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Abstract

Thrombotic microangiopathy (TMA) is a broad term for a range of diseases that usually manifest
with rapid failure of the affected organ. Although different in etiology, these diseases share a
common pattern of injury originating in the vascular endothelium. In turn, the injured
vasculature elicits a physiological response in a trial to repair the damage. Accumulating
evidence support the significance of vascular repair but the key regulators, and the underlying
mechanism are still elusive. We have shown before that key aspects of the genetic programming
involved in angiogenesis are required for vascular repair. In this thesis: First, we characterized
the PI3K/AKT pathway, the main angiogenic pathway, outputs in the endothelial cell (EC). We
approached the pathway at three different levels; upstream (mTORC2), midstream (Akt) and
downstream (mTORCI1). Our results indicate sustained inactivation of mTORCI1 activity, up-
regulated mTORC2-dependent Aktl activation. In turn, ECs exposed to mTORCI1-inhibition
were resistant to apoptosis and hyper-responsive to renal cell carcinoma (RCC)-stimulated
angiogenesis after relief of the inhibition. Conversely, mMTORC1/2 dual inhibition or selective
mTORC?2 inactivation inhibited angiogenesis in response to RCC cells and vascular endothelial
growth factor (VEGF). mTORC2-inactivation decreased EC migration more than Aktl- or
mTORC1-inactivation. Mechanistically, mTORC2 inactivation robustly suppressed VEGF-
stimulated EC actin polymerization, and inhibited focal adhesion formation and activation of
focal adhesion kinase, independent of Akt. We concluded mTORC2 may have a superior role to

Akt and mTORCI in angiogenesis and vascular repair.

Second, we identified the role of Facio-genital dysplasia-5 (FGDS) in regulation of the
PI3K/AKT pathway. FGDS5 is selectively expressed in EC and was reported to regulate

angiogenesis. FGDS5 deficiency reduced the number of angiogenic sprouts and their filopodia.



These defects were accompanied by down regulation of tip cell-specific markers. FGDS5
inactivation led to a decrease in EC migration and early protrusion (lamellipodia) formation. In
resting, as well as VEGF-stimulated, EC, FGD5 formed a complex with VEGFR2 and was
enriched at the leading edge of the cells and among endosomes. Further, FGDS5 loss decreased
endosomal VEGFR2 coupling to PI3K and diverted VEGFR2 to lysosomal degradation. This
indicates FGD5 regulates VEGFR2 retention in recycling endosomes and coupling to

PI3K/mTORC2-dependent cytoskeletal remodeling.

Third, we investigated the role of FGDS in regulation of G protein-coupled receptors
(GPCRs) signaling. GPCRs operate in conjunction with VEGFR2 to activate PI3K pathway. We
showed dual stimulation of GPCRs and VEGFR2 had synergic effect on angiogenesis. FGD5-
loss abolished the GPCRs angiogenic effect and signaling to PI3K. Cdc42 inhibition, a RHO
GEF required for PI3K activity, recapitulated the same signaling defects of FGDS5 deficiency
indicating that FGDS5 may control PI3K activity through Cdc42. Subcellular localization of PI3K
and its downstream Akt showed no change in PI3K localization to the early endosomes in case of
FGDS deficiency. However, failure of recruitment of active Akt to the PI3K positive endosomes
suggests a defect in PI3K activity after FGDS loss. This study investigated a novel role of FGD5
in regulating GPCRs signaling to PI3K, and suggests FGDS5 as a convergence node regulating

multiple angiogenic pathways that can spark hope for novel anti-angiogenic therapy.

Finally, we studied vascular injury in animal model of chronic allograft vasculopathy

(CAV). We showed that deficiency of Apelin, a peptide involved in angiogenesis that signals

through PI3K in the endothelium, accelerated the vascular lesions in CAV and markedly affected



the function of the transplanted grafts. This indicated that apelin may protect against the vascular

injury produced in CAV.

In summary, this work identifies potential targets that can regulate angiogenesis and vascular
repair; and expands our understanding of the underlying mechanisms involved in angiogenesis.
Further, it suggests novel candidates for antiangiogenic therapy to regulate pathological

angiogenesis.



Preface

Some of the research conducted for this thesis forms part of existing publication and a submitted
manuscript. The third chapter is published in PLoS one journal as “Farhan, M. A., Carmine-
Simmen, K., Lewis, J. D., Moore, R. B., & Murray, A. G. (2015). Endothelial cell mTOR
complex-2 regulates sprouting angiogenesis” with a doi number
(10.1371/journal.pone.0135245). The fourth chapter is submitted to the ATVB journal with an ID
(ATVB/2016/307495) as “Farhan M., Azad A., Nicolas T. and Allan G. Murray. Facio-genital
dysplasia-5 (FGDS5) regulates VEGF receptor-2 coupling to PI3 kinase and trafficking” and is
currently under revision at the time of writing. The animals used in this project were maintained
according to the Canadian Council for Animal Care (CCAC) guidelines under a protocol

approved by the Animal Care and Use Committee of the University of Alberta.
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Chapter I: Introduction

1 Thesis outline

This thesis investigates novel targets to regulate angiogenesis and contributes to our
understanding of the mechanisms underlying the formation of new blood vessels. The first
chapter provides a comprehensive background regarding physiological and pathological
angiogenesis. The second chapter explains the materials and methods used to carry out the
research project. The third chapter evaluates the significance of different molecules on the
VEGF-receptor-2/PI3Kinase pathway, the key pathway regulating angiogenesis. This chapter
also investigates the impact of regulating molecules upstream and downstream of the pathway on
angiogenesis. In addition, it investigates the crosstalk and overlap of different targets on the
pathway. The fourth chapter investigates the role of a novel endothelial restricted-protein
(Facio-genital dysplasia 5; FGDS) in angiogenesis. Further, this work explains the involvement
of FGDS in the VEGFR2/PI3Kinase pathway, and provides insights on the trafficking of
VEGFR2 in endothelial cells (EC). The fifth chapter is a further study of FGDS5 and its
implication in regulating other angiogenesis pathways. In this study we elaborate on a novel role
of FGDS5 in regulating the G protein-coupled receptors (GPCRs). The sixth chapter is a
translational project that applies some of our in vitro findings into an animal model of vascular
injury. In this observational study we illustrate the requirement of one of the angiogenic cues to

hamper vascular injury.



1.1 Objectives
1- Characterization of the PI3K/AKT pathway outputs in the EC
Aims: Regulating the VEGFR2/PI3Kinase pathway early before the signal reach the

downstream effector Akt has a privilege in controlling angiogenesis. In primary EC,

mTORCI1 regulates Akt through a negative feedback loop.

2- Identification of the mechanism of FGDS in regulation of the VEGFR2-stimulated PI3K/AKT

pathway signalling

Aims: FGD5-loss inhibits the VEGF-mediated angiogenesis. TO study the subcellular

localization of FGDS5 in EC and its association with VEGFR2.
3- Characterization of the role of FGDS5 in regulation of GPCR signaling

Aims: Comparing the potency of VEGF to stromal cell-derived factor 1 (SDF1), a GPCR
ligand, in inducing angiogenesis. FGD5 regulates GPCR signaling to PI3K and the

GPCR-mediated angiogenesis.

4-Characterization of vascular repair of Apelin-deficient hearts in a model of chronic allograft

vasculopathy (CAV) in mice.

Aims: Apelin loss exacerbates the vascular injury in CAV. The vascular injury in Apelin

deficient mice is not due to immunological hyper-reactivity.



1.2 Contribution to knowledge

First, sustained mTORCI1 inhibition activates maladaptive PI3kinase signaling to Akt and
responsiveness to proangiogenic growth factors in primary human ECs. In contrast, mTORC2
inactivation prevents Akt and downstream FOXO1/3, or S6 kinase hyper-stimulation. Moreover,
mTORC2 regulates EC matrix adhesion, motility, and angiogenesis in vitro independent of
downstream Akt-regulated events. These findings indicate that mTORC?2 in the endothelium is

an attractive target to inhibit pathologic neoangiogenesis.

Second, our work identifies the function of FGDS5 in regulation of tip cell-cytoskeletal
remodelling in VEGF-guided sprouting angiogenesis. Moreover, we identify FGD5 to be an
upstream regulator of mTORC2, and describe a novel role for FGDS5 to regulate the coupling of
PI3K to active VEGFR2 in the early endosome compartment, and to retain VEGFR2 in the
recycling endosome compartment. These data indicate that FGDS5 is a potential target to regulate

pathological angiogenesis.

Third, in this study we investigate a novel role of FGDS5 in regulating GPCRs signaling to
PI3Kinasef; propose Cdc42 to mediate the cross talk between FGDS5 and PI3Kinasef}; and
suggest FGDS as a convergence node regulating multiple angiogenic pathways that can serve as

a potential candidate for anti-angiogenic therapy.

Finally, we demonstrate the significance of Apelin in development of vascular injury in a model
of chronic graft rejection in transplanted hearts of mice; and propose Apelin as a candidate to

protect against endothelial damage and promote vascular repair.



2 Developmental angiogenesis

Angiogenesis is the process of formation of new blood vessels from already existing ones. It
occurs during embryonic development to support tissue growth and provide organs with
nourishment. In adults, angiogenesis occurs in many physiological processes as inflammation
and wound healing, as well as varoius pathologies as tumors and diabetic retinopathy '. Thus,
understanding the signaling molecules that regulate angiogenesis could ultimately inhibit vessel

growth to tumors or enrich the vasculature of an ischemic area.

Judah Folkman was the first to refer to the therapeutic implications of angiogenesis in the
modern history when he hypothesized that tumor growth is angiogenesis-dependent®. Since then,
angiogenesis has been a matter of intensive research.

The process starts as early as the development of the cardiovascular system during
embryogenesis >. The lumen of blood vessels in contact with blood is lined with a thin and
smooth layer of endothelial cells (EC), which originate from mesoderm. Mesoderm differentiates
to hemangioblasts that further give rise to hematopoietic stem cells and angioblasts *
Angioblasts are EC progenitor cells with commitment to the EC lineage but have not acquired all
characteristic markers of EC yet °. Vasculogenesis is the initial formation of blood vessels from
angioblasts >°. The process involves multiple steps of mesoderm differentiation to angioblasts
and growth factor-mediated angioblasts migration to form blood islands, where EC full
differentiation takes place 67 The primordial vessels expand by sprouting of new capillaries to
form more developed vascular network in a process termed angiogenesis.

Angiogenesis can be initiated by sprouting or intussusception in utero as well as in adults.
Sprouting angiogenesis is characterized by budding of EC towards angiogenic cues like the

vascular endothelial growth factor (VEGF). Therefore, Sprouting angiogenesis commonly occurs



to supply blood to tissues that were devoid of vasculature. Whereas, intussusceptive angiogenesis
involves the invasion of existing blood vessels by interstitial tissue to split the lumen and form

transvascular tissue pillars. These two mechanisms can occur simultaneously or independently.

2.1 Sprouting Angiogenesis

Sprouting angiogenesis is initiated when hypoxia induces the secretion of angiogenic cues from
poorly perfused tissue. The key proangiogenic growth factor is VEGF-A *°. The first EC to lead
the way of the sprouting capillary through the extra cellular matrix (ECM) is designated “tip
cell” ', Finger like filopodia extending from tip cells differentiate it from the quiescent EC.
Filopodia secret proteolytic enzymes to digest the ECM and facilitate tip cell’s migration. In
addition, filopodia are enriched with VEGFR2 that can sense the environment and direct the

migration towards the VEGF gradient '*"

. Then filopodia anchor the leading edge of the
migrating tip cell to the ECM stimulating focal adhesions and integrins to polymerize actin
filaments within the cell. Contraction of Actin filaments will eventually pull the cell towards the
angiogenic cue. Following tip cells in the sprout, are the stalk cells, which proliferate to elongate
the newly formed capillary. Vacuoles within the stalk cells start to develop and fuse together
forming the future lumen of the capillary. When the hypoxic tissue starts to receive blood supply,
it stops secreting angiogenic cues to prevent further angiogenesis. Finally, maturation and
stabilization of the blood vessel require incorporation of pericytes and ECM to envelope the EC
1 Tip cells and stalk cells have distinct molecular signatures, whereas tip cells express high

levels of VEGFR2, CXCR4, platelet-derived growth factor (PDGF), delta-like ligand-4 (DLL4),

neuropilin-1 (NRP1) '>'*; stalk cells express Notch receptor, Nrarp and VEGFR1 %!,


http://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Pericyte/

Delta-Notch signaling is a key regulator of Tip cell/stalk cell differentiation. The transmembrane
ligand DLL4 binds to its notch receptor on the adjacent cell through cell-cell interaction '°.
VEGF induces the expression of DLL4 which stimulates Notch receptor in the adjacent cells (the
future stalk cells). After ligand binding, Notch is cleaved intracellularly, producing the Notch
intracellular domain (NICD) that reduces the transcription of VEGFR2 resulting in stalk cells
that are less responsive to VEGF stimulation. On the other hand, DDL4 will upregulate the
expression of VEGFR2 resulting in tip cells that are more sensitive to VEGF. This allows the
stalk cells to maintain their position behind the leading tip cells **. Therefore, only EC receiving
highest level of VEGF will successfully differentiate to tip cells ''. Accumulating evidence
supports that the formation of vasculature is dependent on VEGF concentration. VEGF reduction
by 50% was embryonically lethal in mice due to vascular defects **°. Moreover, the excessive
production of VEGF in tumors led to hypervascularity *. It’s worth noting that, ectopic
VEGFR2 agonists inhibited EC migration, but dramatically increased the density of vasculature
attributed to propagation in EC proliferation. In transgenic mice overexpressing VEGF, and after
injection of VEGF-A or VEGF-E in mice retina, the number of EC in blood vessels, the size of
the vessels, and the density of the vascular network were increased. These observations
demonstrate that in the mice retina tip cells and stalk cells respond differently to VEGF

stimulation. Whereas tip cell migrates in response to extracellular VEGF gradient and

distribution, stalk cell appears to proliferate depending on the total VEGF concentration .



