (CDC6), were both downregulated3syB treatment. Overall, our data
suggest that SsnB downregulates the cell cycldasgy proteins CCNE2 and CDC6,

potentially trapping cells in the G1 phase and iy cell proliferation, an important
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step in angiogenesis (Nigg 2001; Sullivan and Morg@07; Tassan et al. 1994; O'Farrell
2001).

Our data shows that SsnB affects the gene exprestadditional cell cycle
regulatory proteins, including cyclin B1 (CCNB1)daoyclin dependent kinase 1
(CDC2). CCNB1 and CDC2 are regulatory proteirad tontrol progression through the
G2/M checkpoint. Downregulation of CCNB1 and CD@# trap cells at the G2/M
checkpoint and prevent endothelial cells from entgethe final stages of cell division.
Table 2.1 demonstrates that CCNB1 and CDC2 welte dmwnregulated by SsnB. In
addition to preventing cell progression through®@1€S checkpoint, SsnB may also
prevent progression through the G2/M checkpointddynregulating these additional
cell cycle proteins (Nigg 2001; Sullivan and Mord2007; Tassan et al. 1994; O'Farrell
2001). This effect is less readily seen due tahkdge at the G1/S checkpoint.

Sparganium stoloniferuimas long been used in Traditional Chinese Meditone
the treatment of cancer and seizures. Major chedm@amponents from the stem and
rhizome, including flavonoids, saponins, and phprgpanoids, are responsible for these
therapeutic effects (Li et al.). Anti-tumor ageaften exhibit anti-angiogenic effects,
among other cancer suppressing properties. lingo#ngiogenesis cuts tumors off from
the vasculature, limiting growth and metastasisr{ylet al.). Previously published
research has shown that extracts derived fBparganium stoloniferumave
demonstrated potent anti-cancer effects. Isoletethical compounds from this herb,
including a sucrose ester, a phenylpropanoid gbtcearboxylic acid esters, and a
phenylpropanoid glycoside, demonstrated anti-tuaativities (Xiong et al. 2009; Lee et

al.). In addition, the polyphenolic structure &in8 also reveals much about its potential
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therapeutic effects. Many plant-derived polyphser@ve demonstrated anti-
inflammatory and anti-angiogenic properties. Qagncand resveratol, both polyphenols
isolated from red wine, have demonstrated antaimfhatory and anti-angiogenic
properties. In addition, oleuropein and hydroxgspl, both derived from virgin olive

oil, reduce angiogenesis by inhibiting matrix miegaloteinase-9 (MMP-9) and
cyclooxygenase-2 (COX-2) (Scoditti et al. 2012)ndeflin, another plant-derived
polyphenol similar to SsnB, has also been shownltibit angiogenesis by targeting
endothelial cell proliferation (Kwak et al. 200@tmodin causes a downregulation of
CCNB1 and CDC2 and a cell cycle arrest at the Gtislse (Wang, Wu, and Zhen
2004).

In addition to its effects on the cell cycle amdl proliferation, SsnB also affects
other key steps of angiogenesis, including cellratign and chemotaxis. The
microarray data for both HUVECs and HCAECs demassr an enrichment of genes
associated with both pathways, including diapharmmumsolog 3 (DIAPH3), hyaluronan-
mediated motility receptor (HMMR), and anillin (AML), an actin binding protein.
Furthermore, it is also important to investigatégmtial upstream pathways that lead to
the alterations in gene expression seen in theoamiay data. Previously published data
have shown that SsnB can suppress thecBlBathway, and prior studies have
demonstrated a link between XB-signaling and expression of cell cycle proteins.
Genes for these regulatory proteins, such as CCRBZ6, CCNB1, and CDC2, contain
binding sites for NReB (Hsu, Lee, and Pan; Cude et al. 2007; Liu e2@D9; Wang et
al.; Meteoglu et al. 2008). SsnB may suppresi\f&B pathway and cause a

subsequent downregulation of the cell cycle regujaproteins CCNE2 and CDC6.
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SsnB has also been shown to inhibit the MAPK patiswincluding JNK, ERK, and p38
signaling, which all affect gene expression antlelliferation. We need to explore

these relationships as potential mechanisms obgegeesis inhibition.

Our current study with HUVECs and HCAECs demonsgrghat SsnB inhibits
angiogenic processes in functional assays, inaiutifia Matrigel tube assay, Transwell
insert cell migration assay, and microarray analy§dur next step is to demonstrate the
in vivo/ ex vivoefficacy of SsnB, to further evaluate its potdrdan anti-angiogenic

agent.
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CHAPTERS

THE UTILIZATION OF THE CHICK CHORIOALLANTOIC MEMBRANE ASSAY TO EXAMINE THE
EX VIVOANTI-ANGIOGENIC EFFECTS OSPARSTOLONINB.

Abstract

Pathological angiogenesis plays a significant mol@any disorders, including
atherosclerosis, diabetic retinopathy, and canberibiting angiogenesis may offer a
potential treatment for angiogenesis-dependentdiss. Sparstolonin B (SsnB), a novel
bioactive compound isolated fro8parganium stoloniferuninas demonstrated the ability
to inhibit pro-angiogenic functions in endothekalls. In functional assays, SsnB
inhibited endothelial cell tube formation (Matrigakethod) and cell migration (Transwell
method) in a dose-dependent manner. Microarragraxents with human umbilical
vein endothelial cells (HUVECSs) and human cororatgry endothelial cells (HCAECS)
demonstrated differential expression of genes #@ssacwith cell proliferation and cell
cycle. SsnB may exert its anti-angiogenic propsrlly downregulating CCNEZ2 and
CDC6, halting progression through the G1/S cheakpolo investigate the effects of
SsnB orex vivoangiogenesis, a chick chorioallantoic membraneMEAssay was
utilized. Chick embryos were exposed to methyleek discs containing vehicle control
(DMSO) or 100 micromolar SsnB. Chick embryos reicej SsnB discs showed
significant reduction in capillary length and brhimg number relative to the vehicle
control group. Overall, SsnB caused a significadtction in angiogenesis,

demonstrating itex vivoefficacy.
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I ntroduction

Angiogenesis refers to capillary formation fromsgéxg blood vessels; it is a
complex process that occurs in several stagesraatl/es interactions between cells,
soluble factors, and extracellular matrix moleculEsdothelial cells play a key role in
angiogenesis. First, proteolytic enzymes breakrdthe basement membrane of an
existing blood vessel and endothelial cells invidesurrounding tissues, migrate, and
proliferate. Growth factors and other soluble e in the ECM, including Vascular
Endothelial Growth Factor (VEGF), facilitate andjuéate this process. After migration
and proliferation, the endothelial cells form a nemen and start to secrete extracellular
matrix molecules, ultimately forming a new capyarSupporting cells, such as pericytes
and smooth muscle cells, and extracellular matitgins are also extensively involved
in the process (Bussolino, Mantovani, and Pers8@v1Carmeliet 2003; Liekens, De

Clercq, and Neyts 2001).

Angiogenesis plays an important role in many ndégphgsiological functions and
numerous pathological conditions. Physiologicalcgsses include embryonic
development, wound healing, and changes in thereatial wall. Pathological
processes that involve angiogenesis include atblerosis, psoriasis, rheumatoid
arthritis, and tumor growth and metastasis. Tangeingiogenesis may provide a
potential therapy for these pathological disordekagiogenesis may be inhibited at
multiple steps. Growth factors, including Vascutadothelial Growth Factor and basic
Fibroblast Growth Factor, are a suitable targeirréht approaches to sequester VEGF
include soluble VEGF receptors and neutralizingbaxties against VEGF. Intracellular

signaling molecules, including tyrosine kinases) loa inhibited to prevent receptor-
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mediated activation of endothelial cells. Thesoaxist natural angiogenesis inhibitors,
including endostatin, retinoids, and fibronectiagment, which may be targeted for
angiogenesis inhibition. Angiogenesis inhibitoftep target endothelial cells through
the inhibition of cell proliferation, migration, drprotease production (Pandya, Dhalla,
and Santani 2006). Current research into angicenghibition has demonstrated ways
to limit atherosclerosis. By inhibiting intraplagj@angiogenesis, necessary factors, such
as inflammatory cells and mediators, are not dedidéo the growing plaque, diminishing
plaque growth. Plaque stability may also impralexreasing the likelihood of plaque
rupture and subsequent thrombosis and stroke ocangi@al infarction (Virmani et al.

2005; Moreno et al. 2004; Sridhar and Shepherd 2003

Sparstolonin B (SsnB) is a novel compound isol&tech the planSparganium
stoloniferuma perennial, aquatic plant grown in North and Edsha. Dried powder
and extracts derived fro@parganium stoloniferumnave been used for centuries in
Chinese folk medicine for the treatment of inflantong diseases, seizures, and blood
stasis. These compounds are also widely useddabdynecological problems, including
amenorrhea and cancer, such as hysteromyoma. sidogicantly, one such extract has
shown the ability to inhibit angiogenesis and egtromediated activities (Sun, Wang,
and Wei 2011). Extracts containing active comptsare isolated from the root-like
modified stem of the plant, known as the rhizom&uber. A typical extraction protocol
involves drying the rhizome and grounding it intpawder. The powder is mixed in
boiling distilled water to produce an aqueous sotut Extracts may also be prepared
with organic solvents, including ethanol, cholomofip and ethyl acetate. Extracts contain

a multitude of active components including flavaisiphenylpropanoid glycosides,
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aromatic acids, and polyphenols (Wu et al. 20B))arstolonin B isolation was begun by
soaking the powdered tuber in 85% ethanol overraghtextracting three times with the
same solvent. The solvent was filtered and comatt under vacuum, producing a
residue, which was then dissolved in water ancheted with petrol, ethyl acetate, and n-
butyl alcohol in sequential order. This extracswan through a silica gel column and
eluted with petrol - ethyl acetate mixtures withreasing polarities. The end product

was yellow needles containing SsnB (Liang et al.130

The potential effects that SsnB may have on biokdgathways may be revealed
by its chemical structure. The structure of SshiBary similar to isocoumarin or
xanthone, both compounds know for anti-coagulartt;inflammatory, and anti-tumor
properties. Furthermore, the polycyclic / polypblenstructure is suggestive of the
ability of SsnB to serve as an angiogenesis intilfltiang et al. 2011). Polyphenolic
compounds derived from plants, including olives grapes, have been shown to have
anti-oxidant, anti-inflammatory, cardioprotectiand anti-cancer properties.
Compounds derived from green tea and red wineicpéatly quercetin and resveratrol,
have both demonstrated angiogenesis inhibitiondi@cet al. 2012). Similarly, we have
shown the ability of SsnB to inhilih vitro angiogenesis. In functional assays with
endothelial cells (HUVECs, HCAECs, and HMVECSs), Bdras demonstrated the ability
to inhibit key steps of angiogenesis, including plmrgenesis, cell migration,
chemotaxis, and cell cycle progression. Using aagiays, we have shown that SsnB
altered gene expression in pathways associatedhatbell cycle, cytoskeleton, and

cytokinesis. Furthermore, published research hag/s that SsnB blocks Toll-like
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receptor 2 and Toll-like receptor 4 mediated inftaation in human and murine

macrophages (Liang et al. 2011).