2.2 Intussusceptive Angiogenesis

Intussusceptive angiogenesis is referred to as “splitting angiogenesis” because the wall of the
vessel invaginates into the lumen splitting it into halves. In this way blood vessels can branch
and expand faster than the sprouting angiogenesis because it requires only reorganization of the
EC. However, intussusceptive angiogenesis plays a minor role in adults because it is mainly
significant during embryogenesis, where growth is fast and resources are limited. In addition,
intussusception mainly develops new capillaries where vasculature already exist *2’. This type

28,29

of angiogenesis was first identified in postnatal lungs of rats and humans , and is known to

occur in vascular networks surrounding an epithelial surface like the intestinal mucosa *°°'. It
also occurs in many other organs like skeletal muscles and heart. Although the mechanism of
sprouting angiogenesis is clearly described, intussusceptive angiogenesis is poorly understood.
Researchers studying intussusceptive angiogenesis were hampered by the difficult techniques
required to monitor its progress. To date, the only method available is determining tissue pillars
from scanning electron micrographs of vascular casts. However, studies in the
chick chorioallantoic membrane (CAM) have shown the intussusceptive angiogenesis can be
stimulated with VEGF, and that the many growth factors’ interactions and signaling pathways
required for sprouting *° angiogenesis are rarely involved *>~*°. Moreover, in some high flow

regions of the circulation, mechanical shear stress can be enough to stimulate intussusceptive

growth %,

3 Pathological angiogenesis (Tumor angiogenesis)

In tumors, angiogenesis is not only stimulated, but the blood vessels formed are also abnormal in

32,33

structure and function . Tumor vessels are tortuous, connect to one another randomly, branch

7
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irregularly and not fully differentiated into arterioles and venuoles 3333, Similarly, EC in the
tumor vasculature lose their polarity, migrate away from the basement membrane with leading
tip cells penetrating deep into the tissue, and do not form a smooth unilayer ***°. In addition,
tumor EC are often leaky, separated by wide gaps and have multiple fenestrations, resulting in
hemorrhage and increased interstitial fluid pressure, which limits tumor’s perfusion and induces
hypoxia ***"° The decrease in perfusion limits the delivery of drugs to tumor tissue, whereas
hypoxia reduces the efficacy of irradiation and certain chemotherapeutics by decreasing the
formation of reactive oxygen species. These result in resistance to conventional anticancer
treatments *°. Further, because tumors have high metabolic demands, they produce a plethora of
pro-angiogenic factors *'. These factors render tumor vessels even more abnormal, which
therefore creates a vicious cycle. The key angiogeneic factor is vascular endothelial growth
factor (VEGF) that stimulates EC growth, migration, permeability, lumen formation and survival

8942 and studies have shown that high levels of VEGF correlate with vessel abnormalities in

24,4344

tumors . These have led to the notion that targeting tumor angiogenesis by VEGF pathway

inhibition may break the tumors-resistance vicious circle.

4 The role of VEGFR2/PI3Kinase pathway in angiogenesis

4.1 VEGFR2/PI3Kinase

The VEGF family has five members, VEGF-A (also known as VEGF), placenta growth factor

(PIGF), VEGF-B, VEGF-C and VEGF-D, which regulate angiogenesis and lymphangiogenesis



448 Among these, VEGF-A plays a major role in blood vessel formation. Not only, the VEGF-
A homozygous knockout mice were embryonically lethal, but also loss of one VEGF allele led to
severe vascular malformation and intrauterine death **°. Many isoforms of VEGF are produced
by alternative splicing. Of these, VEGF-A (also known as VEGF) has the highest biological
activity as it binds to the co-receptor neuropilin-1 (Nrpl). The other isoforms are VEGF-B,
VEGF-C and VEGF-D. VEGF-B binds only to VEGFR1 and exerts a very mild stimulatory
effect on angiogenesis because the kinase activity of VEGFR1 is lower than that of VEGFR2 *°.
However, VEGF-B was reported to have a role in stimulation and maintenance of the coronary
artery system °'. On the other hand VEGF-D and VEGF-C have a high affinity for VEGFR3, and
they stimulate lymphangiogenesis. VEGF-C expression was detected during embryogenesis, and
its loss exhibits a lethal phenotype at the prenatal stage due to mal-lymphangiogenesis and

lymphedema 2.

VEGEF receptors (VEGFRs) are structurally related to the platelet derived growth factor (PDGF)
receptor family. They have seven Ig domains in the extracellular region, a single transmembrane
region, and a tyrosine kinase (TK) domain with a long kinase insert sequence in the intracellular
region. Despite the structural similarity with PDGF, VEGFRs do not have a Y-xx-M motif to
bind to the SH2 domain in the p85 subunit of PI3Kinase *°. The major autophosphorylation site
on VEGFR-2 is Y1175 **. The 1175-phenylalanine (F) mutation of VEGFR-2 or the intracellular
injection of anti-Y1175 specific antibody dramatically inhibited VEGF-dependent cell
proliferation >*. Mice that express a mutated Y1173F VEGFR2 die at E8.5-9.5 because of

vascular defects that resemble the defects of VEGFR2 deficient mice >°.

Only a few SH2 domain-containing molecules have been shown to interact directly with
VEGFR2. PLCy binds to phosphorylated Y1175 and activates the mitogen-activated protein

9



kinase (MAPK)/extracellular-signal-regulated kinase-1/2 (ERK1/2) pathway in EC . The
adaptor Shb binds to Y1175 °® and genetically targeting Shb was reported to inhibit VEGF-
mediated migration and activation of PI3Kinase *°. Another adaptor that binds to Y1175 is
Sck/SheB 7, which plays a dispensable role in development *®. Finally, there is a debate whether
VEGFR2 binds to ShcA and Grb2 to recruit the Ras-activating nucleotide-exchange factor son of

sevenless to the receptor >,

VEGFR2 activates the Ras/Raf/MAPK pathway but studies reported a limited mitogen activity
after VEGF stimulation. Therefore, the significance of the Ras/MAPK pathway downstream of
VEGFR?2 is unclear. Of note, Ras activation has been coupled to an angiogenic phenotype in

previous reports %

Another important phosphorylation site in VEGFR2 is Tyr951, which is a binding site for the T-
cell-specific adaptor TSAd (also known as VEGF receptor-associated protein (VRAP)) °'. TSAd

has been shown to regulate EC migration °%

, and its deficiency inhibited tumor
neovascularization in mice °'. Moreover, VEGF induced the interaction between TSAd and Src
®! This indicates that TSAd may regulate Src activity and in turn vascular permeability
downstream of VEGFR2. A recent study has shown that TSAd-mediated activation of Src family
kinases (SFKs), triggers autophosphorylation of a pair of tyrosine residues, Y773 and Y815, in
the Y-xx-M motif of the tyrosine kinase receptor Axl ®. Subsequently, Axl forms a high affinity
binding site for p85 and results in PI3K activation. Other molecules that have colocalize with the

phosphorylated VEGFR2 and regulated VEGFR2-induced EC migration are: focal-adhesion

kinase (FAK) "% and IQGAP1, which binds Rac1 °**".
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Although, VEGFR-1 has a high affinity for VEGF ®, its kinase activity is less than that of
VEGFR-2. This suggests that VEGFR-1 may serve as a decoy receptor and negatively regulate
angiogenesis under certain conditions. Indeed, VEGFR-1 knockout mice die at E8.5-9.0, due to
overgrowth of endothelial cells and uncontrolled formation of disorganized blood vessels .
Moreover, the VEGFR-1 TK-deficient mice were healthy with normal angiogenesis . This

confirms that VEGFR-1 traps VEGF and decreases the pro-angiogenic signals from VEGFR-2.

VEGFR?2 is expressed in EC, hematopoietic stem cells and megakaryocytes '""">. VEGFR2
expression is higher in endothelial progenitor cells than in adult quiescent EC ”°. Mice deficient
in VEFGR2 died in utero at embryonic day 8.5 due to vascular defects ’*. Binding of VEGFR2
to its ligand VEGF is followed by dimerization and auto phosphorylation of the kinase domain.
Phosphorylation of the tyrosine residue Y1175/1173 activates the phosphatidylinositide 3-kinase
(PI3K) . PI3Ks are divided into three classes according to their structural and substrate
specificity '°. Of these, the most commonly studied is class I PI3K that is further divided into:
class TA, which are activated by RTKs, G protein coupled receptors (GPCRs) and the small
GTPase Ras; and class 1B, which is only activated by GPCRs and plays a minor role in EC
compared to Class TA ""®. Class IA PI3K consists of a pl10 catalytic subunit and a p85
regulatory subunit. In mammals, there are three isoforms of the class IA PI3K catalytic p110
subunits: o, ; and 8 whose role is mainly confined to leukocytes . The lipid kinase activity of
pl10a is regulated by RTKs and Ras, which binds directly to the Ras-binding domain (RBD) on
p1100 ¥*2. In contrast, p110B is activated by RTKs such as VEGFR2%, but it is an important
downstream of GPCRs ***. Instead of Ras, Rac and Cdc42 from the Rho subfamily of small
GTPases bind and activate p110p via their RBD **. In response to VEGF binding to VEGFR2,

PI3K is recruited to the plasma membrane by direct interaction of its p85 subunit with tyrosine

11



phosphate motifs on activated receptors. The activated p110 catalytic subunit forms a docking
site on the plasma membrane and endosomes by generating phosphatidylinositol-3, 4, 5-
trisphosphate (PIP3), which activates multiple downstream signaling pathways. PI3Kinase
activation is terminated by the phosphatase and tensin homologue deleted on chromosome 10
(PTEN) (Figure 1). PTEN hydrolyses PIP3 to PIP2 and is considered a tumor suppressor gene.

87,88 . .
78 and its loss causes a disease of

Mutations in PTEN were detected in many cancers
hypervascularity designated Cowden syndrome *. Of note, pl10c and pl10B are highly
expressed in immortalized mouse cardiac EC and HUVECs, and studies have shown an essential
function of class I PI3Ks in vascular development and angiogenesis **’'. Global deletion of the

2
9293 as well

gene encoding pl10a in mice is embryonically lethal due to vascular abnormalities
as the EC-restricted deletion of pl110a °'. In contrast, EC-restricted knockout of p110 B was

tolerable unless the mice were challenged with vascular injury °'*. Thus, PI3K could be a

potential candidate for regulating VEGF-mediated angiogenesis.

4.2 AKT (Protein kinase B)

PI3Kinase phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol-
3.,4,5-triphosphate (PIP3), which forms high affinity binding sites for the pleckstrin homology
(PH) domains of phosphoinositide-dependent kinase 1 (PDK1) and Akt % Akt is a serine
threonine kinase, which presents in three isoforms Aktl, Akt2, Akt3. It worth noting, that the
three isoforms have distinct functions. Aktl is responsible for cell survival and growth, Akt2 is
implicated in insulin signaling pathway and Akt3 is expressed mainly in the brain. However, all
isoforms share a similar structure: an N-terminal pleckstrin homology domain (PH), a central

serine—threonine catalytic domain, and C-terminal domain necessary for the induction and
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maintenance of kinase activity. After localization of inactive Akt to PIP3, it is phosphorylated by
PDK1 on the amino acid threonine T308 residue in the kinase domain. Similarly, the mammalian
target of rapamycin complex 2 (mMTORC?2) phosphorylates the amino acid serine S473 residue in
the C-terminal of Akt. Once AKT has been phosphorylated and activated, it phosphorylates
many other proteins as glycogen synthase kinase 3 and the forkhead box family of transcription
factors (FOXOs). Thereby, regulating a wide range of cellular processes. Regarding
angiogenesis, AKT activates endothelial nitric oxide (NO) synthase (eNOS), HIFla, HIF2a and
inhibits Tuberous sclerosis protein 2 (TSC2) which is a known inhibitor of angiogenesis *°. Of
note, Aktl is the predominant isoform in EC *7, Aktl-loss in mice led to defects in placental
development, vascular maturation and permeability °’, and dual Aktl and Akt2 deletion in mice

was lethal shortly after birth *°.

4.3 Mammalian target of rapamycin (mTOR)

mTOR is a member of the phosphatidylinositol 3 (PI3)-kinase-related kinase superfamily *°, /%

In mammalian cells, mTOR is assembled in two distinct signaling complexes: mTOR complex-1
(mTORCI1), inhibited by rapamycin and derivative rapalog drugs; and mTOR complex-2
(mTORC?2). In addition to the mTOR catalytic subunit, mTORCI1 consists of raptor (regulatory
associated protein of mTOR), mLSTS8 (also termed G-protein B-subunit-like protein, GBL, a
yeast homolog of LST8), and PRAS40 (proline-rich Akt substrate 40 kDa) '°"'%2. mTORC2
similarly includes mTOR and mLSTS, but raptor is replaced by two mTORC2-specific subunits:
rictor (rapamycin-insensitive companion of mTOR) and mSinl(mammalian stress-activated

103,104

protein kinase-interacting protein 1) . Bach complex also includes other structural and
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regulatory components. Although the inhibitory effect of rapalogs on mTORCI is established,
the effect of rapalogs on mTORC?2 is controversial '*.

The signal transduction pathway is mediated by PI3kinase activation, then direct and indirect
stimulation of the downstream effectors: mTORC2, Akt, and mTORC1. Embryonic loss of
mTORCI activity is lethal early in gestation, before development of the vasculature. In contrast,
loss of mMTORC?2 activity, either by knockout of mLSTS8 or rictor, results in abnormal vascular
development and death at embryonic day 10.5 '%. In many cancer cells, the pathway is hyper
activated as a result of mutated expression of upstream components including PI3 kinase-alpha
or the counter-regulatory phosphatase PTEN. These data suggest that agents acting against
mTOR might optimally achieve control of tumor neovascularization. Recent work has identified
complex feedback regulation between mTOR and PI3kinase activity in cancer cells, which
modulated the responses to both receptor tyrosine kinase and androgen receptor stimulation

107198 “This prompts the need to validate the feedback mechanism in primary human EC and to

compare the involvement of mMTORCI1 versus mTORC?2 in this mechanism.

5 VEGFR2 beyond ligand binding (receptor trafficking)

A sequence of events occurs following PI3K/Akt activation, which modulates the activation’s
duration and strength. Upon ligand binding, VEGFR?2 is internalized by endocytosis and either
degraded by lysosomes or recycled to the plasma membrane. VEGFR2 endocytosis is clathrin-
mediated, whereas its transport is controlled by a group of Rab GTPases. Rab 5 facilitates
formation of early endosomes carrying VEGFR2 '”°. Later Rab4 and Rab11 will drive VEGFR2
to fast or slow recycling vesicles, respectively ''°. On the contrary, Rab7 will direct VEGFR2 to

109

late endosomes and subsequently to degradation (Figure 2) . VEGFR2 continues to signal
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from within the endosomes, and the receptor trafficking among these endosome compartments
can affect signal output from the receptor '''"'"*. The VEGFR2/PI3K coupling is found in Rab5-
endosomes, and is extinguished by the time VEGFR2 traffics to the Rabll-endosome ''.
Perturbation of endocytic trafficking of VEGFR2 is associated with altered signaling. For
example, retention of VEGFR2 to the plasma membrane, by association with VE-cadherin,
promotes receptor de-phosphorylation ''*. Moreover, delayed endocytosis induced by loss of
Numb activity is also associated with decreased Akt phosphorylation despite VEGF receptor
activation '°. Few regulators of this VEGF receptor sorting are known. NRP1, a co-receptor for
VEGFA, interacts with VEGFR2 and favours VEGFR2 transfer to recycling Rabl1 endosomes
"1 Further, VEGFR2 de-ubiquitinylation by USP8, promotes VEGFR2 recycling and signaling
6 Conversely, serine phosphorylation of the PEST domain of VEGFR2, and recruitment of
PDCL3 are implicated to guide receptor trafficking toward the degradation pathway ''"''®. This
dephosphorylation and recycling of the activated VEGFR2 from the early endosome to the

plasma membrane is a feature of VEGFR2 distinct from the degradation typical of other

activated receptor tyrosine kinases in EC '

6 Therapeutics of angiogenesis

Therapeutic proangiogenic drugs are candidates for treatment of the diseases associated with

defect in agiogenesis. Preclinical studies in rats showed that oral administration of bFGF can

induce angiogenesis in duodenal ulcers, which accelerated the healing process '"°. As a result,

phase I clinical trials were performed to test the efficacy of bFGF compared to the conventional

duodenal and gastric ulcer therapy. Interestingly, bFGF had a superior effect to the conventional
0

therapy in healing the nonsteroidal anti-inflammatory drug (NSAD)-induced gastric ulcer ',
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Another clinical trial investigating the safety and feasibility of bFGF administration in patients
with coronary artery disease, who were not candidates for thrombolytic therapy, suggested bFGF
as a novel therapy for cardiovascular diseases '*'. Currently, it is well established in the literature
that angiogenic stimulants can induce cardiac tissue repair and regeneration in ischemic heart
diseases through the induction of angiogenesis, improvement of perfusion, delivery of survival
factors to sites of tissue repair, and mobilization of regenerative stem cells '**'>. However, there
are no FDA approved angiogenic drugs to treat ischemic cardiovascular disease. Of note, the
only available method approved by FDA to promote angiogenesis in myocardial ischemia the

transmyocardial laser revascularization (TMR).

6.1 Cancer

Tumors are highly demanding tissue, so they recruit the surrounding vasculature by secreting
proangiogenic cues to supply it with nourishment. The newly formed blood vessels will support
tumor growth and metastasis. Therefore, several antiangiogenic agents have been studied to
prevent tumor progression. The prototype of VEGF inhibitors, Bevacizumab (Avastin), was
approved by FDA to treat glioblastoma, colorectal cancer, some lung cancers, and metastatic

. 126,127
renal cell carcinoma “°'.

Bevacizumab is a monoclonal antibody that binds specifically to
VEGF and prevents VEGFR2 activation 128 Sorafenib and Sunitinib, are other FDA-approved
angiogenic inhibitors that bind to VEGFRs and PDGFRs on the EC (Sorafinib also inhibits Raf

kinases) to block their activities '*°.
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6.2 Ocular neovascularization

Angiogenic therapy is currently being investigated in ophthalmic conditions associated with
pathological neovascularization like age-related macular degeneration (AMD), proliferative
diabetic retinopathy (PDR), diabetic macular edema (DME), neovascular glaucoma, corneal
neovascularization (trachoma), and pterygium. The first FDA-approved blood vessel therapy for

macular degeneration was the photodynamic therapy Visudyne "'

. Shortly after, the anti-
VEGF aptamer (pegaptanib, Macugen), and the anti-VEGF monoclonal antibody (ranibizumab,

Lucentis) were approved for AMD and DME "%!%,

6.3 Interferon alpha-2a to treat hemangiomas

Hemangiomas occur in 1 out of 100 neonates and in 1 out of 5 premature infants **. Most
hemangiomas are self-limited and they regress by the age of 10-15 years. However, about 10%
of hemangiomas can have fatal outcomes by involving vital organs, obstructing an airway, or
causing Kasabach-Merritt syndrome. Of note, Kasabach-Merritt syndrome -a disease
characterized by thrombocytopenia, coagulopathy, and hepatic hemangiomas- has a high
mortality rate reaching up to 50% of cases '>°. Corticosteroid therapy is effective in nearly 30%
of hemangiomas '*°. Interferon alpha-2a (IFNa-2a) is an antiangiogenic agent that dramatically
reduced the size of pulmonary hemangioma in a 7-year-old child '*’. In another study, IFNa-2a

induced hemangioma regression in 18 out of 20 patients "*.

I[FNa-2a suppresses the production
of FGFs in human tumor cells, and inhibits EC proliferation and migration, which makes it a

good candidate to treat hemangiomas because bFGF is overexpressed in hemangiomas.
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6.4 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic disease in which angiogenesis is induced resulting in
delivery of more inflammatory cells to the affected site. Tissue infiltration with inflammatory
cells will lead to synovial hyperplasia and progressive bone and cartilage destruction in the
affected joints "*'*. In RA, the hyperangiogenic environment results from excessive pro-
angiogenic factors secretion that exceeds and counteracts the effect of the angiogenic inhibitors.

C g eq el .. . . . .. . 141,142
Hence, inhibition of joint neovascularization can alleviate synovitis and pannus formation .

Minocycline and TNP-470 (also known as AGM-470) have shown efficacy as potent inhibitors

143,144

of the vascular pannus in experimental arthritis However, data from clinical trials

investigating antangiogenic agents in arthritis is not yet available.

7 Tumor resistance to antiangiogenic therapy (Tumor escape)

Although, introducing bevacizumab, sunitinib and sorafenib to clinics elicited tumor stasis or
shrinkage and in some cases increased survival, the results were transient and followed by tumor
regrowth and disease progression '**'*. The recurrence of tumors, designated tumor escape, is
attributed to activation of alternative pathways to sustain tumor growth despite the inhibition of

the antiangiogenic drug’s targets ' * >

. For example, initially breast cancer requires only VEGF
for angiogenesis, but at later stages, additional angiogenic cues like fibroblast growth factor 1
(FGF-1), FGF-2, transforming growth factor—3 (TGF-p), platelet-derived endothelial cell growth
factor (PD-ECGF), and placental growth factor (PIGF) will drive angiogenesis in these tumors

153 Thus Relf et al hypothesized that a late-stage breast tumor may escape anti-VEGF treatment
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by releasing alternative angiogenic factors '*®

. The activation or upregulation of alternative pro-
angiogenic signaling pathways within the tumor was observed during preclinical trials in a
genetically engineered tumor mouse model '**. When the mice were treated with a monoclonal
antibody that specifically blocked VEGFR signaling (in particular VEGFR2), there was a
transient response (10-14 days), indicated by tumor stasis and reductions in tumor vascularity,
followed by tumor regrowth and restoration of tumor vasculature. Interestingly, the relapsing
tumors expressed higher levels of the pro-angiogenic factors fibroblast growth factor 1 (FGF1)
and FGF2, and angiopoietin 1 than did the untreated mice models. Consistently, study of
glioblastoma patients being treated with the VEGFR inhibitor cediranib (Recentin, Astra Zeneca)
showed a transient response phase, and then a relapse or progression phase. Also, levels of FGF2
were found to be higher in the blood of relapsing patients than in that of the same patients during
the response phase "*. In fact, the evidence that tyrosine kinase inhibitors (TKIs) can transiently
increase plasma levels of pro-angiogenic factors has been documented in the clinic before, and

was proposed as a predictive biomarker for tumor response '>>">’.

Another proangiogenic factor being upregulated as a result of antiangiogenic therapy is the

stromal-derived factor 1 (SDF1) as the plasma levels of SDF1 correlate with metastasis in

5

bevacizumab-treated patients with advanced rectal cancer '**, and in cediranib-treated patients

154,159

with glioblastoma . Further, SDF1 expression was also detected in various cancer cells

10161 and its receptor CXC receptor 4 (CXCR4) was also found on tumor-associated endothelial

162
cells

. It is now clear that tumors in different organs exploit the SDF1/CXCR4 pathway to
escape from the current antiangiogenic therapy '®. Nevertheless, whether anti-VEGF/SDF1 dual

therapy will be more effective than anti-VEGF monotherapy is still to be determined.
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Alternatively, investigating molecules that represent a convergence node for multiple angiogenic

pathways could prevent tumor escape.

8 Potential candidates to efficiently regulate angiogenesis

8.1 SDF1/CXCR4

SDF1 is highly conserved between human and mouse and was identified as a chemokine that

164-167

induces the chemotaxis of lymphocytes and hematopoietic progenitor cells '°*'®. SDF1

deletion in mice was lethal shortly after birth '"°. SDF1 binds specifically to the GPCR CXCR4,

171,172

which is expressed on lymphocytes, monocytes, neutrophils, and epithelial cells and was

recently found on various human EC '*'”. Furthermore, SDF1 induces angiogenesis in vitro
and in vivo 17"

In mice embryos, CXCR4 is specifically expressed in arteries of the mesentery and its expression
is significantly reduced in SDFI1-deficient mice. SDF1 or CXCR4 global deletion in mice
produces defects in tip cell filopodia extension and angiogenesis in mesentery '*. EC-restricted
deletion of CXCR4 results in the same defects noticed in the CXR4-deficient mice '"®. Similar
results were obtained in mice retina after treatment with antibodies against SDF1 or the CXCR4
antagonist (AMD3100) 1717

Recently, the notion that either VEGF or FGF induced surface expression of CXCR4 only on
EC, and increased EC migration and angiogenesis in response to SDF1 '7*'™ have drawn the
attention towards SDF1/CXCR4 as a target to prevent tumor escape. Moreover, SDF1/CXCR4

pathway also affects tumor angiogenesis independently of the VEGF pathway '®"'®*. On the

basis of these findings, multiple agents are currently being developed to target the SDF1 pathway
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in cancer. However, blockade of the SDF1 pathway had minor tumor suppression effects on
established tumors. Moreover, CXCR4 antagonists inhibited tumor growth in some cases '*'*,
but were ineffective in others '*>'* Interpretation of these studies is complicated by the effect of
the CXCR4 inhibitor on pro-angiogenic leukocyte trafficking to tumors. Thus, these preclinical
studies suggest that blocking the SDF1 pathway solely may not be sufficient, except for certain

solid tumors. Further, a therapeutic strategy to selectively inhibit CXCR4 in the endothelium is

needed.

8.2 Apelin

8.2.1 Background

The cloning of the human apelin GPCR (APJ) after it was detected in the human genome

188,189

facilitated the understanding of apelin signaling . Investigating the structure of APJ

revealed that the protein sequence is very close to the angiotensin receptors ' . More extensive
analysis of the protein sequence revealed that APJ belongs to rhodopsin class of GPCRs which
includes angiotensin II receptor and the two chemokine receptors, CXCR4 and CXCR7 '°. This
structure suggested that apelin might have chemotactic properties and hemodynamic function.
The receptor’s ligand was identified later by the discovery of the gene encoding apelin. Apelin

can be present in different isoforms of different lengths produced by proteolytic cleavage of the

191

77 amino acid propeptide '°'. The detection of APJ in the mesoderm of mice '**, and zebrafish '*

embryos suggested a role in the cell lineages originating from mesoderm, such as hemopoietic,

193,194

myocardial, and ECs . Apelin loss in zebrafish induced embryonic vascular malformation

195-197

1 . . . .
% In vivo angiogenesis assays in normal and tumor mouse models confirmed the role of

apelin in physiological and pathological angiogenesis. In addition to angiogenesis, apelin has an
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inotropic and vasodilator effect by inducing EC secretion of nitric oxide (NO) '**2%. Apelin-
deficient mice are viable but have smaller blood vessels and defects in retinal vascularization *°'.
Similarly, APJ deficiency also decreases the development of the retinal network %%,
Interestingly, the apelin gene was not expressed in the whole retinal vasculature, but was

1 ', In line with this

restricted to the leading edge of vessels, which corresponds to the tip cel
observation, separate isolation of tip or stalk cells by laser capture microdissection identified

apelin as a tip cell marker %,

8.2.2 Apelin in vascular repair

Apelin is proposed to promote angiogenesis. In mice, adipose tissue transplantation is
characterized by graft hypoxia due to lack of blood supply. After 2 days of transplantation,
apelin expression significantly increased and graft revascularization started to occur 2*°.
Administration of apelin in rats was protective against lung vascular injury induced by

hyperoxia. Further, administration of apelin after the injury had occurred promoted recovery by

. . . . . . 204
inducing angiogenesis and alveolarization ***.

Another evidence is the marked reduction of angiogenesis in the retina of apelin-deficient mice
after oxygen-induced retinopathy **°. Whereas, injection of apelin in the vitreous induces the

sprouting and the proliferation of EC in the retina **.

Finally, treatment with apelin promoted angiogenesis in the infarcted myocardium and improved

cardiac function *’, while its deficiency increased the myocardial ischemia reperfusion injury

208
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9 Rho GTPases

Rho GTPases are members of the Ras superfamily of GTPases and they regulate many cellular
functions including cell division, adhesion, survival, and cell motility 209210 The GTPases are
molecular switches that bounce between GTP- and GDP-bound forms *''. The GTP-bound form
is active and can bind to specific downstream effectors, but once the GTP is hydrolysed to GDP
they lose activity 2''. This “on” and “off” state is controlled by the activator Guanine nucleotide
exchange factors (GEFs) and the counter regulator GTPase activating proteins (GAPs) 212213 g
date, twenty members of the Rho family proteins have been identified in humans; among them,
RhoA, Racl and Cdc42 are the best-characterized members and they all control cell motility by
regulating cytoskeleton reorganization. Studies showed that Racl controls lamellipodia
formation, Cdc42 regulates filopodia extension, and RhoA promotes myosin contractility 2% .