Preliminary research into angiogenesis inhibitorstimulators often begins with
simplein vitro assays using endothelial cells, such as the Matiidpe formation assay
or Transwell insert migration assay. However, ¢hassays only study isolated functions
of endothelial cells. Angiogenesis is a multicédluevent that also incorporates
interactions with extracellular components. Inesrtb fully prove that a compound
inhibits or stimulates angiogenesis,iamvivoor ex vivoassay must be utilized to address
the complex, multicellular nature of angiogenes&veral commonly used vivo assays
include the Matrigel plug, corneal angiogenesisl, laamster cheek pouch assays. The
chick chorioallantoic membrane (CAM) assay is alsdely used to studgx vivo
angiogenesis. The assay is simple and reproduycibtkit reveals more important
information tharin vitro assays (Auerbach et al. 2003). The CAM is usedds and
nutrient exchange in the chick embryo during depeldent. Figure 3.1 illustrates the
organization of a typical CAM. The allantois apfsea days after incubation as an
evagination from the endodermal hind gut. Aftereging into the extraembryonic
coelom, the allantoic vesicle enlarges rapidly e Tiresodermal layers of the allantois
and chorion fuse to form the chorioallantoic memibraThis double layer becomes
highly vascularized as blood vessels develop. Withe CAM, single walled immature
blood vessels develop first, eventually formingapittary plexus around day 8. All
vessels are connected to branches from the two chairnoallantoic arteries and one
chorioallantoic vein. At day 18, the vascular systreaches its final organization.

Located near the porous shell, the highly vasagariCAM allows exchange of oxygen

40



and carbon dioxide and serves as an area to st wroducts, including urea and uric
acid. The rapidly developing vascular system en@AM provides an ideal environment

to study how compounds affect angiogenesis (RiBatB).
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Figure 3.1 Chick embryo demonstrating chorioabeamimembrane vascularization.

In the CAM assay, test compounds are added tsutiace of the CAM, and their
effect on angiogenesis is examined. Delivery systanclude synthetic polymer discs,
gelatin sponges, or glass coverslips. One of thst popular methods involves the
creation of discs made from a solution of 1% metbjlilose mixed with the test

compound. Methylcellulose discs allow slow releasd minimal adverse biological
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reaction (Swiercz et al. 1999). This assay magdmepleted with or without the intact
shell {n ovoandex ovo respectively). For them ovomethod, eggs are incubated for 7 to
9 days, and a square hole is cut in the shell edtapving albumin with a fine needle.
Through this window, the test compounds are addéxk window is sealed, and eggs are
placed back in an incubator for 2 or 3 days. ifh@vomethod maintains a more
physiological environment, but provides a very texdi area of the CAM with which to
work. In the shell-less @x ovomethod, day 3-4 incubated eggs are carefully ewck
open, and the egg contents are transferred ta@fzeti plates. The plates are incubated
for an additional 2 to 6 days. This is technicallywhole-animal assay, even though it
shares much in common wiih vitro assays. Thex ovomethod provides a large surface
area of the CAM to place test substances and edmtiyment with time lapse
photography. However, a high mortality rate iofassociated with thex ovomethod,
sometimes reaching 50% dead after the first thags (Dohle et al. 2009; Ribatti 2008;

Auerbach et al. 2003).

In both assays, the angiogenic response in the @GRy be measured in
numerous ways. For analysis, pictures may be tak#éme end of the experiment or over
time to document the progression of blood vessahtr. However, time progression
photos involve excessive handling of the embrydsclwincreases the embryonic
mortality rate. Images from the area surrounding) @nderneath the test compound may
be qualitatively scored on a numeric scale, sudhtas4, based on vascularization.
Qualitative analysis is quick and reproducible, ibo¢quires initial serial dilution assays
with controls to establish the grading scale. Qitetive methods have proven more

accurate and less prone to human error. Quawmgtsgchniques include the measurement
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of blood vessel number, length, and area. Anajhantitative procedure involves
counting the number of converging vessels with sogmsed rings on the CAM image.
To address blood vessel branching, the numberfafdaition points may be counted, or
fractal pattern analysis may be utilized. In additthe total blood vessel volume in the
CAM may be measured by injecting thymidine or adahetric / fluorescent dye. Many
of these quantitative techniques involve time comsg manual analysis of images,
which can be overcome with automated analysis bypeder software algorithms

(Ribatti 2008; Blacher et al. 2001).

Our preliminary studies with HUVECs, HCAECs, antYAECs have shown
evidence of the anti-angiogenic effects of SsnBheMatrigel tube assay and the
Transwell insert cell migration assay. However,muest also demonstrate timevivo or
ex vivoefficacy of SsnB if we would like to further evable SsnB as a potential
pharmaceutical agent. Threvitro assays alone are not sufficient in this regaree W
demonstrated thex vivoanti-angiogenic effects of SsnB with the chick eballantoic

membrane (CAM) assay.

Experimental Procedures

Materials -Sparstolonin B was purified from the pléparganium stoloniferum
according to previously published methods (LiangleR011). Fresh fertilized bovans
eggs were obtained from Clemson University ancestat 4°C for no longer than one

week.

Methylcellulose DiscsMethylcellulose discs were created with a solutbn

0.5% methylcellulose (diluted in sterile deionizeater). A methylcellulose solution of
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100 micromolar SsnB was made by adding 1.1 miendliof stock SsnB (93 mM) to 1
ml 0.5% methylcellulose. A vehicle control solutivas created by adding 1 microliter
of dimethyl sulfoxide (DMSO) to 1 ml 0.5% methyledbse. Discs were created by
placing 20 microliter droplets of SsnB or vehictentrol solution onto
polytetrafluoroethylene tape (to minimize adheretigeng drying) and allowed to dry

under a laminar flow hood.

Chick Chorioallantoic Membrane Assayhe fertilized eggs were placed in a
humidified egg incubator with forced air circulatiat 37°C. The eggs were
automatically rotated every three hours. Afteaggof incubation, the eggs were
removed and cracked. Chick embryos with intackyelere placed in 100 mm petri
plates. Each petri plate was placed in a weigh ta@taining 13 ml Moscona’s buffer
and covered with cellophane wrap with two holesdiorcirculation. The plates were
placed in a water-jacketed incubator (37C, 5%)3ar 2 days. After 2 days of
incubation, the methylcellulose discs containirthesi SsnB or vehicle control were
placed on top of the CAM of each embryo in thetrighper quadrant in an area near the
allantoic vessels. After 2 additional days of ination, the CAMs were examined and
photographed with a dissecting stereomicroscopeggés were taken of areas containing
the discs and non-treated regions. Each groumarwt seven embryos (calculated with
PS 3.0.5 software, effect size of 50%, standaradatien of 30%, statistical power of 0.8,

anda=0.05). The CAM assay was completed two times.

Image Analysis klmages were analyzed with Image-Pro Plus softwBteod
vessel length and branching number were utilizedeasure the effect of SsnB on

angiogenesis. The vessel length was measuredeas aontaining the discs and non-
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treated regions. Normalized vessel length wasutatied by dividing the length values
of the treated regions by those of the non-treeggobns. The same process was repeated

for measuring the branching number.

Statistical Analysis To determine if a statistically significant differee between
the treatment groups in each experiment existedgaway analysis of variance test

(ANOVA) was completed.

Results

SsnB inhibits angiogenesis in the CAM asdantial in vitro studies with SsnB
and endothelial cells have demonstrated the almfi§snB to inhibit important cellular
aspects of angiogenesis, including tube formateti,migration, cell cycle progression,
and chemotaxis. However, thasevitro results were not conclusive in proving the anti-
angiogenic properties of SsnB. We utilized a clulc&rioallantoic membrane assay to
successfully demonstrate that SsnB inhibkwivoangiogenesis. The results from the
CAM assay are depicted in Figure 3.2. Overall BSssulted in a significant decrease in
normalized blood vessel length compared to theckeleontrol group (ANOVA, p <

0.05).
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Figure 3.2 SsnB reduces normalized blood vesegttein the CAM assay.