Consistently, they were found to be active at the leading edge of migrating fibroblasts *'**"°,

9.1 Guanine nucleotide exchange factors (RhoGEFs)

216

There are 83 genes encoding for different Rho GEFs in human “°. RhoGEFs exert their activity

by substituting GDP with GTP on the RhoGTPases *'°. One family of RhoGEFs is the diffuse B
cell lymphoma (dbl)-family 21 Members of dbl family have a dbl homology (DH) domain,

which is responsible for the RhoGEF activity, and a pleckstrin homology (PH) domain which

217,218

mediates localization and binding to membranous phospholipids . Interestingly, studies

217,219

suggested that spatial dynamics of Rho GEFs could shape their activity . Indeed, serum-

activated Racl requires Tiam-1, a Racl upstream RhoGEF, localization to the plasma membrane

20 Phosphorylation of the RhoGEFs can also regulate their activity as phosphorylation of
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specific tyrosine residues was observed to induce conformational changes and expose the DH

.01
domain

. In line with this observation, only phosphorylated Vav-1, a Rho GEF, can induce
Rac activation in vitro and in COS-7 cells **2. Another interesting mechanism of regulation that
is observed in GEFs is regulation by the Ga subunit of heterotrimeric G proteins. G proteins
transfer signals from a wide range of transcellular heptahelical receptors to many intracellular
effectors. Investigations revealed that the GTPase activity of two G protein a subunits, Gal2 and
Gal3, were stimulated by the Rho guanine nucleotide exchange factor p115 RhoGEF. Further,

activated Gal3 bound to pl15 RhoGEF and stimulated its capacity to catalyze nucleotide

exchange on Rho 223224,

9.2 Rho GTPase activating proteins (RhoGAPs)

RhoGAPs are a large family of molecules that regulate Rho GTPases by inducing their intrinsic

GTPase activity, which in turn causes inactivation of RhoGTPases *'°

. The significance of
RhoGAP in regulating Rho GTPase was demonstrated in EC deficient in p73, a RhoGAP
specifically expressed in vascular smooth muscles and EC **°. p73 loss resulted in increased Rho
activity and extensive stress fiber formation due to release of Rho from the p73 inhibitory effect.
Further, inhibition of p73 resulted in defective angiogenesis due to defects in proliferation and

. . 225
migration

. RhoGAPs also have a significant role in terminating receptors’ activity. G proteins
play a crucial role in signaling downstream of RTKs and GPCRs. For instance, the GTP-bound
form of Ras and of the Ga subunits mediate signals from these receptors until binding of

RhoGAPs to the GTP-bound Ras or Ga.. Studies showed that this binding increased Ras and Ga

intrinsic GTPase activity by two to four folds, promoted the hydrolysis of bound GTP to GDP
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and converted the G proteins to their inactive state within a range of 50-200 ms 226:227,

9.3 Facio-genital dysplasia 5 (FGDS)

Facio-genital dysplasia-5 (FGDS5) is a member of zinc-finger (FYVE), Rho guanine exchange
factor (Rho GEF) and pleckstrin homology (PH) domain containing family (Figure 3). Although,
the family consists of 7 members (FGD1-6 and FRG), only FGDS5 is robustly expressed in highly
vascularized organs and especially in EC *****. The Rho GEF domain induces Rho GTPases
activity by exchanging GDP for GTP and may explains the observed FGD5-mediated Cdc42

228

activity “=. The PH domain precedes the Rho GEF domain to catalyze its enzymatic activity. In

addition, in Rho GEFs the PH domain plays a crucial role in recruiting the protein to the cell

membrane >*°

. The FYVE domain increases the binding specificity as it usually mediates
interactions with phosphatidylinositol- 3"-phosphate **', which suggests that FGD5 function is
associated with endosomal trafficking 2*****. FGD5 is named after the X-linked developmental
facio-genital dysplasia syndrome or the Aarskog-Scott syndrome, which result from mutations in

the gene encoding FGDI, the prototype of FGD protein family >,

Recently, FGDS5 has been investigated to elucidate its physiological significance in EC. In a
previous report we showed that FGD5-loss negatively regulates VEGF/PI3K pathway, and
angiogenesis in 3 dimensional (3D) angiogenesis assay and in vivo **°. In contrast, another group
had shown that FGD5 promotes apoptosis and is involved in vascular remodelling **°. The
inconsistent results can be attributed to differences in experimental techniques. While, the latter
group relied on overexpression of FGDS5 in mice retina, we and others performed selective loss

of function experiments **** Overexpression of FGD5 in cells where it is not normally present,
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like mural cells, may confound the results. Further, the evidences that FGDS5 null mice did not

7 and the robust expression of FGD5 in aorta-gonad

survive beyond embryonic day 12 (E12)
mesonephros of mice embryos, which is the origin of the aorta *’, suggest that FGD5 may have
a pivotal role in vascular development and angiogenesis. However, a mechanistic understanding

of the role FGDS5 plays in VEGF-mediated angiogenesis, and how it regulates the VEGF/ PI3

kinase/ Akt pathway are still to be determined.

10 Endothelial injury-induced diseases

10.1 Microvessl Injury: Thrombotic microangiopathies (TMA)

TMA is diverse; it could be hereditary or acquired and can occur in any age. However, TMA
syndromes share the same clinical and pathological features. The presentation includes
microangiopathic hemolytic anemia, thrombocytopenia, and organ injury ***. Microscopically,

they typically show vascular damage, arteriolar and capillary thrombosis, and abnormal EC **°.

10.1.1 Thrombotic thrombocytopenic purpura TTP (Acquired and
Hereditary)

In 1924, Moschcowitz was the first to describe thrombotic thrombocytopenic purpura (TTP),
when he discovered hyaline thrombi in terminal arterioles and capillaries throughout most organs
in an autopsy of one of his patients who died with multiple organ failure ***. TTP is also known

as ADAMTSI13 deficiency—mediated TMA.
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Cause: Under normal physiological conditions, ADAMTS13 cleaves and deactivates von
Willebrand factor multimers secreted by EC #**. When ADAMTS13 is deficient, von Willebrand
factor will form long multimers and predispose to platelet deposition on EC and thrombus
formation ***. TTP can be hereditary due to genetic mutations in ADAMTS13 **', or acquired
due to an autoimmune disorder caused by autoantibody inhibition of ADAMTSI 3 2.
Presentation: Hereditary TTP rarely cause severe acute kidney injury. However, it commonly
presents with recurrent episodes of microangiopathic hemolytic anemia, thrombocytopenia, and
other signs of organ damage.

Diagnosis: Deficiency in ADAMTSI13, absence of antibodies against ADAMTSI13, and

documentation of mutations in ADAMTS13 are features of hereditary TTP **

. Heterogeneity in
siblings with hereditary TTP and in ADAMTS13-deficient mice suggests the involvement of
other genetic or environmental factors **.

On the other hand, acquired TTP can present with minimal abnormalities or critical signs of
organ failure ***. Weakness, gastrointestinal symptoms, purpura, and transient focal neurologic
abnormalities are common. Diagnostic criteria are microangiopathic hemolytic anemia and
thrombocytopenia without another apparent cause **.

Treatment: The treatment is usually chronic and includes plasma infusion **, or plasma-derived

factor VIII concentrate that contains ADAMTS13 **7. Before proposing plasma infusion, only

10% of TTP patients had survived *** compared to 78% after plasma transfusion **.

10.1.2 Complement-Mediated TMA (Acquired and Hereditary)

Complement-mediated TMA is characterized primarily by renal failure and was first recognized

250,251

in 1975 as a familial disorder until 1998 when the association between TMA and mutations
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in the gene encoding complement factor H (CFH) was established *°*. Then, another mutations
inducing complement activation have been identified in patients with TMA.

Cause: hyperactivation of the complement alternative pathway is the lead cause. Unopposed
hydrolysis of C3 to C3b leads to deposition of C3b on tissues, which initiates the assembly of the
C5b-9 terminal complement complex (the membrane-attack complex) and injury of normal
tissue. Although, the exact mechanism is still elusive, there is evidence supporting the
involvement of EC injury and complement dysregulation on the platelets 2. In addition to
genetic mutations, antibodies against CFH can result in acquired TMA. CFH antibodies account
for about 10% of complement-mediated TMA.

Presentation: hypertension and acute kidney failure are common in complement-mediated TMA.
Severe kidney injury without any apparent underlying cause is usually a distinguishing feature.
Diagnosis: is made after excluding Shiga toxin—producing infection and includes
microangiopathic hemolytic anemia, high serum creatinine, thrombocytopenia, and preserved
ADAMTSI3 activity *>*. Of note, normal plasma levels of C3, C4, and complement factor H do
not exclude complement-mediated TMA.

Treatment: Anticomplement therapy is used as an adjuvant to plasma therapy. Eculizumab is
currently the only available anticomplement agent. However, it has limited effect in patients with
C5 mutations >, Using immunosuppressant to reduce the antibody titer against CFH is also

considered.

10.1.3 Shiga Toxin—Mediated hemolytic—Uremic syndrome (ST-HUS)

ST-HUS was first described in 1962 in patients with renal failure preceeded by diarrhea 236,
Twenty years later, during an outbreak of hemorrhagic colitis, Escherichia coli (E. coli) O157:H7
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was identified as the causative organism >’ and the association between ST-HUS and Shiga
toxin— producing E. coli was confirmed ***. Of note, E. coli O157:H7 is the most common strain
producing shiga toxin but not the only one ***. ST-HUS is much more common in young age and
has a 3% mortality rate 260,
Cause: infection occurs through contaminated water, beef products, vegetables, and other foods
261263 Qo o - - 264 . 1265

. Shiga toxin binds to globotriaosylceramide (Gb3) on EC ™, and renal mesangial ©>~ and

epithelial cells 2°**%

, which induces cell apoptosis. Shiga toxin is also a mediator of
inflammation and thrombosis **® and by inducing von Willebrand factor secretion from EC **.
Presentation: history of contaminated food ingestion, acute abdomen, and bloody diarrhea
followed by thrombocytopenia and renal failure *°.

Diagnosis: Shiga toxin can be detected by stool analyses but could be absent from stool in later
stages 2.

Treatment: mainly supportive by hydration and renal dialysis **°. Despite the lack of specific

. . . . 2
treatment, end stage renal disease is a rare complication *”°.

10.1.4 Drug-Mediated TMA (immune reaction)

Drug-mediated TMA can be caused by secondary immunologic reactions or direct toxic effects

2"l Immune reaction in drug-mediated TMA was first recognized with quinine, a drug used for

272

treatment of malaria “'“. Further studies identified quinine dependent antibodies that were

273,274

reactive against multiple cell types . Many other drugs have been reported to be associated

with TMA as Quetiapine, an antipsychotic, and gemcitabine, a chemotherapeutic 27>,
Cause: The mechanism is not fully understood, but one hypothesis is that drugs may facilitate

the binding of specific antibodies to the cells by providing a binding-complementary structure
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for both the antibody and the epitope

. There is evidence that the Quinine-dependent
antibodies may mediate TMA, by activating EC .

Presentation: sudden onset of severe systemic symptoms, acute kidney injury and recent history
of drug exposure are features of drug-mediated TMA.

Diagnosis: In addition to the clinical diagnosis, drug-dependent antibodies should be detected in
serum. Of note, false negative results are common but do not exclude a drug-mediated TMA *",

Treatment: Drug discontinuation, supportive care and plasma exchange are the only

recommended treatment. Chronic kidney disease is common.

10.1.5 Drug-Mediated TMA (toxic dose-related reaction)

Drugs like VEGF inhibitors, immunosuppressants, and chemotherapy were reported to cause a
dose-dependent TMA.

Cause: The mechanism depends mainly on the causative drug. Cyclosporine and tacrolimus were
found to cause EC dysfunction, stimulate platelet aggregation and thrombus formation, through
the inhibition of prostacyclin. Another example is the development of glomerular TMA after
VEGEF restricted inhibition in renal EC and podocytes *7*%.

Presentation: typically presents with hypertension and gradual loss of kidney function of

unknown etiology **

. With treatment, thrombosis, thrombocytopenia, and microangiopathy
often resolve but renal failure tend to persist.
Treatment: similar to the drug-mediated immune reaction, drug discontinuation, supportive care

and plasma exchange are the only recommended treatment. For some drugs, such as cyclo-

sporine and tacrolimus, dose reduction -rather than drug avoidance- may be sufficient.
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10.1.6 Metabolism-Mediated TMA

Hereditary disorder of vitamin B12 metabolism, designated cobalamin C disease, was reported to
cause TMA and multiple organ failure in infants 2*'2*,

Cause: homozygous or heterozygous mutations in the gene encoding the methylmalonic aciduria
and homocystinuria type C protein (MMACHC) can lead to deficiency in methylcobalamin,
which cause hyperhomocysteinemia, decreased plasma methionine, and aciduria. Abnormal
vitamin B12 metabolism is associated with platelet aggregation, EC dysfunction, and coagulation
activation **.

Presentation: usually presents in infancy with multiple developmental abnormalities, anemia,
thrombocytopenia, and acute kidney injury. Forty percent of the patients will develop chronic
kidney disease.

Diagnosis: routine lab work showing hyperhomocysteinemia, decreased plasma methionine,
methylmalonic aciduria, and normal plasma vitamin B12 levels indicates an intracellular defect
of vitamin B12 metabolism ***,

Treatment: infants with metabolism-mediated TMA improve with intravenous administration of

hydroxycobalamin.

10.2 Large Vessel Injury: Allograft vasculopathy (AV)

Acute graft rejection can be controlled by potent immunosuppressants, such as cyclosporine or
tacrolimus. However, immunosuppressive therapy does not prevent late failure of transplants.

Thus, late or chronic graft failure has emerged as a major problem in clinical heart
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transplantation ***

. The most common injury associated with chronic cardiac graft failure is
allograft vasculopathy (AV)?*. Of note, cardiac allograft vasculopathy (CAV) is one of the

major causes of death after 3 years of transplantation 2**,

10.2.1 Histo pathological features

AV starts with EC lesion in the coronary arteries that progress to become occlusive over time **°.
This occlusive intimal lesion consists of EC, smooth muscle-like cells and infiltrating

286

leukocytes “. These features were documented in both human cardiac allografts and animal

285,287 . . S
%", The classic microscopic picture of CAV shows

models such as aortic allografts
fibromuscular hyperplasia in the intima and media of large and small epicardial coronary
arteries, occlusion of the small vessels, and myocardial infarction 288289 CAV can develop in the
proximal arteries as early as 6 months post-surgery **°. CAV can manifest differently according
to the affected vessels. Intramyocardial arteries show mainly intimal fibromuscular hyperplasia
and inflammation, whereas epicardial coronary arteries show intimal fibromuscular hyperplasia,
lymphocyte and macrophage infiltration, and secondary atheromatous changes **'. The
inflammatory infiltrate is usually severe in the intima and adventitia but the internal elastic
lamina stays intact. CAV can be differentiated easily from atherosclerosis ****** because CAV
injury lacks atheroma formation or calcification, is more concentric, and involves all sizes of
epicardial and intramyocardial coronaries. In contrast, atherosclerosis is eccentric, affects
proximal vessels, and spares the intramyocardial coronaries. Further, atheromatous plaques

2 Nevertheless, both pathologies

frequently calcify, and rarely show signs of inflammation
may co-exist in human donor arteries. To date, the mechanism of the AV and the role that the

various vascular elements play in its generation are still to be determined.

32



10.2.2 Mechanism

Studies have shown an association between chronic rejection of transplanted hearts and the
development of donor-specific antibodies to human leukocyte antigens (HLA). The induced
immune response usually involves allorecognition of donor antigens by recipient T lymphocytes
as presented by recipient antigen presenting cells 2***°. Then, activated lymphocytes adhere to
graft EC, invade the vessel wall, inflict injury, stimulate the release of growth factors,
cytokines/chemokines, and cellular adhesion molecules, and the development of alloantibodies.
This sequela results in the proliferation of vascular smooth muscle cells and the subsequent

294,296

occlusion of the lumen . There is evidence that the severity of CAV positively correlates

with inflammation and with HLA mismatch ***. Nonimmunologic factors, such as ischemia-

reperfusion injury, hyperglycemia, and hyperlipidemia, and cytomegalovirus infection, can also

lead to the development chronic inflammation and eventually CAV 2***7-%%,

10.2.3 The role of EC in development of CAV

EC regulates many physiological functions like thrombus formation, vascular tone, and

299

inflammation . The endothelium also has a thrombolytic effect by secreting many

antithrombotic factors as tissue plasminogen activator, heparans, thrombomodulin, and nitric

oxide (NO) *°. NO is produced from arterial EC in response to flow and shear forces, which

299

activate endothelial nitric oxide synthase (eNOS) . In addition to its vasodilator effect, NO

plays an anti-inflammatory role by inhibiting the adhesion of leukocytes, the aggregation of

thrombocytes, the production of proinflammatory cytokines, and the proliferation of SMC %2,
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Therefore, EC dysfunction can lead to intimal thickening, plaque formation, and ultimately
serious clinical events *%

In CAV, coronary EC serve as potent stimulators as well as targets of allogeneic lymphocyte
reactivity ***. EC injury in CAV can be denuding or nondenuding injury. In nondenuding injury,
EC proliferate rapidly trying to compensate for injury, which leads to EC dysfunction. Both
immune-related and nonimmune-related factors contribute to nondenuding injury. In contrast,
denuding injury is caused by peritransplant ischemia-reperfusion injury or in acute cellular
rejection. Denuding injury may be so severe that the underlying basement membrane, intimal
SMCs and extra cellular matrix (ECM) get exposed to blood components.

Heterotopic cardiac transplantation in rats has shown relatively normal EC, similar to that in the
arteries of the native heart in syngrafts and CsA-treated allografts ***. However, saline-treated
allografts underwent cell-mediated rejection and showed progressive EC injury characterized by
areas devoid of cells and bare ECM. The injured sites were covered by platelets and leukocytes,
which transmigrated to the subendothelial space too. Taken together, early EC damage can
represent the trigger that initiate CAV **.

Acetylcholine stimulates the release of NO from EC. However, paradoxical coronary
vasoconstriction to acetylcholine in allograft recipients with or without CAV has been observed
3% This indicates that EC dysfunction is a common finding in cardiac transplant recipients and
can represent an early marker for the development of CAV. Of note, EC dysfunction is not

3% Normal functional EC is also present in coronaries of

diffuse after cardiac transplantation
CAYV denoting that there is a process of EC repair and that endothelial function may not be

irreversibly damaged *. In line with this evidence, intravenous administration of L-arginine was

reported to improve EC vasodilator function of coronary arteries if given at an early stage of
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CAV . Another evidence that EC plays a significant role in development of CAV is the
association between the coronary EC dysfunction in humans and myocardial perfusion defects

3% Moreover, early epicardial EC dysfunction predicts the development of vasculopathy 1 year

after transplantation in transplant and non-transplant patients **-'°.

In animal models of AV, NO deficiency accelerates AV pathogenesis. The inducible form of
NOS (iNOS) is expressed in the vessel wall of the aortic allograft and its inhibition significantly
increases intimal hyperplasia *''. Furthermore, early overexpression of iNOS completely
prevents the development of structural changes in CAV *'!. The notion that eNOS has a vascular
protective role was first described in murine AV model, when injury was accelerated in aortic
allografts of eNOS-deficient mice *'2. Additionally, Iwata et al demonstrated that liposome-
mediated gene delivery of eNOS to transplanted hearts in rabbits can effectively reduce EC
injury and enhance graft survival °'’. Clinical evidences that eNOS function is gradually
impaired after human heart transplantation *'*, and reduced myocardial eNOS gene expression in

coronary endothelial dysfunction *'° also support the significance of eNOS in the pathogenesis of

AV.

10.2.4 Animal models of CAV

Most CAV models have used heterotopic cardiac transplantation or orthotopic artery
transplantation into both mice and rats. Heterotopic cardiac transplantation is performed by the
interposition of a donor heart into a nonphysiological position, such as the abdomen, in the
recipient. In the abdomen, the donor pulmonary artery and aorta are anastomosed to the recipient
ascending vena cava and descending aorta, respectively *'°. Although there is limited blood flow

into the ventricles of this transplanted heart in spite of maintained cardiac contractions, the
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myocardium is adequately perfused with recipient blood. Hence, the vasculature and
myocardium are exposed to the host immune system similar to clinical heart transplantation.
There are numerous studies using the heterotopic heart transplant model that advanced the
understanding of CAV. Wilhelm et al used a rat heterotopic heart transplant model to
demonstrate that an upregulation of transforming growth factor (TGF)-f is observed only in
brain-dead donor rats, which may lead to increased graft fibrosis *'". The rat heterotopic heart
transplant model has also shown an association between CMV infections and the development of
CAV *'®. Recently, study investigating mouse heterotopic models showed that EC apoptosis
contributes to the development of CAV *"°.

In the orthotopic arterial transplant model **°, blood flows through the artery under more or less
normal physiological conditions. Arteries transplanted in this manner consistently develop
intimal thickening and are used extensively to investigate AV **° . To further mimic clinical
scenarios of transplantation, complete and minor MHC mismatched strains of mice are used to
investigate acute rejection >>' and CAV, respectively; and the efficacy of immunosuppressive

22
agents ~>-.

11 Vascular repair

The integrity of the vascular endothelium is required for normal physiological functions, and is
determined by the balance between endothelial turnover and repair. For instance, in
inflammation EC is damaged and shed of the vascular wall leaving it naked and vulnerable to
platelet aggregation and thrombus formation. EC replacement by proliferation of neighbouring
residing EC, and/or by the recruitment of EPC from the circulation, and/or angiogenesis prevents

further vascular damage and repairs the insult.
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Studies have shown that angiogenesis and EC turnover are important defense mechanisms in
renal inflammatory diseases and allograft rejection. Therefore, understanding vascular repair

may have therapeutic implications to protect against EC injury and chronic disease progression.

11.1 Vascular repair by EC proliferation

Although the rate of tissue turnover for many somatic cells like blood, skin and gut is known,

little information is available regarding EC turn over or what’s the baseline level of EC turn over

. . 323
required for vascular repair ~*.

For example, circulating blood cells are replaced and replenished on hourly basis without any
noticeable change in blood cell count. Blood cells are derived from hematopoietic stem cells and

324

hematopoietic progenitor cells in bone marrow ““". In the intestine, about 100 billion epithelial

323 Moreover, the epidermis of the skin is completely renewed every 28

cells are renewed daily
days, roughly **°. These processes of tissue turnover that are required to maintain the normal
physiological functions of different organs, indicate that the EC of the cardiovascular system that
feed all the other systems must also have a repair capacity. Despite the detection of necrotic EC
circulating in the blood stream reflecting an EC replacement, the full mechanism of vascular
repair is not fully understood.

EC were thought to divide only during embryogenesis and stay quiescent in the vasculature

327

thereafter °*'. More thorough investigations have revealed that EC proliferate by mitosis from

328-332 Later, some factors that could stimulate EC

adjacent cells as a method of repair
proliferation in the aorta were identified like metabolic disorders, infections and endotoxins.

Other studies also showed that not all endothelial cells lining the aorta have the same

proliferative potential *>2*°. Specially, in rodents, some EC in the aorta proliferated slowly
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while others had a very high rate of replication reaching 60% **’. Induction of vascular injury by
inserting a cannula and vascular scraping of femoral and carotid arteries in rodents **+*3***
showed that minor vascular injuries can be repaired by spreading of remaining healthly EC,
while larger defects were repaired by migration of adjacent EC **.

Moreover, tritiated thymidine infusion studies into mice suggested high variability in EC

! to a hundred days ***. Recently, EC

turnover in normal tissues ranging from a few months
proliferation was reported in lung vasculature after pneumonectomy. EC proliferation resulted in
release of specific angiocrine factors that induce alveologenesis. This endothelial-epithelial
interaction led to compensatory lung growth in adult mice **. However, questions remained
about whether circulating primary cells contribute to vascular repair in conjunction with the

residing EC **%,

11.2 Vascular repair by EPCs

EPCs are being heavily investigated since their discovery by Asahara and colleagues **® who
reported that a subset of human circulating blood cells expressing CD34 (15 % of peripheral
blood cells) and VEGFR2 displayed the ability to form tube-like structures and to home to sites
of ischemia and neoangiogenesis **. There is a paradigm concerning the involvement of EPCs in
vascular repair. Some investigators suggest that EPCs are recruited to the site of vessel injury
and provide paracrine support for residing EC. In turn, EC migrate and proliferate to initiate
vascular repair. Others suggest that EPCs can reprogram to mature EC and provide a long term

reparative potential to the endothelial intima.
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The indirect role of EPCs in vascular repair:
Fluorescent-labeled bone marrow cells demonstrate that no bone-marrow-derived endothelial or
EPCs incorporated into the site of tumor neovascularization. However, bone marrow-labeled

347

cells were detected in the perivascular area of endothelial repair *'. Another evidence,

atherosclerosis animal models showed that no bone-marrow-derived circulating cells were

incorporated in the endothelium covering the site of vascular plaque *.

Similarly, re-
endothelialization of an injured carotid artery did not occur through recruitment of circulating
bone-marrow-derived cells **°, but rather through migration and proliferation of resident EC in

the healthy arterial segments >*~2.

The direct role of EPCs in vascular repair:

EPCs isolated from the blood stream of animals, and human subjects can form an endothelial
monolayer to line the lumen of implanted Dacron materials or intravascular devices *>°. Further,
EPCs can form perfused blood vessels that form a network with the host circulation upon
transplantation into immunodeficient mice *>*>>°,

Whether EPCs function directly or indirectly, there is no doubt that EPCs represent a main pillar
for vascular repair since the presence of the concentrations of circulating EPCs is inversely
proportional to microvascular obstruction after acute myocardial infarction *>’. The circulating

concentration of EPCs has also been documented to increase tenfold after acute myocardial

infarction in human **® indicating vascular repair.
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11.3 Vascular repair by angiogenesis

Angiogenesis is a key component of inflammation and has shown to be significant in ischemic
and chronic inflammatory diseases, including diabetes, retinopathy, atherosclerosis, allograft

. . . . . . . 59-371
rejection, coronary artery disease, myocardial infarction, and heart failure *>~

. Moreover,
several acute and chronic renal diseases, including ischemic nephropathy, glomerulonephritis,
and interstitial nephritis, were found to be associated with angiogenesis. Therefore, angiogenesis
regulation has been proposed to control the progression of many diseases **""**"*. In diseases
like glomerulonephritis and ischemic nephropathy, accelerated vascular injury occurs in response

to reduction of proangiogenic factors and/or EPCs >¢7°7%37¢

Interestingly, delivery of
proangiogenic factors to induce angiogenesis can promote recovery. More evidences from
literature supporting the role of angiogenesis in repair include; the lead EC at the edge of a
wound in the monolayer share transcriptional features of the angiogenic tip cell, EC tip cell
morphologic differentiation plays a significant role in repair of injury to the established
microvasculature, and EC tip cell genes are required for vascular repair in models of glomerular

. L 94377-379
microvascular injury =~ :

When rats were injected with anti-Thy-1.1 antibody and Habu-snake venom they developed
acute glomerulonephritis characterized by severe mesangiolysis and marked destruction of
capillary network on day 2 *”°. Administration of VEGF for 9 days, significantly enhanced EC
proliferation and glomerular capillary repair. The repair process showed capillary regeneration
from the remaining EC and new capillary growth from the existing glomerular vascular network

375380 After 8 weeks, a new glomerular capillary pole developed *”.

40



On the other hand, angiogenesis can facilitate the recruitment of inflammatory cells in chronic
diseases like atherosclerosis, which in turn will sustain the angiogenesis reaction ¢'2%3-366-381382

Therefore, it has been proposed that antiangiogenesis therapy can attenuate chronic inflammatory

diseases.

12 Angiogenesis assays

The development of angiogenesis assays has been essential to the discovery of proangiogenic
and antiangiogenic drugs. In vitro assays are more suitable to study a single step in blood vessel
development or to isolate the effect of specific angiogenic stimulus or pathway. In addition, in
vitro assays are high throughput and quantitative but usually need to be confirmed in vivo. In
vivo experiments are more laborious and difficult to quantitate, but because angiogenesis is a
complex process involving many growth factors and different cell types, in vivo experiments

represents more genuine techniques to study the bigger picture of angiogenesis.

12.1 In vitro angiogenesis assays

12.1.1 Commonly used cell models to study in vitro angiogenesis

Human umbilical vein endothelial cells (HUVECs): HUVECs were first isolated from freshly
obtained human umbilical cords by Jaffe et al. Transmission electron microscopy showed
cultured EC contained cytoplasmic inclusions (Weibel-Palade bodies) similar to in
situ endothelial cells. Consistently, these inclusions were also found in EC lining the umbilical

veins, but were not seen in smooth muscle cells or fibroblasts in culture or in sifu >**. HUVECs
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are widely used in angiogenesis research because they are easily cultured and isolated from
human umbilical veins **. Moreover, HUVECs in combination with mouse myoblast cells
(C,Cy2) and mouse embryonic fibroblasts (MEFs) can form a three dimensional prevascular

network 3343%

. Thus, HUVECs are being investigated in the field of tissue engineering and in
vitro prevascularization **. Interestingly, HUVECs and 10T1/2 mesenchymal precursor cells
interacted in a three-dimensional fibronectin—type I collagen gel to form engineered vascular

networks. When these vascular networks were implanted in mice, they formed long tubes that,

subsequently, connected to the mouse circulation and became perfused **°.

Bovine aortic endothelial cells (BAECs): are obtained from arterial ECs of bovine aortae by
collagenase. The cultured ECs consist of a homogeneous population of tightly packed, polygonal
cells that can be serially subcultured for up to 30 passages without any apparent change in
morphology or loss of growth potential. The isolated bovine endothelial cells were identified by
the presence of Weibel-Palade bodies, pinocytotic vesicles. Further, they express the EC specific
factor VIII antigen **°. The BAECs are easily isolated from the aorta of cattle and could be
cultured easily. However, the aortic ECs form tight junctions between each other so they do not
sprout easily and they are not the best models to study angiogenesis. In addition the cells are not
human in origin so the genetic differences between humans and cattle may interfere with the

results 28637,

Endothelial progenitor cells (EPCs): the evidence for circulating stem cells was demonstrated by
the fact that HSCs from peripheral blood can provide sustained hematopoietic recovery >*".

Angioblasts and EPCs share certain genetic signature including Flk-1, Tie-2, and CD34.
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. . 389,390
Therefore, these progenitor cells may originate from a common precursor ~

. Recently
endothelial progenitor cells have been detected in the circulation and isolated by magnetic bead
selection on the basis of cell surface CD34 expression. However, it’s very difficult to isolate
EPCs from peripheral blood because they constitute about 0.5% of the circulating cells **.
Studies have shown that these cells contribute largely to vascular repair. In vitro, these cells
could differentiate into ECs expressing CD31. In animal models of ischemia, EPCs were
detected in sites of active angiogenesis ****. As a result EPCs are being heavily investigated to
induce angiogenesis in ischemic tissues and for delivering anti- or pro-angiogenic agents, to sites
of pathological angiogenesis. In cancer, inhibition of EPCs mobilization from the bone marrow
has shown clinical significance, as tumors were not able to grow in animals that lack functional

EPCs %!, Hence, EPCs mobilization inhibitors have been proposed for cancer therapy >>~°".

Human dermal microvascular endothelial cells (HDMECs): are easily isolated and represent a
good model to study angiogenesis of microvessels and capillaries ***. HDMECs are isolated from
neonatal foreskins by magnetic beads coupled with anti-E-selectin antibodies after transient
induction of E-selectin by the tumor necrosis factor-a (TNF-a), a phenomenon known to be EC-
specific **°. In culture, HDMECs showed typical cobblestone appearance, expressed CD31 and

von Willebrand factor, and formed capillary-like tubes in a three-dimensional angiogenesis assay

396

Immortalized human microvascular endothelial cell line (HMEC-1): The study of human
vascular EC is limited by difficulties to isolate and culture primary cells. Therefore, an
immortalized EC cell line was created by transfecting HDMECS with the large T antigen of the

397
0

simian virus 4 . These cells can be subcultured up to 95 passages, show the cobble stone
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appearance, express von Willebrand’s factor and CD31 **%, and form microtubules resembling
capillaries in a two dimensional angiogenesis assay . Interestingly, HMEC-1 was able to seed
vascular grafts and coronary stents indicating a potential application in antithrombotic and
antiproliferative therapy **. HMEC-1 can survive in very low serum media, while primary EC
require at least 20% serum supplementation. However, some immortalized cell lines showed
tumorgenicity, chromosomal abnormality or loss of primary EC features **°. Therefore, primary

EC is considered superior to immortalized cell lines.