In addition to inhibiting blood vessel length, Bsaiso caused a significant
decrease in the normalized branch number. Thdtsesme depicted in Figure 3.3.
Compared to the vehicle control, SsnB decreaseduh®er of points where blood
vessels branched into two or more separate veskaégestingly, it has been shown that
macrophage production of matrix metalloproteinas@sportant for blood vessel
branching. SsnB may be inhibiting this proces$logking TLR activation of

macrophages.
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Figure 3.3 SsnB reduces normalized branch nunmbiiei CAM assay

Representative images of the CAM from the SsnB\aaticle control groups
after two days of treatment are shown in figure 3[hie methylcellulose discs released
SsnB or vehicle control and were still presenhatdnd of the experiment, as complete
biodegradation did not occur. The transparendh@imethylcellulose discs allowed
easy imaging of the vascular network underneathliges. Images were taken of regions
of the CAM that received methylcellulose discs @il as regions that did not receive
discs. For each embryo, the blood vessel lengihbaanch number were measured for
both treated and non-treated areas. A normaliaggewvas calculated by dividing the
treated areas by the non-treated areas. This agpallowed us to compensate for
natural variations in vascular density among embithat normally occur without the

presence of angiogenic inhibitors or stimulatd@serall, the SsnB-treated group showed
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fewer blood vessels, smaller vessel lengths, andrferanches. The methylcellulose
discs with SsnB not only inhibited angiogenesithimarea underneath the disc, but also
demonstrated inhibition in the immediate area surding the discs. Compared to the
SsnB group, the vehicle control group exhibitechbigvessel lengths, more vessels, and
more vascular branching. Furthermore, SsnB treaitivas associated with a decrease in

blood vessel diameter and size.

Vehicle
Control

Figure 3.4 Representative images from CAM assay.

In addition, SsnB had no effect on the viabilityn@orphology of the embryos
relative to the vehicle control. Both groups exg@eced similar number of embryo
deaths, which is typically encountered with the CAbsay. The embryos that survived
until the end of the experiment exhibited no obsidifferences in size or morphology

between the two groups.

Discussion

We demonstrated that SsnB inhibits endothelidlfaattions related to
angiogenesis in several vitro functional assays. The data suggests the padteftia

SsnB as an anti-angiogenic agent by showing inbibf human endothelial cell tube
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formation, migration, and chemotaxis. We have &smd evidence supporting the
cytostatic nature of SsnB by showing that it intal@ndothelial cell progression through
the cell cycle. In this work, we have also demmatet that SsnB inhibi&sx vivo

angiogenesis in the CAM assay.

Angiogenesis is a complex process comprised ofemous steps. The process is
initiated by endothelial activation, often by grémiactors, such as VEGF and FGF.
Activated endothelial cells proliferate, secretetpases, and migrate, eventually forming
capillary tubes with complete lumens. Each of éh&gps may serve as a potential target
for anti-angiogenic agents. SsnB is capable abitihg angiogenesis by targeting
multiple steps in the angiogenesis pathway (R@}t.e2006). We have previously shown
that SsnB is capable of inhibiting tube formatiowl @ell migration in the Matrigel tube
assay and Transwell insert migration assay, resdet We have also shown SsnB
arrests endothelial cell division in the G1 phaksthe cell cycle with associated
downregulation of the cell cycle regulatory progindc6 and cyclin E2. This cell cycle
arrest allows SsnB to act as a cytostatic ageswisg endothelial division. Finally, we
have shown that SsnB inhibgs vivoangiogenesis in the CAM assay. The evidence to
date suggests that SsnB is an effective inhibit@ngiogenesis, and may prove to be a
suitable therapeutic alternative to treat disordesshich excessive blood vessel growth
contributes to the pathology, including cancerurhatoid arthritis, and psoriasis
(Mombeinipour et al. 2013). SsnB may particuldodysuited to treat atherosclerosis due
to its combined anti-angiogenic and anti-inflammgagaroperties. Inhibiting
angiogenesis may prevent intraplagque angiogertesieby limiting plaque growth,

destabilization, and subsequent rupture. At tineestime, SsnB may inhibit the chronic
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inflammatory reactions necessary for plaque foromaéind growth (Moreno et al. 2004;

Virmani et al. 2005).

SsnB is derived from the plar@parganium stoloniferupan aquatic herb that has
been used to treat a multitude of disorders indgdiancer. Past research with this herb
has demonstrated its use to treat cancer, seimoaldrs, and inflammatory diseases
(Wu et al. 2012). Especially relevant to our reskeaSun et al demonstrated the anti-
angiogenic effects of an aqueous extract f@parganium stoloniferumin their
research, pregnant mice were administered the aquedract, and the offspring from
these mice were examined and compared to contfdis.offspring exhibited numerous
morphological abnormalities, related to disruptaediagenesis and estrogen signaling,
including limb, heart, vertebral, and craniofadafects. FGF and VEGF levels were
lowered in the offspring, causing decreased angiegis. A disruption in FGF signaling
is also known to cause defects in limb bud andialdormation and heart development.
Anti-estrogen activity was implicated in increaseanbers of male offspring relative to
female offspring. The aqueous extract utilize®im’s research contained a multitude of
active components (Sun, Wang, and Wei 2011). €asgarch only focused on one

particular active compound froBparganium stoloniferum

Prior research with SsnB has demonstrated itgatol inhibit inflammation.
Specifically, SsnB was shown to inhibit Toll-likeeBeptor 2 (TLR-2) and Toll-like
Receptor 4 (TLR-4) mediated inflammation, by actasgan antagonist to both receptors.
Inflammatory cytokine production from lipopolysaectie (LPS)-treated macrophages
and mice was inhibited by SsnB treatment. Ssnibitshtoll-like receptors

intracellularly, somewhere between ligand bindind anmediate adaptor recruitment
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(for example, MyD88). SsnB may act directly on TL&1d TLR4 TIR domains or
TIRAP/mal protein, which is an indispensable adaptalging TLR2/TLR4 TIR domain
and MyD88 interaction (Liang et al. 2011). Toldireceptors are mainly involved in the
innate immune system, where they activate inflaronygtathways to deal with
pathogens. However, toll-like receptors have bksen shown to be implicated in cancer
cell proliferation and metastasis. Functional TleRs expressed on many different
tumor cell types; their activation stimulates g¢etliferation and escape from apoptosis.
TLRs may also enhance expression and activationetdlloproteinases and integrins,
resulting in increased cancer cell invasion andastasis. TLR signaling may also
provide cancer cells with resistance to the hostume system through upregulation of
immunosuppressive molecules and inhibitory cytokiftduang et al. 2008). Overall,
SsnB blocks the TLR signaling pathway, preventiranynof the steps described above,
some of which are also important in angiogeneslaus, it is conceivable that SsnB may

block cancer progression by multiple mechanisnmediition to inhibiting angiogenesis.

SsnB crosses the cell membrane and works inttdagit to suppress signaling
pathways. Previously published data has shownS&iaB can suppress the NB-
pathway, and prior studies have demonstrated ebketween NFR<B signaling and
expression of cell cycle proteins. Genes for thhegelatory proteins, such as CCNE2,
CDC6, CCNB1, and CDC2, contain binding sites fortB: SsnB may suppress the
NF-xB pathway and cause a subsequent downregulatithe afell cycle regulatory
proteins CCNE2 and CDC6. SsnB has also been stmimhibit the MAPK pathways,
including JNK, ERK, and p38 signaling, which alfeaft gene expression and cell

proliferation. In the future, we need to expldrege relationships as potential
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mechanisms of angiogenesis inhibition (Hsu, Led,Ran; Cude et al. 2007; Liu et al.

2009; Wang et al.; Meteoglu et al. 2008; Lianglep@l1l).

We hypothesize that the main activity of SsnB iuge a cytostatic effect
whereby it limits endothelial cell cycle progressioy trapping cells in the G1 phase of
the cell cycle. This is accomplished by downretingatwo key regulatory proteins, cdc6
and cyclin E2, that are necessary to progress lokyanG1/S checkpoint. As a result
endothelial cell progression through the cell cyslslowed down, limiting necessary cell
proliferation required for angiogenesis. Emodistracturally similar plant-derived
polyphenol, has also been shown to inhibit angiegenby targeting endothelial cell
proliferation (Kwak et al. 2006). Emodin causefoavnregulation of CCNB1 and CDC2

and a cell cycle arrest at the G2/M phase (Wang, aid Zhen 2004).

In addition, we also hypothesize that SsnB maibihkndothelial cell migration
and tube formation, additional steps required fagi@agenesis, by modulating
cytoskeletal reorganization. The microarray datebfith HUVECs and HCAECs
demonstrates an enrichment of genes associatea@itimotility and cytokinesis,
including cytoskeleton associated protein 2-lik&AP2L), diaphanous homolog 3
(DIAPHS3), hyaluronan-mediated motility receptor (IMWR), and anillin (ANLN), an
actin binding protein. All four genes are involwedh the cytoskeleton, cytokinesis, and
stress fiber formation (Piekny and Maddox 2010; ahal. 2007; Yang et al. 2010). In
the tube formation experiments, SsnB seemed togeheell shape, and this may be
caused by changes in the cytoskeleton. We nekdltter investigate how SsnB affects
endothelial cell shape, cytoskeleton arrangemeaiat stress fiber formation, and how

cytoskeletal effects interact to reduce cell migraaind tube formation.
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Furthermore, the CAM assay allowed us to exantirestfects of SsnB on
additional cell types beyond endothelial cells. Itye cell types are involved in
angiogenesis, including endothelial cells and supmpcells, such as pericytes, smooth
muscle cells, macrophages, and myofibroblastsceSaur initialin vitro experiments
only involved endothelial cells, we utilized the BAassay to address the multicellular
nature of angiogenesis. We are particularly irstiexek in how SsnB affects macrophages.
In the CAM assay, SsnB inhibited blood vessel bnarg: It has been demonstrated that
macrophage production of matrix metalloproteinag®®P-9) plays an important role
in vascular branching during neovascularizatiomgdon et al. 2004). Prior research has
shown that SsnB blocks TLR-2 and TLR-4 mediatethmfmation in human and murine
macrophages. Furthermore, TLR signaling activilts¥> production in macrophages
(Huang et al. 2008). We hypothesize that SsnBKsl@d.R signaling and subsequently
inhibits macrophage MMP-9 production required flardal vessel branching. Additional
experiments could examine this relationship betwgsmB, TLR signaling, macrophage

production of MMP-9, and vascular branching.

Overall, SsnB exhibits many diverse effects, idotg anti-angiogenic, and
cytostatic properties, which may contribute in garthe traditionally reported results of

treatment witlSparganium stoloniferumnd its extracts.
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CHAPTER4
DISCUSSION

Angiogenesis plays an important role in physiatagand pathological processes.
Unregulated angiogenesis contributes to many pagfieal conditions, such as
rheumatoid arthritis, psoriasis, retinopathy, amddr growth and metastasis.
Angiogenesis also plays a significant role in abselerosis. Capillary networks within
atherosclerotic plagues can serve as a sourcdaimatory cells and mediators,
promoting plague formation. Recent research hggesied that inhibiting angiogenesis
may improve plaque stability and decrease plaguadton by limiting this supply of

necessary factors to the growing plaque (Griffiaad Molema 2000).

Complementary and alternative medicine is a grgwairea of research which may
hold the key to treatment of numerous disordeduding ones associated with
angiogenesis. Researchers have often looked tevinartbal medicine, which has been
used in many countries throughout the world forteees, for sources of biologically
active molecules. Herbal remedies play a large irolTraditional Chinese Medicine,
where plants and plant-derived extracts and comg®are used to treat a multitude of
disorders. Many plants secrete bioactive compoasdsdefense mechanism to deal
with pests. These bioactive compounds exhibitreayaof effects, including cytotoxic or
cytostatic properties. Many modern day drugs Hmeen isolated and characterized from
these plants, which have played a large role inlificmal Chinese Medicine (Qin and Xu

1998; Zhou and Wu 2006).
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One such herlgparganium stoloniferuninas been extensively used in Chinese
herbal medicine to treat a variety of disordersluding seizures, amenorrhea, and
cancer. Sparganium stoloniferums an aquatic plant which grows in the northerd an
eastern regions of China (Wu et al. 2012; Sun, Wand Wei 2011). Sparstolonin B, a
bioactive compound isolated frog stoloniferum has already been shown to act as a
potent anti-inflammatory agent. In experimentdwitouse and human macrophages,
SsnB inhibited Toll-like receptor (TLR) 2 and 4 magdd inflammation, decreasing
cytokine release. SsnB crosses the cell membrahenhibits the TLRs by blocking
MyD88 recruitment, an important step in TLR signgli SsnB belongs to the polyphenol
family of compounds; its structure is similar toéeumarin and xanthone, both strong

anti-inflammatory compounds (Liang et al. 2011).

We have demonstrated the potential of SparstolBras an inhibitor of
angiogenesis. SsnB inhibited angiogenesis-rela#dctivities in functional assays
vitro, altered the expression of angiogenesis relatadggend inhibitedx vivo
angiogenesis. The first part of the project shothed SsnB inhibited angiogenic
activities of endothelial cells in functional assaycluding the Matrigel tube formation
assay and the Transwell cell migration assayhénsecond part of the project, we
utilized microarrays and gRT-PCR to demonstrate $isaB altered the expression of
genes in HUVECs and HCAECs related to cell cyctegpession, cytokinesis, nuclear
division, cytoskeleton, and chemotaxis, all impotrgaathways in angiogenesis. We were
especially interested in the downregulation ofdék cycle proteins CCNE2 and CDC6,
which control progression through the G1/S cheakipoUsing flow cytometry, we

demonstrated that SsnB blocked cell cycle progoesai this checkpoint. In the third
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part of the project, we showed that SsnB bloakedivoangiogenesis in the chick
chorioallantoic membrane assay. Overall, SsnB pnaye to be a successful alternative
therapy for angiogenesis-related disorders, inagidiancer, rheumatoid arthritis, and

atherosclerosis.

SsnB inhbits angiogenic functions in endothelidisce

In the first part of the project, we demonstrateat SsnB inhibits endothelial cell
activity in several functional assays. SsnB causddse-dependent reduction of total
tube length in the Matrigel tube formation assathidUVECs, HCAECs, and
HMVECSs. Increasing the concentration of SsnB frbito 100 micromolar increased the
level of inhibition compared to the vehicle contrdh all the SsnB treatment groups, the
endothelial cells showed morphological changesuding cell rounding and clumping.
We initially believed that this might be a signoafl death or apoptosis induced by SsnB.
However, a live/dead assay showed that SsnB hadfect on cell viability. In all SsnB
treatment groups, we observed no cell death; B stined positively for viable cells.
We hypothesize that SsnB is affecting pathwaydedlto cell morphology and motility.
Anti-angiogenic agents often inhibit cell motiliby targeting the actin cytoskeleton and
microtubule system (Karna et al. 2012). SsnB megdiing in this manner, preventing
the necessary changes in cell shape and movemesdsaey for tube formation in the
Matrigel assay. This would also explain the charnigenorphology and cell clumping

seen in our Matrigel assays.

In addition, SsnB treatment resulted in a dosesddent inhibition of endothelial

cell migration in the Transwell insert assay. HUW4&and HCAECs experienced a dose-
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dependent inhibition in migration in response taBBsoncentrations from 0.0001 and
0.1uM that reached a plateau between 0.1 anduM@f SsnB. The cell migration
assay relied upon VEGF-directed chemotaxis. ThesefSsnB must somehow interfere
with chemotaxis, through mechanisms which couldyeafinom inhibition of VEGF
signaling to impaired cell motility or adhesionuinicroarray datasets demonstrated an
enrichment in genes associated with chemotaxisskgteton, and cell adhesion, which
may provide clues as to how SsnB inhibits cell mlign. Perhaps SsnB is causing
endothelial cells to adopt an adhesive state,iligithemotaxis. Compared to the
Matrigel tube formation assay, the cell migratiesay demonstrated a dose-dependent
inhibition at lower concentrations of SsnB (betw@001 and 0.1M), which reached

a plateau at 0.iM. This may indicate that cell migration is moensitive to SsnB

exposure compared to tube formation.

The inhibition in tube formation and cell migratiby SsnB may involve
targeting the cell motility apparatus through atems in the actin cytoskeleton and
microtubule system. The cytoskeleton is the mawirdy force for cell movement and
shape change. Actin is the key component of theskgleton, which controls cell
locomotion. Cellular movement involves a coordaaaéffort of actin polymerization
and depolymerization, as well as focal adhesioarab/ and disassembly.
Microtubules interact with the actin cytoskeletpmvide structural support, and play a
key role in establishing cell polarity and centnosoorientation. These processes help
establish a leading edge in the cell that is @difor directed movement. Intermediate
filaments, including vimentin, are important compats of the cytoskeleton, providing

cell shape and participating in interactions betwaetin filaments and microtubules.
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Stress fibers and focal adhesions are additionadtsires associated with the
cytoskeleton that play a strong role in cell movatred migration. Stress fibers
represent organized centers of actin filaments,smy@nd intermediate filaments that
generate force for cell movement, migration, angeatn. Focal adhesions are complex
protein structures through which the cytoskeletdaracts with the extracellular matrix,
establishing attachment points with the ECM asmoelVement occurs. Cell movement is
comprised of three distinct phases (protrusiomacatnent, and traction) that all
incorporate interactions between microfilamentsrotubules, stress fibers, and focal
adhesions. Cell motility begins with the protrusaf lamellopodia from the leading
edge of the cell, mainly through actin polymeriaati As the lamellopodia extend across
the underlying surface, the cell attaches and detato ECM components through
specialized receptors, including integrins. Duriragtion, the bulk of the cell is carried
forward toward the leading edge. Overall, anyupsions in the cytoskeleton or
associated structures lead to inhibition of celbitity (Fenteany and Zhu 2003;

Lamalice, Le Boeuf, and Huot 2007; Mackay 2008).

Some naturally derived compounds target the agtioskeleton or microtubules
to inhibit cytoskeleton dependent functions, inahgdcell migration. They may inhibit
actin / microtubule polymerization leading to cyeleton destabilization, or promote
actin / microtubule polymerization leading to ceketon stabilization. In both cases,
cell motility becomes limited due to disruptionnarmal cytoskeleton functioning,
ultimately inhibiting processes, such as angiogen#sat depend on cell movement.
Cytochalasins, a group of fungally derived molesptend the barbed ends of

microfilaments and block polymerization and depadyrration, effectively capping the
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growing end and preventing extension of actin feats into the leading edge of the cell.
Phalloidin, another fungally derived compound, sBiads actin filaments, promotes actin
polymerization, and inhibits depolymerization, logk actin filaments in place (Fenteany
and Zhu 2003). Compounds that target microtubul@dsde taxanes and epothilones,
which inhibit tubulin depolymerization and promatécrotubule stabilization, and vinca
alkaloids that inhibit polymerization and mitotigisdle formation (Bijman et al. 2006).
In addition, compounds may also target upstreamasiigg pathways that control
microfilaments and microtubules. Intracellulagets for microfilament and microtubule
disruption include Rho GTPases, a family of sigmalinolecules that control cell
motility. Tumor-derived VEGF has been shown tavate Rho GTPases, including
Cdc42, Racl, and RhoA. Once activated, theselgigmaolecules affect cytoskeletal
organization, including filopodia, lamellipodia,dstress fibers, all impacting cell shape
and motility. Furthermore, cdc42 affects the aiaion of the centrosome and cell
polarity, RhoA controls actin-myosin contractioroproting cell movement, and Racl
promotes actin polymerization in the leading edye facal adhesion formation.
Inhibition of these signaling molecules leads &raiptions in the cytoskeleton, stress
fiber formation, and focal adhesion. Many of thegebitory compounds possess
polycyclic structures and functional groups simitaSsnB (Vincent et al. 2001;
Fenteany and Zhu 2003; Karna et al. 2012). Basdt@results from the cell migration
and tube formation experiments, as well as theoarctay data described below, we
believe that SsnB may act in part by targetingcyteskeleton or upstream signaling
pathways to impede changes in cell shape and tgdhkt are both necessary for

angiogenesis.