12.1.2 Two dimensional (2D) tube formation assay

Method: EC are grown between two layers of matrix (Matrigel®, collagen, or fibrin).
Subsequently, the cells connect with each other and form a tubule-like network **'. The tubule
formation can be monitored under microscope and quantified as average tubules’ length and

number of tubules either manually or using specific softwares.

Advantages: easy to perform and takes only 24 hours. Being embedded in matrix, the cells grow

. . . .. . . . . .. 402.403
under relative hypoxia (lack of oxygen), which mimics the in vivo angiogenic condition ™",

Disadvantages: does not simulate the three dimensional (3D) in vivo structure ***. Affected by

both the type of matrix and density of cells **.

12.1.3 Three dimensional (3D) angiogenesis assay

3D assays simulate the in vivo angiogenesis and are good representative to EC tip cell
differentiation and tubule formation. Recently, these assays were used extensively to study novel

pro- or anti-angiogenic agents. The assay involves the EC attachment, migration and
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differentiation of EC into tip cells and finally to tubules in a manner that simulates the in

. . . 4014
V1vO situation o1, 06.

Method: microcarrier beads are coated with EC and embedded in Matrigel® or fibrin gel. After
5-7 days tubules will start to form. Quantification is based on two variables: number of

sprouts/bead and average length of sprouts **’.

Advantages: resembles the 3D in vivo structure. Being embedded in matrix, the cells grow under
relative hypoxia, which mimics the in vivo angiogenic environment. In addition, it can mimic
different in vivo situations depending on the used matrix e.g. fibrin would be the most
appropriate for wound healing and revascularization, where endothelial cells migrate into a fibrin
clot as part of the repair process. This assay recapitulates the in vivo angiogenesis events and
gene expression. It involves basement membrane degradation, tip cell formation, sprout
elongation, lumen formation, branching, and anastomosis; and is regulated by notch signaling. A
major advantage of growing cells in vitro is the ability to isolate tip cells or stalk cells by laser
capture microdissection to examine gene expression in different cell populations. Therefore, the

. . . . . . . 407
3D angiogenesis assay provides a definite asset to in vivo studies .

Disadvantages: time consuming, difficult technique, and difficult to analyze the results in 3D

structure, as some tubules will not be visible by the regular microscopes **.

12.2 Ex vivo angiogenesis assays

Angiogenesis in vivois complex and involves EC, mural cells, and the surrounding

microenvironment. This led to the development of organ culture methods to precisely evaluate
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this complex process. The ex vivo assays are based on implanting parts of specific tissue in a 3D

matrix in vitro, and monitoring any microvessel outgrowths from these implants.

12.2.1 Rat and mouse aortic ring assay

Method: being large in size, patent and easily to dissect, the aorta is cut into rings and embedded
in Matrigel® or collagen. Angiogenesis starts after 5-7 days. Quantification is achieved by

measurement of the length and prevalence of vessel-like extensions from the explant 409,

Advantages: this assay is considered to essentially recapitulate the in vivo angiogenesis
environment because the system includes the surrounding mural cells (e.g. pericytes), 3D

structure, and the cells are not manipulated with subcultures as the in vitro models .

Disadvantages: the cells are not genetically modifiable (e.g. Knock down, or over expression),
difficult technique, difficult to analyze *'°. In addition, angiogenesis typically originates from the

. 411
venous side

and from smaller vessels suggesting a minor role of the aorta in adult
angiogenesis. However, veins lack the wall- muscular-support and are smaller than the aorta *'%,

these favor against the dissection and preserving the vein’s lumen patency.

12.2.2 Vena cava-aorta model
Method: rings of aorta and vena cava from the same animal are embedded together in Matrigel®

or collagen *'2.

Advantages: avoids the lack of venous vessels in the aortic ring assay. Although angiogenesis
occurs mainly from the venous side, the aorta is still needed to emphasize the anastomoses

between the venous and the arterial vessels.
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Disadvantages: in addition to the aortic ring disadvantages, it’s difficult to obtain the vena cava

and the venous vessels tend to collapse as it lacks the muscular lining compared to arteries *'%.

12.3 In vivo angiogenesis assays

12.3.1 Corneal angiogenesis assay

Not only transparent, but the cornea is also the only avascular tissue in the body. Therefore, any
newly-formed blood vessels emerging from the limbus into the cornea indicate neoangiogenesis.

Given the nature of the cornea, angiogenesis can be easily identified and quantified *'>*'*.

Method: a sustained-release polymer pellet or sponge, containing a proangiogenic molecule, is
implanted in cornea of rabbits, rats, or mice. Angiogenesis-formation starts after 3 days. Then,
the agent to be tested can be administered topically or systemically. In turn, the effect on
angiogenesis can be observed in the cornea throughout the course of the experiment. This
requires a slit lamp for rabbits and stereomicroscope for mice. Definitive visualization of the
mouse corneal vasculature can be achieved by injecting India ink intravenously. Lately, use of

fluorochrome-labeled high-molecular weight dextran has replaced the India ink.

Advantages: the results produced are reliable. The cornea is avascular organ so the implants
rarely cause edema or inflammation, which typically occurs by extravasation of inflammatory

mediators from the surrounding vasculature *'°.

Disadvantages: expensive, difficult to perform and time consuming. Taking into consideration

the avascular nature of the cornea, it is not the best model to study angiogenesis **.
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12.3.2 Chick embryo chorioallantoic membrane (CAM) assay

The CAM of the chick is accessible system because it lies outside the embryo making it suitable
to study complex angiogenesis in vivo. This model provides a physiological system for analysis
of cells, cross-species xenografts, mammalian tissue explants, tumors and pharmacological

reagents because the chick embryo is relatively immunotolerant **#!.

Method: CAM, corresponds to placenta in mammals, is easily accessible by cutting a window in
the egg shell or the whole embryo can be transferred to a culture dish. The test molecule could be
delivered by gelatinous sponge or slow release polymer pellets. Angiogenesis is observed after 3
days and measured by removal of the area of CAM around the implant, then use of a dissecting

. 402
microscope to count the number of formed vessels ™.

Advantages: simple, inexpensive and the test molecules can be preserved in the CAM circulation

for a long time due to the lack of excretion out of the egg shell.

Disadvantages: difficult to differentiate between the newly formed and the already existing
vessels. As vasculogenesis occurs in CAM up to 11 days, results obtained from embryos earlier
than 11 days may be affected by endogenous factors. Therefore, in most cases it is preferable to

wait until day 11. Moreover, the window in the eggshell can stimulate an inflammatory response
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12.3.3 Matrigel® plug assay

The Matrigel plug assay is considered the method of choice for studying in vivo angiogenesis

#9420 Cold liquid Matrigel can be pre-mixed with angiogenesis-inducing agents such as VEGF
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or tumor cells, which will solidify rapidly in room temperature or after subcutaneous injection in
mice. Subsequently, the implants will be invaded by new blood vessels extending from the host

41
vasculature .

Method: Matrigel®, a protein mixture enriched with growth factors, containing the test molecule,
is injected subcutaneously in immune-deficient mice to avoid graft rejection. After 7 days the
plug can be retrieved and examined for angiogenesis. Quantification is done either by sectioning
the Matrigel® and assessing the extent of the vessel growth into the plug microscopically or by

measuring the hemoglobin content of the plug *"°.

Advantages: the assay is simple, reliable and quantitative *'°.

Disadvantages: not a representative of the physiological or tumor-mediated angiogenesis sites.
It’s preferable to inject the plug intraperitoneal rather than subcutaneously. However, retrieving
the plug after intraperitoneal injection is challenging. Another drawback is mice heterogeneity
making the results more difficult to be replicable. To overcome this problem, both the control

and the treated plugs should be injected into the same mouse **.

12.3.4 Zebrafish

The zebrafish is a significant system to study developmental angiogenesis because it shares
many genes and mechanisms of angiogenesis regulation with mammals **.

Method: depends on the characteristics of the agent being tested. Lipophilic agents can be
directly added to the water and will be absorbed by the zebrafish, but peptides must be injected
into the yolksacs of the embryos. The embryos develop outside the mother and are transparent,

. . . . . . . 423
so the blood vessel formation can be easily monitored using dissecting microscopes .
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Transgenic zebrafish expressing fluorescent dyes under the control of EC-specific promoters are

available (eg. mTie2-GFP) 2%,

Advantage: inexpensive, high yield, and easy technique. It is also possible to specifically knock
down a gene using antisense morpholino oligonucleotides, to isolate the effect of single targets
on angiogenesis .

Disadvantage: the assay evaluates vasculogenesis more than angiogenesis. However, these

processes are not completely separated in the developing embryo **

13 Rab GTPases

The Rab (Ras-related in brain) *** family, which belongs to the Ras superfamily of small

2 The different Rab GTPases are present in

GTPases, consists of at least 60 different members
special intracellular membranes within the cytoplasm, where they regulat distinct steps in

membrane trafficking **°.

The Rab GTPases bounce between a GTP- and a GDP-bound form. The GTP-bound Rabs are
active **' and can recruit specific sets of effector proteins onto the cell membranes. These
effector proteins facilitate vesicle formation, actin- and tubulin-dependent vesicle movement, and

membrane fusion **°.

In eukaryotic cells, lipids and proteins regularly shuttle between distinct membrane-bounded
organelles through transport vesicles. These vesicles originate from a donor compartment and
fuse with a distinct acceptor compartment. The budding, motility and fusion of the vesicles are

regulated by the Rab GTPases ***.
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The reversible membrane localization of the Rab GTPases depends on the post-translational
modification of a cysteine motif at the carboxyl terminus with highly hydrophobic
geranylgeranyl groups ***. This post-translational modification is regulated by a Rab escort
protein (REP), which presents the Rab protein to the geranylgeranyl transferase. REP then
delivers the hydrophobic geranylgeranylated Rabs to the appropriate membrane ***. The target
specificity of the Rab GTPases relies on membrane receptors that recognize the complex

between REP and specific Rabs ***.

Figures
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Figure 1. The PI3K/AKT pathway. Receptor tyrosine kinase (RTK) and G-protein coupled
receptor (GPCR) activate PI3K, which transfers PIP2 to PIP3. PIP3 forms docking sites for Akt.
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Figure 2. Trafficking of VEGFR2. VEGFR2 is endocytosed by a clarthin-mediated mechanism
to Rab5 vesicles. Rab4 and 11 regulates VEGFR2 recycling pathway, whereas Rab7 regulates
VEGFR?2 degradation pathway.
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N-terminal

C-terminal

Figure 3. The structure of FGDS. Zinc-finger domain (FYVE), Rho guanine exchange factor
domain (Rho GEF) and pleckstrin homology domain (PH).
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Chapter II: Materials and Methods

1 Materials and methods for chapter II1

1.1 Reagents

Medium 199 (M199), Hank's Balanced Salt Solution (HBSS), fetal bovine serum (FBS), and
endothelial cell growth supplement were purchased from Invitrogen (Burlington, ON). VEGF-A
was from Peprotech (Princeton, NJ). Rapamycin, PP242, a highly specific mTOR active-site
inhibitor ', and anti-tubulin-o. was from Millipore (Temecula, CA). Ku-0063794, a second
specific mTOR inhibitor * was from Sigma (St. Louis, MO). Anti-Aktl was from Protein Tech
(Chicago, IL). Hiperfect, non-silencing short interfering RNA (siRNA) and Aktl silencing
siRNA were from Qiagen Inc (Mississauga, ON). Human tumor necrosis factor-a (TNFa) was
from Cedarlane (Mississauga, ON). Cycloheximide, phalloidin-FITC, anti-vinculin, and DAPI
were from Sigma. Anti-S6K was from Abcam (Cambridge, UK). Anti-phospho-AktS473, anti-
phospho-S6KT389, anti-FAK, anti-phospho-FAKY397, anti-raptor, anti-rictor, and rictor siRNA
were from Cell Signaling Technology (Danvers, MA). ON-TARGETplus human raptor siRNA-

SMARTpool was from Thermo Scientific (Waltham, MA).

1.2 Cell culture

Human umbilical vein ECs (HUVECs) were isolated from unidentified donors as described
previously *. The protocol for HUVEC isolation was approved by the Research ethics Board of
the University of Alberta. The human microvascular endothelial cell line (HMEC-1; ATCC,
Manassas, VA). To facilitate study of VEGF as the only proangiogenic factor, cells were washed

with M199 twice and incubated in M199 with 10% FBS and 20 ng/mL VEGF for 18 hours
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before performing the experiments. To optimize VEGF-induced signals, HUVECs were starved
in M199 + 1% FBS overnight, then stimulated with 20 ng/ml VEGF. Caki-1 human renal cell
carcinoma cells (ATCC; Manassas, VA) were grown in Minimum Essential Medium (MEM;

invitrogen).

1.3 RNA interference

HUVECs were seeded at 70-80% confluency and transfected serially twice over two days with
either 50 nM non-silencing (siNS) or specific siRNA using Hiperfect transfection reagent
according to the manufacturer’s protocol. After transfection, HUVECs were left to recover in a
complete media overnight. Protein expression was evaluated by Western blot. AllStars Negative

Control siRNA (Qiagen) was used in all experiments to exclude off target effects.

1.4 Western blot

HUVEC monolayers were washed once with ice cold phosphate buffered solution (PBS) and
then lysed immediately on ice by RIPA buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 5 mM NaF, 2 mM Na3VO0O4, 0.1% SDS, 0.5% Na deoxycholate, 1% Triton
X-100, 10% glycerol, 1 mM PMSF) followed by boiling at 95°C for 5 minutes. The lysates were
resolved by SDS-PAGE, blotted on nitrocellulose membranes (Biorad), then immunostained
overnight at 4°C in blocking buffer (5% BSA/TBS-Tween20). Proteins were detected using
Luminata forte (EMD Millipore, Billerica, MA) and a Fluorchem FC2 CCD camera (Alpha

Innotech). Protein bands were equally contrast enhanced by Adobe Photoshop CS3 then

quantified by Image].
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1.5 Angiogenesis

A 3D angiogenesis assay in vitro was done as previously described . Briefly, HUVECs were
transfected with siNS or siRictor and were labeled with CellTracker Green (Life Technologies).
Cytodex beads were coated with HUVECs (~400 cells/bead) and cultured for 4 hours in (M199,
10%FBS, 20 ng/ml VEGF). The beads were washed twice, suspended in fibrinogen (2 mg/mL)
containing aprotinin (0.15 U/mL), and 0.625 U/mL thrombin was added. Angiogenesis growth
media (M199, 10% FBS, 50 ng/ml VEGF) was then added on top. To inhibit mTORCI1 versus
mTORC1/2, rapamycin (5 nM) or PP242 (1-10 mM) were added, respectively, to both the fibrin
gel and the growth media. To study tumor angiogenesis in vitro, HUVECs were pre-treated with
PP242 (1 uM), ku-0063794 (50 nM) or rapamycin (5 nM) for 24 hours, then labeled with
CellTracker Green (Life Technologies). Caki-1 human renal cell carcinoma cells (ATCC;
Manassas, VA) were labeled with CellTracker Red. Cytodex beads were coated with HUVECs
or Caki-1 (~400 cells/bead) then embedded in fibrin gel. Growth media (M199, 8% FBS)
containing Caki-1 (20,000/well) in suspension was then added on top. At least 90 beads per
treatment from each experiment were imaged after 18-20 hours incubation in 5% CO2 at 37° C,
using a 20X objective lens and a CCD camera equipped inverted fluorescence microscope
(Leica, Concord, ON). Scoring was done using OpenLab (PerkinElmer; Waltham, MA).