59



SsnB alters endothelial gene expression and lioeillscycle progression

We also demonstrated that SsnB altered the expnegbgenes implicated in
angiogenesis. Microarray data from human umbiNeah endothelial cells and human
coronary artery endothelial cells showed altergutession in genes associated with a
variety of biological processes, including cellidign, cell cycle progression,
chemotaxis, and cytoskeleton, which may provideghtsnto the results seen in the tube
formation and cell migration experiments. The m#jof the enriched genes are also
associated with mitosis. Many genes that are lysuptegulated during progression
through the cell cycle to mitosis were downregudateour microarray data, including
genes such as anillin (ANLN), cyclin E2 (CCNE2)ll cvision cycle 6 (CDC6), cyclin
B1 (CCNB1), cyclin dependent kinase 1 (CDC2), amabea kinases A and B (AURKA,
AURKB) (Dephoure et al. 2008). Clearly, SsnB hlasven a strong effect on mitosis and
the events preceding mitosis. Downregulation eséhgenes may hinder the necessary
cell division and proliferation that is required ingiogenesis. Based on our cell cycle
experiments, we believe that SsnB is causing bigpeled two checkpoints in the cell
cycle, the G1/S and G2/M checkpoints, with the ferheckpoint dominating. Overall,
the microarray data supported the results of onctfanal assays and provided insight
into the mechanism of inhibitory action throughipedys including cell cycle

progression, cytoskeleton alterations, and chenmtax

The genes from the microarray data that initiaiptured our attention were those
involved in the cell cycle. Table 2.1 demonstratet CCNE2, CDC6, CCNB1, and
CDC2 were all downregulated by SsnB. Cyclins agulatory proteins that bind and

activate cell dependent kinases, most importamttiirt dependent kinase 2 (CDK2),
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which phosphorylate additional proteins, initiateagascade of cellular events that
prepare the cell for mitosis and division. Cydérels rise and fall depending on the
phase of the cell cycle. Normally, CCNE2 and CCNB# in the G1/S and G2/M
phases, respectively. CCNE2 binds and activatdsZzvhich phosphorylates
retinoblastoma protein, allowing it to dissociaten the E2F transcription factor. E2F is
then free to activate gene transcription and prerpobgression through the G1/S
checkpoint. CDC6 plays an essential role in chreonte duplication during the S phase.
CCNBL1 binds and activates CDC2 during progressioough the G2/M checkpoint,
preparing the cell for mitosis (Wu et al. 2009; Bdp and Mendez 2008). The
downregulation of CCNE2 and CDC6 directly supptims G1/S blockage observed in
our cell cycle experiments with synchronized endtgh cells. We believe that SsnB is
downregulating CCNE2 and CDC6, slowing progressiwmaugh the G1/S checkpoint.
The microarray data also showed a downregulaticdd@¥B1 and CDC2, which should
trap cells at the G2/M checkpoint and prevent emel@l cells from entering the final
stages of cell division. This effect was less iigagken due to blockage at the G1/S
checkpoint. In non-synchronized (no serum staovatHUVECs, G2/M blockage was
observed (see Appendix, Figure A.5) but at mucleloevels compared to the G1/S

blockage.

In addition to the cell cycle regulatory genegréhwere additional genes
associated with mitosis and the cytoskeleton ttwetdsout in our microarray data. The
microarray data showed an enrichment in genes emgpdoteins associated with the
spindle, nuclear envelope, chromosome condensatidrsegregation, and cytokinesis,

all important aspects of mitosis and cell divisid@snB caused a downregulation in the
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expression of anillin (ANLN), an actin binding peat that plays an important role in
cytokinesis, the final stage of cell division. Flgiould inhibit contractile ring formation,
preventing the cytoskeletal changes necessarytokinesis (Piekny and Maddox
2010). Decreased expression of anillin might expglae nuclei clumping or double
nuclei that we observed in additional experimesée (Appendix Figure A.6) with
nuclear staining (Hoechst). Our microarray dasa abntained many examples of
differentially downregulated cytoskeleton- relagahes, including transforming acidic
coiled-coil containing protein 3 (TACC3), hyaluraneediated motility receptor
(HMMR), and diaphanous homolog 3 (DIAPH3). Dowrulagion of the protein
products of these genes may have a negative imfduen cytoskeleton functioning,
which is essential for not only mitosis and cytadis, but for cell motility as well.
DIAPH3 is an essential element in filopodia andé#lopodia formation, both important
processes for cell motility. Downregulation of IRA3 may inhibit lamellopodia /
filopodia protrusion and subsequent cell sprea@¥fang et al. 2007). This may explain
the cell rounding that we noticed in the tube faioraexperiments. TACC3 mainly
controls microtubules and is intricately involvedthe centrosome and mitotic spindle
apparatus during mitosis. The spindle apparattexgjigired for separation of sister
chromatids and subsequent nuclear division. Asyugition of this process could
negatively affect cell proliferation. Furthermoasirora kinases (AURKA and AURKB),
which were also downregulated in our data, helpledg TACC3-mediated formation of
the mitotic spindle apparatus (Piekorz et al. 2008pshita et al. 2005). Hyaluronan-
mediated motility receptor (HMMR or RHAMM) is a gein that regulates microtubule

function during mitosis and the turnover of focdhasions. RHAMM has been shown to
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be important for endothelial cell migration duriaggiogenesis. Antibodies directed
against RHAMM effectively inhibited angiogenesisasiated with cancer (Yang et al.
2010). RHAMM was also downregulated in our micragirdata, suggesting its
involvement in the inhibition of endothelial celigration and angiogenesis seen in our

experiments.

Kinesin family member 18A (KIF18A) is another gethat was downregulated in
our microarray data. Its functions encompass etyaof pathways, including the
cytoskeleton, cell cycle progression, and cellsion, which are all the main mechanistic
processes that we believe SsnB targets to inhigibgenesis. KIF18A is a molecular
motor that produces force and movement along mibrdes to aid in cytoskeleton re-
arrangement, especially chromosome movement. KAFES also been shown to
interact with caveolin-1 (CAV1) (Luboshits and Bgahu 2005, 2007). Caveolin-1 is
involved in cellular pathways associated with cetirphology and stress fiber formation.
Silencing of caveolin-1 has been shown to inhibgiagenesis through multiple
mechanisms including alterations in cell morphol@ggreased cell size and stress fiber
formation) and inhibition in cell migration and gression through the G1/S checkpoint.
These findings connect especially well with oumutsssince we demonstrated a similar
behavior in endothelial cells in response to SseBtiment. We hypothesize that SsnB
may inhibit caveolin-1-mediated activities througgwnregulation of KIF18A.

Caveolin-1 also signals through the AKT pathwayEmay somehow interfere with
this signaling pathway (Madaro et al. 2013). Presearch has shown that SsnB inhibits
NF-xB, ERK, JNK, and p38 pathways in macrophages.bitibh of the AKT pathway

may be another mechanism to inhibit caveolin-1-@edi signaling. Further research is
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necessary to test this hypothesis. Overall, timebtoed effects of inhibiting cell cycle
progression, cytokinesis, mitosis, and cytoskeletattion help explain the cytostatic

and anti-angiogenic properties of SsnB.

SsnB inhibits ex vivo angiogenesis

In the final portion of the research project, vidized the chick chorioallantoic
membrane assay to examine the effects of Ssr#aivoangiogenesis.
Methylcellulose discs containing either 100 uM SsmBehicle control (0.1% DMSO)
were added to the CAM of chicken eggs. After iratidn for two days, the blood vessel
length and branching pattern were examined. SswBex a significant reduction in total
blood vessel length compared to the vehicle cogralip, successfully demonstrating
the ability of SsnB to inhibiéx vivoangiogenesis. We also demonstrated that SsnB

reduced the number of branch points in developlagdvessels.

The CAM assay incorporates multiple cell typedikann vitro functional assays.
In vitro assays, including the Matrigel tube formation gsealy examine the effects of a
test compound on one isolated cell type, namelyp#dial cells. Oftentimes, a
compound that exhibits anti-angiogenic propertiéh w vitro functional assays may not
inhibit in vivo or ex vivoangiogenesis. Furthermore, compounds such asi8ayB
inhibit angiogenesis by targeting additional cglids, and this type of interaction can be
revealed byn vivo/ ex vivoassays. Angiogenesis is a multicellular procegslving
multiple cell types including endothelial cells asupporting cells, such as pericytes,
smooth muscle cells, myofibroblasts, and macrophag§er example, pericytes and

myofibroblasts help produce collagen fibers to txreaframework for vessel formation
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during splitting or intussusceptive angiogenegis, macrophages produce matrix
metalloproteinases that degrade the basement mee)meoviding a path for cell
migration. Normal angiogenesis also involves irg#ractions with the extracellular
matrix, which are not properly addressedrbyitro assays. Moreover, cultured
endothelial cells have been preselected by passagiadopt a proliferative phenotype,
which is uncharacteristic @ vivo angiogenesis. The CAM assay includes multiple cel
types and extracellular matrix interactions to addrall of these issues associated with
vitro assays (Ribatti 2008; Cimpean, Ribatti, and R28f28). Using the CAM assay, we
demonstrated that SsnB effectively inhibited angragsis, by decreasing total blood
vessel length and by reducing branch number. dditia demonstrates that SsnB is

capable of inhibiting true, physiological angiogsise

Interestingly, SsnB caused a significant reduciiothe number of branches in
the developing CAM blood vessels. Blood vessehtingpoints have been shown to
colocalize with macrophages that secrete matrixalhogroteinases (MMP) which are
necessary for establishing these branch points.PSIMspecially MMP-9, help degrade
the extracellular matrix, providing access routgseindothelial cells to migrate through
the ECM to create new branches from the originabdlvessels as angiogenesis
progresses (Johnson et al. 2004). The observedatecin CAM vessel branching may
reflect an inhibitory action on macrophages by SsRBevious research has shown that
SsnB is capable of inhibiting macrophage-mediatddmmation by blocking toll-like
receptor signaling. In addition to its effectsemdothelial cells, SsnB may also be
inhibiting macrophage production of MMPs or othaestpolytic enzymes, thereby

reducing the density of branching usually seemmi@genesis in the CAM assay.
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Limitations and Future Work

Although our research has yielded promising resaldemonstrating the anti-
angiogenic potential of SsnB, our results are stifistrained by limitations associated
with our experimental models. Initial experimewith SsnB only utilizedn vitro assays
to investigate endothelial cells, leaving out supipg cells involved in angiogenesis,
including macrophages, pericytes, and smooth mustle. Ouiin vitro assays also only
investigated three functional aspects of angiogenehemotaxis, tube formation, and
cell cycle progression. Since our microarray datatained such a large number of
differentially regulated genes associated withayteskeleton, it would be beneficial to
investigate how SsnB alters the cytoskeleton amdthg impacts chemoattractant
driven angiogenesis. We could begin by studying BsnB alters stress fiber formation
and cell shape through phalloidin staining. Thaid be helpful in examining the cell
shape changes that were seen in the tube formatjgeriment. We may also study how
SsnB affects focal adhesion formation with stairfigintegrins or associated proteins,
such as vinculin (Wickstrom, Alitalo, and Keski-(J@04). This would begin to address
the question of whether SsnB is impeding cell nigraby causing the endothelial cells
to adopt an adhesive phenotype. Both of the pregexkperiments may be utilized
concurrently with a scratch wound healing assduttiher investigate the effects on
chemotaxis. In addition, assays with multiple egbes, including supporting smooth
muscle cells or pericytes, may be utilized to exanthe impact of SsnB on additional
cell types (Suboj et al. 2012). We may also exarhiow SsnB affects macrophages in
relation to angiogenesis, including metalloprotesproduction. This would expand

upon the results that we saw in the CAM assayganas to branching inhibition.
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We utilized the CAM assay as ar vivoassay to investigate the effects of SsnB
in a multicellular environment, incorporating irdetions with the ECM. However, the
CAM assay also has associated limitations. The G&Bay is not a mammalian assay;
differences exist between chicken cells and manamalells. Since chick embryos do
not have a mature immune system until the lateestafjincubation, specific interactions
between SsnB and lymphoid cells, such as T andriplypcytes, cannot be examined.
Furthermore, nonspecific inflammatory reactiong® methylcellulose discs may occur
as activated macrophages release inflammatory iegskn response to added
compounds. In addition, the CAM is undergoing ¢cansmorphological changes,
including contraction, that may alter the vascudl@nsity independent of the tested
compound (Ribatti 2008). Thex ovoversion of the CAM assay employed in this project
also exhibited a high mortality rate in embryo suml: The Matrigel plug assay may be
used to overcome these problems and to provideiawali support for our findings from
the CAM assay. The Matrigel plug assay is widelgdito studyn vivo angiogenesis.
The assay is simple, reproducible, and reveals mgpertant information tham vitro
assays, such as the Matrigel tube formation aslkathis assay, Matrigel is injected
subcutaneously in mice. Over time, endothelidsdebm each host mouse invade the
Matrigel plugs, producing capillary networks. Drdejivery pumps may be
subcutaneously implanted in the mice during thisopeto study how test compounds
affect angiogenesis. After enough time has prage$or capillary formation to occur
within the Matrigel, the mice are injected intrawvesly with Dextran-FITC to allow
visualization and quantification of vessel formatioAfter removing the plugs, the gross

vessel distribution is noted with a fluorescensdiing scope, and fluorescent images
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are collected and analyzed (Staton, Reed, and B2®0®8). SsnB is expected to
decrease the number of capillaries that grow inéoMatrigel plugs as it has shown the
ability to inhibit angiogenesis fon vitro models and the CAM model. Furthermore, this
assay could provide additional insight into theeef§ of SsnB on capillary structure and
cell composition. This will provide a more comggticture of how SsnB affects

multiple mammalian cell types, including immunelel

The Matrigel plug assay only stimulates the growfthapillaries. The hindlimb
ischemia model may be used asramivo assay for angiogenesis and arteriogenesis. In
this model, the femoral artery in the hindlimb loé tmnouse is ligated to provide an area
of ischemia that will stimulate blood vessel forraatand remodeling. Decreased
bloodflow in the hindlimb is monitored with Doppleltrasound. This model stimulates
growth of both capillaries and larger caliber vésssompared to the Matrigel plug assay
which only stimulates angiogenesis (van Royen.e2G01). In our CAM assay, we only
studied the effects of 100 uM SsnB on angiogertigsto the limited number of
embryos that remained viable over the course oéxperiment. It would be more ideal
to study the effects of several concentrationssoiESfor a dose-response study. This
may be accomplished with the Matrigel or hindlimbhemia assays. For the CAM
assay, we based our concentration (100 uM) ontsefsam thein vitro experiments. We
may need to carry out a series of preliminary expents to test the feasibility of
different delivery methods (osmotic mini pumpsmraperitoneal injections) for SsnB.
These experiments may provide us with more insigbtthe effective dose ranges of

SsnB for differentn vivo models.
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Before beginning additionah vivo experiments, it would be especially helpful to
determine the pharmacokinetics of SsnB. We ne&ddw more about how SsnB is
absorbed through various routes of administrataml, which route works best. Using a
murine model, we should investigate how SsnB becaisributed within the body over
time. This would show us in which tissues SsnBob&es enriched, providing clues into
the bioavailability of SsnB. Furthermore, it wow$o be interesting to investigate how
the body eliminates SsnB through metabolism andeton. This could demonstrate
potential toxic byproducts from metabolic degraolatf SsnB. To begin the
pharmacokinetic studies, we need to have a methddtect SsnB in plasma and urine
samples. SsnB could be conjugated with markerddtaction in these assays, or
antibodies directed against structural motifs afBssould be created for ELISAs or
western blots. Overall, SsnB has proven effeatiiahibiting angiogenesis in our
experiments, but its efficacy could be improve@ni may serve as a starting point for
derivatized compounds. Functional groups may lbea@dr modified to improve the
solubility, bioavailability, and activity of SsnBTr'hese derivatized compounds may also

possess additional therapeutic properties (Liarad. €1995).

In addition, we could learn more about the mectrarof action for SsnB by
investigating potential binding sites. An undansting of the initial steps of SsnB
binding to endothelial cells will reveal additiorg#®tails about downstream pathways,
confirming our prior microarray data. The Aryl Hpdarbon Receptor (AHR) seems a
likely candidate due to the polycyclic structureéSsinB and the connection between the
AHR pathway and inhibition of HIF¢l-driven angiogenesis. The upregulation of AHR-

associated genes, NQO1, ALDH3A1, CYP1A1l, and CYR1Bdur preliminary
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microarray data also provides supporting evideoncé¢hie Aryl Hydrocarbon Receptor as
a binding site for SsnB. The aryl hydrocarbon peaebinds polycyclic and halogenated
aromatic hydrocarbons. After AHR binding, the AHgand complex and the AHR
nuclear translocator (ARNT), also known as hyparducible factor-§ (HIF-1B), form

a heterodimeric transcription factor. This comgbéxds to xenobiotic response elements
in the promoter region of target genes. Hypoxwtible factor-& (HIF-1a) is another
basic helix-loop-helix transcription factor thatrairizes with ARNT and mediates VEGF
gene activation during hypoxic conditions. Regestarch has suggested a link between
AHR-ARNT signaling and the regulation of angiogases'he AHR and HIF-1 both
compete for the ARNT; therefore, increased actratif AHR can decrease hypoxia-
driven angiogenesis. SsnB possesses a polycyalicigre, making it a potential ligand
for the AHR, which may operate through AHR-ARNTrsadjng to inhibit angiogenesis
(Dong, Ma, and Whitlock 1996; Forsythe et al. 19%@6jhara et al. 2007; Reyes, Reisz-

Porszasz, and Hankinson 1992; Schmidt and Bradfi@®®; Wiesener et al. 1998).

Conclusion

In conclusion, Sparstolonin B has shown promisarasffective inhibitor of
angiogenesis. We demonstrated that SsnB inhibitgtbgenic functions in several
functional assays, including tube formation and wegration. Microarray analysis
showed that SsnB caused differential regulatiogesfes associated with the cell cycle,
cell division, and cytoskeleton. We also showeat 8snB hampered progression
through the cell cycle at the G1/S checkpoint, gy downregulation of CCNE2 and
CDC6. SsnB successfully inhibited angiogenesth@CAM assay, decreasing vessel

length and branching. Future work with SsnB walleal more about its mechanism of
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action, including cytoskeletal changes and possibiliding sites. Overall, SsnB has
proven to be a powerful bioactive compound withwdtitude of useful therapeutic

effects, including anti-angiogenesis and anti-imifaation.
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APPENDIXA —SUPPLEMENTARY DATA

Table A.1 Gene function enrichment analysis foNHACS in response to SsnB
treatment

***Gene Ontology***

C1 Cc2 C3 C4 P-value| Term Name

118 759 1470 15432 O adenyl nucleotide binding
114 759 1386 15432 O ATP binding

203 759 3326 15432 0.000397 cell communication

123 759 772 15432 O cell cycle

15 759 75 15432| 0.0000Q7 cell cycle arrest

13 759 48 15432| 0.000001 cell cycle checkpoint
64 759 258 15432 O cell cycle phase