Assay of angiogenesis in vivo was performed as described previously °. Briefly, collagen
onplants were generated by superimposing two square-gridded nylon meshes on which 30 pl of
4.73 mg/ml rat tail collagen with VEGF (100 ng/onplant) was placed. Following collagen
polymerization, the onplants were placed on the chorio-allantoic membrane (CAM) of 10-day-
old shell-less chick embryos. Embryos were incubated for 64 hours at 37° C, then the extent of

onplant vascularization was quantified. Newly formed vessels were identified by imaging the
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upper mesh of the onplant with a dissecting microscope. Images were captured at 6.3x using a
StereoLumar V12 fluorescence dissection microscope (Carl Zeiss). The angiogenic index of each
onplant was determined as the percentage of grids with newly formed blood vessels out of the

total number of grids in the upper mesh.

1.6 Electrical cell-substrate impedance sensing (ECIS)

Cell-matrix adhesion and cell migration were tested using the ECIS device (Applied BioPhysics
Inc., Troy, NY). HUVECs were treated with PP242, siAktl, siRictor, or siRaptor as indicated.
Equal numbers of cells were seeded into gelatin-coated ECIS plates (Applied BioPhysics Inc.)
with VEGF (20 ng/ml). Adhesion and migration were then assessed by continuous resistance

measurements in optimum growth conditions over 12 hours. Electrical impedance in each

experiment was normalized to the readings from empty wells.

1.7 Apoptosis assay

Apoptosis was measured in HUVECs in optimum growth conditions and after inducing
apoptosis. To induce apoptosis, EC monolayers were washed, then incubated with cycloheximide
(CHX; 3 pg/mL) and tumor necrosis factor-o (TNFa; 10 ng/mL) for 4 hours. HUVECs were
incubated with the FITC-conjugated active caspase-3 reporter, DEVD-FMK, for 30 minutes at
37°C as directed by the manufacturer (Promokine, Heidelberg, Germany). Cells were trypsinized
and combined with the floating cells in the medium. After brief washes, cells were analyzed by

flow cytometry (LSR-Fortessa).
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1.8 Immunofluorescence microscopy

HUVECs were cultured on gelatin-coated glass bottom microwell dishes (MatTek Corp.,
Ashland, MA). Cells were fixed for 10 minutes in 3% fresh paraformaldehyde in PBS, washed
with PBS, then permeabilized and blocked in 3% BSA + 0.1% Triton X-100 in PBS for 30
minutes. Cells were washed in PBS then incubated with phalloidin-FITC or anti-vinculin-FITC,
and DAPI in 1% BSA for 1 hour in room temperature. The cells were washed 3 times with PBS.
Filamentous actin and vinculin were visualized at 40X using an inverted fluorescence

microscope (Leica, Concord, ON), and focal adhesions were enumerated as described °.

1.9 G-actin/F-actin in vivo assay

The separation of filamentous actin (F-actin) and globular actin (G-actin) was done according to
the manufacturer’s instruction (Cytoskeleton, Denver, CO, USA) by ultracentrifugation. The
ratios of F-actin to G-actin in ECs were estimated by Western blot ’. Cytochalasion D was used

as a negative control and Phalloidin was used as a positive control ®.

1.10 Statistical analyses

Data are shown as mean + SEM. Statistical analysis was performed by 1-way ANOVA as
appropriate followed by the Bonferroni post-hoc test. Pairwise comparisons were done by paired
Student t-test using Prism 5 (Graphpad, San Diego, CA). P values <0.05 were considered

significant. Each experiment was done at least three times.
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2 Materials and methods for chapter IV

2.1 Reagents

M199, HBSS, FBS, and endothelial cell growth supplement were purchased from Invitrogen
(Burlington, ON). VEGF-A was from Peprotech (Princeton, NJ). Anti-tubulin- a, proteasome
inhibitor (MG-132) ° and lysosome inhibitor (CA-074) '  were from Millipore (Temecula,
CA). Hiperfect, non-silencing short interfering RNA (siRNA), FGDS5 silencing siRNA and
Racl silencing siRNA were from Qiagen Inc (Mississauga, ON). Anti-phospho-CortactinY421,
anti-Cortactin, anti- phospho-VEGFR2Y 1175, anti- VEGFR2 and anti-DI1l14 were from Cell
Signaling Technology (Danvers, MA). Anti- FGDS5 was from Protein Tech (Chicago, IL). Anti
ESMI1 and human plasmin were from Sigma-Aldrich (St. Louis, MO). The FGDS5-GFP

plasmid (EX-H5293-M29) was purchased from GeneCopoeia (Rockville, MD).

2.2 Cell culture

Human umbilical vein ECs (HUVECs) were isolated from unidentified donors as described
previously . HUVECs under passage 6 were used for all experiments. Human microvascular
endothelial cell line (HMEC-1) was a kind gift from Dr. Branko Braam. To optimize VEGF-
induced signals, HUVECs were starved in M199 + 1% FBS overnight, then stimulated with 30
ng/ml VEGF. Caki-1 human renal cell carcinoma cells (ATCC; Manassas, VA) were grown in

Minimum Essential Medium (MEM; invitrogen).

2.3 RNA interference

HUVECs were seeded at 70-80% confluency and transfected serially twice over two days with
either 50 nM non-silencing (siNS) or specific siRNA using Hiperfect transfection reagent
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according to the manufacturer’s protocol. Protein expression was evaluated by Western blot.
The coding sequence FGDS5 siRNA (TTGGATGACATGGACCATGAA; cat no.: SI386680)
were from Qiagen Inc (Mississauga, ON, Canada). The second sequence, siFGD5#2, is against
the 3 untranslated regions of FGD5 and was purchased from Thermo Scientific (cat no. L-

028077-01-0005; Lafayette, CO).

2.4 Western blot and immunoprecipitation

HUVEC monolayers were washed once with ice cold PBS and then lysed immediately on ice by
RIPA buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM NaF, 2
mM Na3VO4, 0.1% SDS, 0.5% Na deoxycholate, 1% Triton X-100, 10% glycerol, 1 mM
PMSF) followed by boiling at 95°C for 5 minutes. Electrophoresis was done by SDS-PAGE.
Electroblotting was on nitrocellulose membranes (Biorad). The membranes were immunoblotted
overnight at 4°C in blocking buffer (5% BSA/TBS- Tween20). Proteins were detected using
Luminata forte (EMD Millipore, Billerica, MA) and a Fluorchem FC2 CCD camera (Alpha
Innotech). Protein bands were equally contrast enhanced by Adobe Photoshop CS3 then
quantified by Image].

For immunoprecipitation, Dynabeads Protein G (LifeTechnologies) were incubated with anti-
FGDS5, anti-VEGFR2 or non-specific IgG then the beads-Ab complex was incubated with cell
lysate for 1 hour at room temperature. The Ab-Ag complex was eluted by SDS sample buffer
then resolved by SDS-PAGE. For control, total cell lysate (TCL) was incubated with uncoated

Dynabeads, eluted, then resolved by SDS-PAGE in parallel with the experimental samples.
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2.5 Flow cytometry

FGDS5 deficient or control HUVECs were starved overnight, stimulated with VEGF for one hour,
fixed and stained with Alexa Fluor conjugated VEGFR2 rabbit mAb (Cell Signaling). After
staining, cells were analyzed in a FACScan flow cytometer (LSR-Fortessa). Alexa Fluor

conjugated rabbit IgG was used as the negative control.

2.6 Quantitative PCR

Total cellular RNA was extracted by using QIAzol® (Qiagen) and RNeasy Mini Kit (Qiagen)
according to the manufacturer's instructions. A total 300 ng of RNA was used to synthesize
cDNA by using QuantiTect Reverse Transcription Kit (Qiagen) following the manufacturer's
instructions. qRT-PCR was carried out using the Mastercycler®ep realplex real-time PCR
system (Eppendorf). The reaction mixture consisted of 1 pl of cDNA, 1 pl of 10 puM primers,
and 10 pl of SYBR® Select Master Mix (Applied Biosystems) in a total volume of 20 pl.
Experimental samples were first normalized to internal control HPRT and then to the control
samples, and the fold changes were calculated based on 2—AACT method. The PCR primers

used are listed in the table below. Abul Azad did the PCR experiments in this chapter.

2.7 Migration assay

A scratch was made across a confluent HUVEC monolayer using a sterile pipette tip. VEGF-
driven cellular migration to cover the scratch area was monitored at the indicated time points '
Images of the exact same field were taken by 5X objective lens and a CCD camera—equipped
inverted microscope (Leica, Concord, ON). Data represent the distance of cellular migration (the

difference in size between the time zero scratch area, and the scratch area at each time point).
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2.8 Protrusion assay

HUVECs were cultured on gelatin-coated delta T4 glass bottomed culture dishes, Bioptechs
(Butler, PA), until confluency and then scratched by a sterile pipette. The growth media used was
only supplied with VEGF to exclude involvement of other signaling pathways. The early
protrusions formed by the polarized cells at the scratch edge were monitored by life cell imaging
for 10 minutes 12. The protrusions from at least 30 cells per experiment were measured by
ImagelJ. Videos were recorded by 40X objective lens and a CCD camera—equipped

inverted microscope with a heated stage, Bioptechs (Butler, PA).

2.9 Angiogenesis

A 3D angiogenesis assay in vitro was done as previously described *. Briefly, HUVECs were
transfected with siNS or siFDGS5 and were labeled with CellTracker Green (Life Technologies).
Cytodex beads were coated with HUVECs (~400 cells/bead) and cultured for 4 hours in (M199,
8%FBS, 30ng/ml VEGF). The beads were washed twice, suspended in fibrinogen (2 mg/mL)
containing aprotinin (0.15 U/mL), and 0.625 U/mL thrombin was added. Then angiogenesis
growth media (M199, 8% FBS, 50 ng/ml VEGF) was added on top. To study tumor angiogenesis
in vitro 13, HUVECs were labeled with CellTracker Green (Life Technologies) and Caki-1
human renal cell carcinoma cells (ATCC; Manassas, VA) were labeled with CellTracker Red.
Cytodex beads were coated with HUVECs or Caki-1 (~400 cells/bead) then embedded in fibrin
gel. Growth media (M199, 8% FBS) containing Caki-1 (20,000/well) in suspension was then
added on top.

At least 30 beads per treatment from each experiment were imaged after 18-20 hours incubation

in 5% CO2 at 37°C, using a 20X objective lens and a CCD camera—equipped inverted
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fluorescence microscope (Leica, Concord, ON). Scoring was done using OpenLab
(PerkinElmer; Waltham, MA).

Filopodia were imaged by 40X objective lens and an EMCCD camera—equipped spinning disk
confocal (Quorum Technologies). Extended focus datasets were merged to produce the final
images. Data represents the cumulative of 30 tip cells from three independent experiments.

To extract protein from the HUVEC sprouts, polymerized fibrin was treated by active plasmin
(0.01 wunits; Sigma Aldrich) then HUVECs were isolated from the digested fibrin by
centrifugation. HUVECs were lysed by RIPA buffer, and proteins expression was studied by

Western blot.

2.10 Immunofluorescence Microscopy

Cells were fixed with 3% formaldehyde for 10 min. Cells were blocked and
permeabilized with 3%BSA and 0.1% Triton x-100 for 30 minutes and then incubated with the
following antibodies, diluted in 3% BSA: anti-VEGFR2, anti-phospho VEGFR2Y 1175 (Cell
Signaling), anti-FGDS5 (Biorbyt Ltd), anti-Rab4, 7, 11 (Bioss Inc), anti-actin (Cytoskeleton Inc),
processed for immunofluorescence and visualized using spinning disc confocal microscope with
a 63X objective. Quantification of colocalized pixels was performed using Volocity software
(PerkinElmir) on extended focus merge of datasets. FITC-conjugated anti mouse IgG was used
as negative control. Colocalization measurements were obtained from three different regions in
the cytosol for each cell. Data represents the cumulative of 45 cells from three independent

experiments.
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2.11 Statistical analyses

Data are shown as mean = SEM. Statistical analysis was performed by 1-way ANOVA as
appropriate followed by the Bonferroni post-hoc test. Pairwise comparisons were done by paired
Student t-test using Prism 5 (Graphpad, San Diego, CA). P values <0.05 were considered

significant. Each experiment was done at least three separate times.

3 Materials and methods for chapter V

3.1 Reagents

M199, HBSS, FBS, and endothelial cell growth supplement were purchased from Invitrogen
(Burlington, ON). VEGF-A was from Peprotech (Princeton, NJ). Recombinant human SDF1,
Cdc42 inhibitor (ML141) " from TORCIS, RACI inhibitor from Calbiochem. Hiperfect, non-
silencing short interfering RNA (siRNA), FGDS5 silencing siRNA and CXCR4 silencing siRNA
were from Qiagen Inc (Mississauga, ON). S1P agonist, CYM5442 hydrochloride, was from
TOCRIS Bioscience "°. Anti-phospho-FAKY397, anti-FAK, anti- phospho-AktS473, anti-Akt,
anti-CXR4, and anti-ERK were from Cell Signaling Technology (Danvers, MA). Anti-FGD5

was from Protein Tech (Chicago, IL).

3.2 Cell culture

Human umbilical vein ECs (HUVECs) were isolated as described previously >. All cells used in
the experiments were under passage 6. Human microvascular endothelial cell line (HMEC-1)

was a kind gift from Dr. Branko Braam. Unless otherwise specified, EC were incubated in low
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serum media supplemented with VEGF for 12-18 hours prior to experimemts to upregulate

CXCR4 and augment SDF1 effect.

3.3 Migration assay

A scratch was made across a confluent HUVEC monolayer using a sterile pipette tip. VEGF- or
SDF1-driven cellular migration to cover the scratch area was monitored at the indicated time
points. Images were taken by 5X objective lens and a CCD camera—equipped inverted
microscope (Leica, Concord, ON). Data represent the distance of cellular migration (the

difference in size between the time zero scratch area and the scratch area at each time point).