107 759 653 15432 O cell cycle process

49 759 199 15432 0 cell division

54 759 588 15432 0.000013 cell proliferation

576 759 10922| 15432 0.000986 cellular process

16 759 130 15432 0.000926 chemotaxis

38 759 286 15432 O chromosomal part

44 759 337 15432 0 chromosome

13 759 43 15432 O chromosome segregation

16 759 48 15432 O chromosome, pericentric region

46 759 543 15432 0.000335 cytoskeletal part

66 759 897 15432 0.000881 cytoskeleton

a7 759 439 15432 0.000001 cytoskeleton organizaiahbiogenesis
17 759 119 15432 0.000121 cytoskeleton-dependt&raceilular transport
57 759 711 15432 0.000271 DNA metabolic process

25 759 244 15432 0.000614 DNA repair

29 759 189 15432 O DNA replication

16 759 96 15432 0.000033 DNA-dependent DNA repbcat

15 759 67 15432 0.0000Q2 interphase

14 759 63 15432| 0.000005 interphase of mitoticoglle

107 759 1541 15437 0.000199 intracellular non-maméibound organelle

66 759 897 15432 0.000881 kinase activity

57 759 214 15432 O M phase

50 759 168 15432 O M phase of mitotic cell cycle

25 759 202 15432 0.000037 microtubule

16 759 113 15432 0.000209 microtubule associateghex

37 759 290 15432 O microtubule cytoskeleton
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15 759 63 15432| 0.000001 microtubule cytoskeletgamization and
biogenesis

14 759 83 15432| 0.000089 microtubule motor activity

17 759 105 15432 0.000027 microtubule-based movemen

31 759 186 15432 O microtubule-based process

48 759 166 15432 O mitosis

58 759 226 15432 O mitotic cell cycle

19 759 156 15432 0.000367 motor activity

75 759 873 15432 0.000003 negative regulationalblical process

71 759 806 15432 0.000002 negative regulation liilee process

24 759 185 15432 0.000025 negative regulation efg@ssion through cell cycle

107 759 1541 15437 0.000199 non-membrane-boundheltga

140 759 2090 15432 0.000093 nucleotide binding

14 759 91 15432 0.000225 phosphoinositide-medisitathling

319 759 5058 15432 O protein binding

134 759 1797 15432 0.000001 purine nucleotide handi

8 759 37 15432| 0.000589 Ras GTPase activator gyctivi

74 759 493 15432 O regulation of cell cycle

217 759 3609 15432 0.000529 regulation of cellptacess

9 759 41 15432| 0.000245 regulation of cyclin-degerigbrotein kinase activit

14 759 46 15432 O regulation of mitosis

74 759 490 15432 O regulation of progression thincegjl cycle

31 759 282 15432 0.000042 response to DNA damagelss

31 759 304 15432 0.000157 response to endogerioudist

a7 759 492 15432 0.000018 response to externalilstim

130 759 1996 15432 0.000545 response to stimulus

80 759 842 154320 O response to stress

14 759 43 15432 O spindle

16 759 130 15432 0.000926 taxis

76 759 1037 15432 0.000404 transferase activapsterring phosphorus-
containing groups

***Protein Domain***

C1 Cc2 C3 C4 P-value Term Name

4 542 9 12147 0.000781 AIG1 family // 9.1E-85

6 542 16 12147| 0.000098 Cyclin, C-terminal // 44E-

12 542 41 12147 0.000001 Kinesin, motor regionlE4121

***P athway***

C1 Cc2 C3 C4 P-value| Term Name

31 180 112 2918 0 Cell_cycle_KEGG // GenMAPP

21 180 69 2918 0 DNA_replication_Reactome // GenRAP

19 180 90 2918 0.000004 G1 _to_S cell_cycle ReactbaenMAPP

25 180 195 2918 0.000429 Smooth_muscle_contratti@enMAPP

C1: number of genes in a cluster or list that hthieannotation term
C2: number of annotated genes in this clustersor li

C3: number of all genes on array that have thiggtion term

C4: number of all annotated genes on array
P-value: binomial approximated p-value for hypergetric distribution
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Table A.2 Gene function enrichment analysis forAECS in response to SsnB

treatment

***Gene Ontology***

C1 Cc2 C3 C4 P-value Term Name

56 214 1470 15432 O adenyl nucleotide binding

56 214 1386 15432 O ATP binding

15 214 360 15432 0.000177 ATPase activity

13 214 311 15432 0.000463 ATPase activity, coupled

87 214 4602 154320 0.000477 biopolymer metabolicgsse

93 214 5029 15432 0.000574 catalytic activity

85 214 772 15432 0 cell cycle

13 214 48 15432 O cell cycle checkpoint

51 214 258 15432 O cell cycle phase

71 214 653 15432 O cell cycle process

43 214 199 15432 O cell division

27 214 588 15432 O cell proliferation

51 214 2215 15432 0.0001%5 cellular component érgdan and biogenesis

179 214 10922| 15432 0.000009 cellular process

32 214 286 15432 O chromosomal part

35 214 337 154320 O chromosome

19 214 377 15432 0.000002 chromosome organizatidrbebgenesis

15 214 363 15432 0.000194 chromosome organizatidrbegenesis (sensu
Eukaryota)

15 214 43 15432 O chromosome segregation

18 214 48 15432 O chromosome, pericentric region

6 214 34 15432| 0.00001] condensed chromosome

30 214 543 15432 O cytoskeletal part

31 214 897 15432 0.000003 cytoskeleton

28 214 439 15432 O cytoskeleton organization andebiesis

13 214 119 15432 O cytoskeleton-dependent intraleeltransport

4 214 30 15432| 0.000877 DNA damage response, digmsduction

45 214 711 15432 O DNA metabolic process

21 214 244 15432 O DNA repair

30 214 189 15432 O DNA replication

9 214 42 15432 O DNA-dependent ATPase activity

18 214 96 15432 O DNA-dependent DNA replication

4 214 26 15432 0.000517 double-stranded DNA binding

21 214 618 15432 0.000162 hydrolase activity, gotin acid anhydrides

21 214 615 15432 0.000182 hydrolase activity, gotin acid anhydrides, in
phosphorus-containing anhydrides

12 214 67 15432) O interphase

12 214 63 15432) O interphase of mitotic cell cycle

140 214 7906 15432 0.000019 intracellular

108 214 5631 15432 0.000021 intracellular membiameid organelle

60 214 1541 15432 O intracellular non-membrane-darganelle

122 214 6494 15432 0.000008 intracellular organelle
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62 214 2068 15432 O intracellular organelle part

131 214 7364 15432 0.0000% intracellular part

a7 214 214 15432 O M phase

45 214 168 15432 O M phase of mitatic cell cycle

108 214 5633 15432 0.000021 membrane-bound organell

17 214 202 15432 O microtubule

13 214 113 15432 O microtubule associated complex

28 214 290 15432 O microtubule cytoskeleton

12 214 63 15432 O microtubule cytoskeleton orgditimand
biogenesis

13 214 83 15432 O microtubule motor activity

6 214 64 15432 0.000303 microtubule organizingerent

13 214 105 15432 O microtubule-based movement

25 214 186 15432 O microtubule-based process

44 214 166 15432 0 mitosis

50 214 226 15432 0 mitotic cell cycle

13 214 156 15432 O motor activity

60 214 1541 15432 O non-membrane-bound organelle

21 214 583 15432 0.000073 nucleoside-triphosphatctbéty

56 214 2090 15432 0.000001 nucleotide binding

101 214 3964 15432 O nucleus

122 214 6495 15432 0.000008 organelle

44 214 1019 15432 O organelle organization anddriegis

62 214 2068 15432 O organelle part

13 214 91 15432 O phosphoinositide-mediated siggali

33 214 1302 15432 0.000564 post-translational protdification

15 214 421 15432 0.000888 protein serine/threokimese activity

56 214 1797 15432 O purine nucleotide binding

21 214 612 15432 0.000142 pyrophosphatase activity

43 214 493 15432 O regulation of cell cycle

73 214 3609 15432 0.000246 regulation of cellutacpss

7 214 41 15432| 0.000002 regulation of cyclin-degergrotein kinase activit

5 214 43 15432| 0.00037  regulation of DNA metabptiacess

13 214 46 15432 O regulation of mitosis

43 214 490 15432 O regulation of progression thincegjl cycle

24 214 282 15432 O response to DNA damage stimulus

24 214 304 15432 O response to endogenous stimulus

30 214 842 15432 0.000002 response to stress

13 214 219 15432 0.000015 second-messenger-medigteaing

13 214 43 15432 O spindle

28 214 1037 15432 0.00059 transferase activitpsfearing phosphorus-
containing groups

8 214 143 15432| 0.000965 ubiquitin-protein ligastviy

***Protein Domain***

C1 c2 C3 C4 P-value| Term Name

5 130 47 12147| 0.000166 AAA ATPase, central regiéh2E-18

4 130 29 12147 0.00029 BRCT //9.8E-9
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4 130 16 12147| 0.00003 Cyclin, C-terminal // 4.QE-4

4 130 31 12147 0.000373 Cyclin, N-terminal domAB.6E-14

12 130 41 12147, O Kinesin, motor region // 4.1E-121

2 130 4 12147| 0.000884 Lysophospholipase, catatgtinain // 2.4E-63
2 130 3 12147| 0.000501 M-phase inducer phosph#tasé=-30

6 130 10 12147 O MCM // 2.1E-66

2 130 4 12147| 0.000884 SMC protein, N-terminal 7E350

***P athway***

C1 Cc2 C3 C4 P-value| Term Name

27 60 112 2918 0 Cell_cycle_ KEGG // GenMAPP

22 60 69 2918 0 DNA _replication_Reactome // GenMAPP
16 60 90 2918 0 G1_to_S cell_cycle_Reactome // GdriMm

C1: number of genes in a cluster or list that haeannotation term
C2: number of annotated genes in this clustersbr li

C3: number of all genes on array that have thigtation term

C4: number of all annotated genes on array
P-value: binomial approximated p-value for hypergetic distribution
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/CDC2: Cell division oycle 2, 51 to 5 and G2 to M
MY BLA: v-rmyb myeloblastosis viral oncogene hormolog (avian)-like 1
Transeribed locus

KIFC1 : kinesin farmily mermber C1

MNS1: meiosis-spesific nuslear structural 4

CEMPL: sentfrormere protein L

PHF19: PHD finger protein 19

CEMPF: centrormers protein F, 350r400ka (rmitosin) 0 s entrormers protein F, 350/400ka (ritosin)
TCMAZ: eyelin A2

hCAP-D3: KIAADODSE protein

MEILZ: nei endonuclease Vill-like 3 (E. coli)

1 2034 chromosorne 13 open reading frarme 34

BRRM1: barren harmolog 1 (Drosophils)

Transcribed locus, strangly sirmilarto NP_000456.1 BROA1 assasiated RING darmain 1: BRGAT .
PRIM1: primase, polypeptide 1, 49kDa

UBE2T: ubiquitin-conjugating enzyme E2T iputative)

TACC3: transforming, acidic coiled-coil sontaining protein 3

MHKIET: antigen identified by monoclonal amtibody Ki-67

APOBEC3B: apalipoprotein B rmRNA =diting enzyrme. catalytic polypeptide-like 38
CENFF: centrormers protein F, 350/400ka (mitosin)

MY BLZ: v-rmyb ryeloblastosis viral oncogens homolog (avian)-like 2

MHKIET: antigen identified by monoclonal antibody Ki-67

CDKM2C: eyslin-depandant kinase inhibitar 2C (p1 8, inhibits COK4)

C180rf24: chrormosorme 18 open reading frarne 24 :

UHRF1: ubiquitin-like, containing PHD and RING finger dormains, 1

15023 chromosorme 15 open reading frarme 23

MEM10: MEMA D rinichromoseme maintenance deficient 10 (5. cerevisiael
E2F8: E2F transcription factor &

MCMS: MCMS minichromosome maintenance defisient 5, cell division eysle 46 (5. cerevisias)
FEXOS: F-bax protein 5

CENPA: sentrormere protein A

SPAGS: sperrn associsted antigen 5

CDCAZ: cell division syole assosiated 2 /% cell division eycle assasiated 2.
MCM4: MCM4 rinichramasorme maintenance deficient 4 (5. cerevisiae)

KIF2C: kinesin family member 2C

DEFDC1: DEP dornain containing 1

BIRCS: baouloviral IAP repeat-containing & (survivin)

AURKE: aurora kinase B

CDC2: ol division eyele 2, G1 to S and G2 to M

FEM1: flap structure-spesific endonuslease 1

DEFDC1: DEP dornain containing 1

DKFZp762E1312: hypothetical protein DKFZpTH2E1 212

CDCE: COCE cell division eysle B hormolog (S. cerevisias)

SPBC26: spindle pole bady cormponent 26 hormolag (S. cerevisias)

AMLM: anillin, actin binding protein

TRIF12: thyroid harmone receptor interactor 13

RADS1: RADST hornolag (Resh hornolag, E. coli) (5. cerevisias)

GIMS2: GINS cornplex subunit 2 (PS2 harmolog)

KIF11: kinesin fammily member 11

HCAP-G: chramosaorme condensation protein G

MCM2: MCM2 rminichromasorme raintenance deficient 2, mitotin (S. cerevisias)
PRC1: protein regulator of cytokinesis 1

CDCAS: call division eyele associated &

CKS18: CDC2E protein kinase regulatory subunit 18

CCME: eyvelin B1

POLEZ: polymerase (DR& directed), epsilon 2 (p53 subunit)

TTH: TTK protein kinase

FORMA: forkhead box M1

ATAD2: ATFase family, A4 domain containing 2

CCMBZ: oyclin B2

BUB1: BUB1 budding uninhibited by benzimidszoles 1 homolog (yeast)

DL&7: dises, large homaolog 7 (Drosophila)

THKA: thymidine kinase 1, soluble

HM GB2: high-robility group box 2

HMMP: hyaluranan-rnediated motility receptor (RHAMM)

HMMP: hyalurenan-mediated motility receptor (RHAMM)

CCNEM: oyvelin B1

RACGAP: Rac GTPase activating protein 1

TOP2A: topoisarmerase (DMA) Il alpha 170kDa

AMLIN: anillin, actin binding protein

GTSE1: G-2 and §-phase expressed 1

DTL: denticleless hornalag (Drosophila)

CDC20: CDGC20 sell division eyele 20 hornolog (5. cerevisiae)

SHCBP1: §HG SH2-domain binding pratein 1

CDKNz: cyelin-dependeant kinase inhibitor 3 (COKZ-associated dual specifisity phosphatase)
WIF 204: kinesin farmily mermber 204

KMNTCZ: kinetochore associated 2

CDC2: el division eyele 2, G1 to S and 52 to M

CDIN3: evelin-dependent kinass inhibitor 3 (CDK.2-associated dual specifisity phosphatase)
CDC2: cell division cyela 2, G1 to S and G2 to M )
MUSAF1: nucleolar and spindle associated protein 1

FAM 83 D: farmily with sequence similarity 83, mermber D

BUB18: BUB1 budding uninhibited by benzirnidazoles 1 hornolog beta (yeash
'DEFDCA: DEF dormain containing 1

FBHK: FDZ binding kinase

CEPSS: centrosomal protein 55kDa

BIRCS: baculoviral IAP repeat-containing 5 (survivin)

ZWWINT: 21 0 interactor .

RRM2: ribonusleotide redustase M2 polypeptide

PAKS # UBE2C: p21 (COKN1A)-activated kinase 3 4 ubiquitin-conjugating enzyme E2C
Transcribed lasus

gb:BC002483 1 /DB_XREF=gi1 2803348 /FEA=FLmRNA /CNT=84 /TID=Hs.249184 0 [TIER=FL...
KIF 44 kinesin farmily member 44

'SMC4: strustural maintenance of chromosormes 4

CEMPE: sentromere protein E, 312kDa

ASPM: a5p (abnormal spindle)-like, microsephaly associated (Drosophila)
MPHOSPH1: M-phase phosphoprotein 1

MADZLT: MADZ ritotic arrest deficientlike 1 (yeast)

RRM 2: ribonuslestide redustase M2 palypeptide
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Figure A.3 Heatmap of differentially regulated gerin HUVECs and HCAECs
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MLF1IP: MLF1 interacting protein

ghb:AlS10054 /DB XREF—gi'S'SQBBZJ'."'DEl XREF‘\MT-"QhD.? w1 FCLOMNE=IMAGE: 2361853 (FEA=..
MCh 4 MCM 4 pninichrornosorme rnaintenance deficient 4 (S cerewslae)

KIF23: kinesin farmily member 23

cDoAd el division cyele associated 4

QIPS: Cpa intera‘cti‘r_l_g protein & ’

KIAA1 524 KIAAT 524

LUZPS: Iéucine’ziober protein 5

HEAP-G: chromosome sondensation protein G

RADS1AP: RADST associated protein 1

M CME: MCME minichromosarme maintenance deficient § (MISS ‘horolog, 5. pombe) (S cErevi..
MADZLA : MADZ mitatic arrest deficient-like 1 tyeast)

PTTGA pituitany turnor-transforming 1

AURKA: aurora kinase A

MELK: raternal embryonic leucine zipper kinase

HELLS: Helicase, lyrphoid-specific

Transcrlbed locus

I-{IAA‘i 704: KIAA1T734

L.IEIE2S e LOC65‘1 &16: ubiguitin-canjugating enzyme EZS W sirmilar to Ubiguitin- conjugatlng B
DTL: denticleless homolog (Drosophila)

TPRZ: T2, mlcrotubufe associated, hornolog O(enopuslae\tlsj

NEK2 MIMA fneverin rhitosis gene a) related kinasa 2

CENPA: cantrormere protein A

CCNA"E wyelin AZ

KIF184A: kinesin farmily member 184 47 kinesin family mermber 184
130 chrormasome 13 apen reading | frama 13

M Chid: M Chl 4 inichromosome maintenance deficient ¢ (S cere\rlslae)

THA: thyridine kinase 1, soluble

CKAF'Z‘L cytoskeletorl associated protein 2- like

KIF1 8 f 7 arfd: kinesin fan'nly rember 18§ i chromosamea 7 open reading frame 9
KIFZC: l_drje_sin fam‘ily rember 2C

BTN sci_noerim

LOCT60159: CG10806-like

DHNER: ;:Ielia—notch-_li_ke EGF repeat-containing transrnembrans
TG Moggin

SPC: glypican 1

STC2: stanniocalein 2

I-(]AA1.Q1-3:'KIQA1 a13

TTC20: tetratricopeptide repaat domain 29

THBS1: Thrormbospandin 4

PLAZG4A: phosphalipase A2, group WA (eytosclic, calsiur-dependeant)
5P 3 glutathione peroxidase 2 (plasrna)

ALDH2A1: aldehyde dehydrogenase 2 family, rermbearAi

ABCCE: ATP-binding cassette, sub-farily C (CFTRMRF), member 2
TGFA: tr'ansfom-ling growth facter, alpha

P{ITLG KIT Ilgand

TIPARP TCDChindusible poly (ADP- rlbose) polymerase

STC2: stanniccalein 2
CAPOD: apolipoprotein D

MPT1: neurcnal pentraxin |

TCEAZ: transeription elongation factor A (S0, 3

PL&2G4C: phospholipase A2, group IV C (eyvtosalie, caleiurmindependent)
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Figure A.4 Heatmap of differentially regulated gsrin HUVECs and HCAECs
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Figure A.5 SsnB causes G2/M blockage in non-syrihed HUVECs

Vehicle Control 10 uM SsnB 100 uM SsnB

Figure A.6 Representative images demonstratingpldauwuclei (indicated by arrows)
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