3.4 Angiogenesis

A 3D angiogenesis assay in vitro was done as previously described *. Briefly, HUVECs were
labeled with CellTracker Green (Life Technologies). Cytodex beads were coated with HUVECs
(~400 cells/bead) and cultured for 4 hours in (M199, 8%FBS). The beads were washed and
suspended in fibrin (2 mg/mL). Then angiogenesis growth media (M199, 8% FBS, 50 ng/ml
VEGF or 100ng/ml SDF1) was added on top. At least 30 beads per treatment from each
experiment were imaged after 18-20 hours incubation in 5% CO2 at 370C, using a 20X objective
lens and a CCD camera—equipped inverted fluorescence microscope (Leica, Concord, ON).

Scoring was done using OpenLab (PerkinElmer; Waltham, MA).

3.5 Immunofluorescence Microscopy

Cells were fixed with 3% formaldehyde for 10 min. Cells were blocked and permeabilized with
3%BSA and 0.1% TritonX for 30 minutes and then incubated with the following antibodies,

diluted in 3% BSA: anti-VEGFR2, anti-phospho VEGFR2Y 1175 (Cell Signaling), anti-FGD5
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(Biorbyt Ltd), anti-Rab4, 7, 11 (Bioss Inc), anti-actin (Cytoskeleton Inc), processed for
immunofluorescence and visualized using spinning disc confocal microscope with a 63X
objective. Quantification of colocalized pixels was performed using Volocity software
(PerkinElmir) on extended focus merge of datasets. Data represents the cumulative of 30 cells
from three independent experiments. FITC-conjugated anti mouse IgG was used as negative

control

3.6 RNA interference

HUVECs were seeded at 70-80% confluency and transfected serially twice over two days with
either 50 nM non-silencing (siNS) or specific siRNA using Hiperfect transfection reagent

according to the manufacturer’s protocol. Protein expression was evaluated by Western blot.

3.7 Western blot

HUVEC monolayers were washed once with ice cold PBS and then lysed immediately on ice by
RIPA buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 5 mM NaF, 2
mM Na3VO4, 0.1% SDS, 0.5% Na deoxycholate, 1% Triton X-100, 10% glycerol, 1 mM
PMSF) followed by boiling at 95°C for 5 minutes. Electrophoresis was done by SDS-PAGE.
Electroblotting was on nitrocellulose membranes (Biorad). The membranes were immunoblotted
overnight at 4°C in blocking buffer (5% BSA/TBS-Tween20). Proteins were detected using
Luminata forte (EMD Millipore, Billerica, MA) and a Fluorchem FC2 CCD camera (Alpha
Innotech). Protein bands were equally contrast enhanced by Adobe Photoshop CS3 then

quantified by Image].
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3.8 Flow cytometry

FGD5 deficient or control HUVECs were incubated with VEGF for 18 hours, then fixed and
stained with Alexa Fluor conjugated CXCR4 rabbit mAb (Cell Signaling). After 1 hour of
staining and triple wash, cells were analyzed in a FACScan flow cytometer. Alexa Fluor

conjugated rabbit IgG was used as the negative control.

3.9 Statistical analyses

Data are shown as mean + SEM. Statistical analysis was performed by 1-way ANOVA as
appropriate followed by the Bonferroni post-hoc test. Pairwise comparisons were done by paired
Student t-test using Prism 5 (Graphpad, San Diego, CA). P values <0.05 were considered

significant. Each experiment was done at least three separate times.

4 Materials and methods for chapter VI

4.1 Apelin knockout mice

The APLN -deficient (APLN™) mice were generated and bred in a C57BL/6 background as
previously described '°. Apelin is deleted after exon 1, and functions as a null allele. Apelin is
coded on the X chromosome. Therefore, mutant male mice are denoted as apelin'/y, and are
derived from intercrosses in a colony using apelin'/+ females bred against wild type males. The
mutant mice were backcrossed onto C57BL/6 mice, so they display H-2 Major
Histocompatibility Complex class I. The mice genotype was confirmed by PCR and southern

blotting in Gavin Oudit laboratory at the University of Alberta. Since heart function is normal in
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unstressed APLN™ mice until 6 months, all donor hearts were obtained from 8-14 week old mice
for transplantation. C57BL/6 mice were purchased from Jackson Laboratories. The C57BL/6
mice subjected to surgery were 14-16 weeks old. All animal experiments were carried out in
accordance with the Canadian Council on Animal Care Guidelines, and animal protocols were

reviewed and approved by the Animal Care and Use Committee at the University of Alberta.

4.2 Cardiac allograft vasculopathey (CAV) mouse model

Hearts from 8-14 weeks donors were transplanted heterotropically as previously described '"'®.
Briefly, the inferior and superior vena cavae, and the pulmonary veins of the donor heart were
ligated. Then the donor aorta and pulmonary artery were anastomosed to the recipient’s
abdominal aorta and inferior vena cava, below the renal arteries. Transplantation of male donor
HY+ minor-MHC hearts to littermate females induced the immune response in the recipients and
resulted in features of early coronary arterial endothelial injury as early as 2 weeks post
transplantation, and severe progressive CAV by 8 weeks post transplantation. Of note,
myocardial inflammation or injury was not documented in this mouse model '*. Heart allograft
function was successfully maintained over 12 weeks post transplantation. Surgeries were done

by Dr Lin-Fu Zhu.

4.3 Marilyn mice

Marilyn Rag2-/- PD-1-/- (programmed death-1 [PD-1]-/-) mice lack the PD-1 expression and
have monoclonal CD4+ T cells that are specific for the HY antigen. Marilyn Rag2-/- PD-1-/-

mice were generated by intercrossing the T-cell receptor (TCR) transgenic Rag2-/- Marilyn mice
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with C57BL/6-Pdcd1-/- mice *°. All procedures followed the guidelines of the Canadian Council

on Animal Care. The Marilyn mice were bred in Colin Anderson lab at the University of Alberta.
4.4 In vivo proliferation assay

Splenocytes from naive female Marilyn Rag2-/- PD-1-/- mice were labeled with 5 puM
CelltraceTM Violet proliferation dye (Invitrogen) according to manufacturer’s protocols.
Labeled splenocytes containing a total of 2.3-3.0 x 10° single positive anti-HY CD4+ T cells in

PBS were transferred into the recipients through 1.V. via tail vein.

4.5 Flow cytometry

Peripheral blood samples from the recipient mice on 1 and 3 days post adoptive cell transfer, and
recipient splenocytes were stained after incubation with an FcR block. Fluorescent antibodies to
mouse: TCR-B chain (TCRB; H57-597), CD4 (GK1.5), CD8pB (53-6.7), CD45R (B220; RA3—
6B2) were purchased from eBioscience. BD LSR II (BD Biosciences) was used for the data
acquisition. Flow cytometric data analysis was performed using FlowJo (Treestar software,
Portland, OR). Gating strategies are shown in the figure below. The in vivo proliferation assay

and the flow cytometry analysis were done by Jiaxin Lin from Dr Anderson’s laboratory.
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Fig 2. 1

4.6 Electrocardiographic (ECG) recordings

Mice were anesthetized using 2% isofluorane and body temperature was maintained using a
heating pad. For native heart, electrodes were placed on the chest in lead I configuration. For
transplanted heart, electrodes were placed on the abdomen near the base of the heart to improve
P-wave detection. Native and transplanted hearts were recorded for 5 min simultaneously using
two channel configuration of ACQ-7700 under control of ECG module of Ponemah Physiology
platform (DSI, Data Sciences International; USA). Recordings were analyzed offline in ECG
module of Ponemah Physiology platform. The following intervals were measured for native and
transplanted hearts: RR, PR, QRS, and QT. Two types of QT correction were applied Bazett's
and Federicia's ***'. Dr Pavel Zhabyeyev from Dr Oudit’s laboratory provided technical support

in regard to ECG recordings.
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4.7 Histology and Immunohistochemical Staining

Mice were euthanized 2 weeks or 6 weeks post transplantation. Hearts were collected from
euthanized mice, placed in IHC zinc fixative (BD Pharmingen™). The base of the heart that
represents the origin of the coronaries was dissected and processed further. The tissues in the
zinc fixative were paraffin embedded, sectioned and stained at the Hisotlogy Core Facility at the
University of Alberta. Five um sections were taken every 100 um thickness of myocardium to
ensure capturing the whole span of the base of the heart, then stained with Hematoxylin & Eosin
(H & E) and Van Gieson specific eslastin stain. To quantitate CAV lesions, a region of interest
was drawn at the internal elastic lamina and the endothelium margin of the coronary arteries in

cross-section, then the relative area of proliferated intima was calculated.

4.8 Western blot

HUVECs were serum starved in M199 + 1% FBS (Invitrogen, Burlington, ON), then stimulated
with 100 ng/ml human derived stromal factor 1 (SDF1) or 0.1 uM of apelin peptides as indicated.
HUVECs were washed once with ice cold PBS, and lysed immediately on ice with RIPA buffer
(Thermo Fischer Scientific). Cell lysates were boiled at 95°C for 5 min, resolved bySDS-PAGE,
then electroblotted on nitrocellulose membranes (Bio-Rad). The membranes were
immunoblotted using anti-phospho-eNOSS1177, antiphospho-AktS473 (Cell Signaling
Technology, Danvers, MA), anti-actin (Cytoskeleton, Denver, CO) and anti-Akt (Protein Tech,
Chicago, IL) and proteins were detected using Luminata forte (EMD Millipore, Billerica, MA)

and a Fluorochem FC2 CCD camera (Alpha Innotech)
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Chapter II1: Endothelial cell mnTOR complex 2 regulates VEGF-induced
angiogenesis

Abstract

Tumor neovascularization is targeted by inhibition of vascular endothelial growth factor (VEGF)
or the receptor to prevent tumor growth, but drug resistance to angiogenesis inhibition limits
clinical efficacy. Inhibition of the phosphoinositide 3 kinase pathway intermediate, mammalian
target of rapamycin (mTOR), also inhibits tumor growth and may prevent escape from VEGF
receptor inhibitors. mTOR is assembled into two separate multi-molecular complexes, mMTORCI
and mTORC2. The direct effect of mTORC2 inhibition on the endothelium and tumor
angiogenesis is poorly defined. We used pharmacological inhibitors and RNA interference to
determine the function of mMTORC?2 versus Aktl and mTORCI1 in human endothelial cells (EC).
Angiogenic sprouting, EC migration, cytoskeleton re-organization, and signaling events
regulating matrix adhesion were studied. Sustained inactivation of mTORCI activity up-
regulated mTORC2-dependent Aktl activation. In turn, ECs exposed to mTORCI-inhibition
were resistant to apoptosis and hyper-responsive to renal cell carcinoma (RCC)-stimulated
angiogenesis after relief of the inhibition. Conversely, mTORC1/2 dual inhibition or selective
mTORC?2 inactivation inhibited angiogenesis in response to RCC cells and VEGF. mTORC2-
inactivation decreased EC migration more than Aktl- or mMTORC1-inactivation. Mechanistically,
mTORC?2 inactivation robustly suppressed VEGF-stimulated EC actin polymerization, and
inhibited focal adhesion formation and activation of focal adhesion kinase, independent of Aktl.
Endothelial mMTORC?2 regulates angiogenesis, in part by regulation of EC focal adhesion kinase

activity, matrix adhesion, and cytoskeletal remodeling, independent of Akt/mTORCI.
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Introduction

Drug therapy to inhibit tumor neovascularization is used clinically as an adjuvant in
chemotherapy-resistant cancers, including renal cell carcinoma, recurrent glioblastoma, and
bowel cancer. The rapalog mammalian target of rapamycin (mTOR) inhibitors are used after
failure of pro-angiogenic growth factor —receptor tyrosine kinase inhibitors, and in some cases as
first line therapy [1]. Rapalog mTOR inhibition decreases Vascular Endothelial Growth Factor
(VEGF) production by the tumor to reduce tumor neovascularization and inhibit tumor growth
[2,3]. However, this therapeutic approach is limited by the development of resistance of the
tumor and microvasculature to the effect of rapalog mTOR inhibition [4,5]. This “escape” of the
vasculature from the effects of current mTOR inhibitors emphasizes the need for new agents

with durable effects.

In mammalian cells, mTOR is assembled in two distinct signaling complexes: mTOR complex-1
(mTORC), sensitive to inhibition by rapalog drugs, and mTOR complex-2 (mTORC?2) [6]. In
addition to the mTOR -catalytic subunit, mTORCI1 consists of raptor (regulatory associated
protein of mTOR), mLST8 (also termed G-protein B-subunit-like protein, GBL, a yeast homolog
of LSTS), and PRAS40 (proline-rich Akt substrate 40 kDa). mTORCI1 activity is best
characterized by phosphorylation of ribosomal protein S6 kinase (S6K) and eukaryotic
translation initiation factor 4E-binding protein 1 to regulate translation [7]. mTORC2 similarly
includes mTOR and mLST8, but raptor is replaced by two mTORC2-specific proteins: rictor
(rapamycin-insensitive companion of mTOR), and mSinl (mammalian stress-activated protein
kinase-interacting protein 1). The principal known target of mTORC2 is Akt, a key survival
enzyme, and upstream regulator of mTORCI1 [7]. The targets of mTORC]1 are well-defined, but

much less is known regarding mTORC2-mediated effects independent of Akt/ mTORCI.
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Pro-angiogenic cues are recognized by activation of several growth factor receptors displayed on
the vascular endothelium, and the diverse signals are integrated to recruit key signal transduction
pathways in the endothelial cell (EC). For example, the principal endothelial VEGF receptor,
VEGF-receptor 2, is coupled to phosphatidylinositide 3 (PI3)-kinase, signaling to the
downstream mTOR kinase [8]. In pre-clinical models, mTORCI inhibition reduces early vessel
growth to VEGF stimulation [2,3,9]. Nevertheless, vessel development and tumor growth
proceeds in humans treated with rapalog drugs, prompting the investigation of agents that inhibit

mTOR in both complexes [10].

The effect of disrupted signaling of the mTORC?2 branch point on the PI3 kinase pathway in the
endothelium is poorly understood, but may contribute anti-angiogenic effects [11]. In this paper
we report that genetic inactivation of mTORCI activity or inhibition by rapamycin paradoxically
upregulates mTORC2 and Akt activity in primary human ECs. Pharmacologic inhibition or
genetic disruption of mTORC2 by rictor knock-down optimally blocks VEGF-stimulated
angiogenic sprouting of human ECs in vifro. Mechanistically, we identify that mMTORC?2 activity
in ECs is needed for cell migration, development of mature matrix adhesion structures, and

specifically regulates VEGF-stimulated Src and focal adhesion kinase activity.

Results

Exposure to rapamycin activates endothelial Akt

In tumor cells, active mTORCI1 participates in a negative regulatory loop that inhibits serine 473
(S473) phosphorylation full activation of Akt. Inhibition of mTORCI relieves this inhibition, but
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has a variable and cell-type specific effect on upstream growth factor receptor signaling [18,19].
We sought to determine if this mechanism is present in primary human ECs, since these events
could contribute to resistance to rapalog anti-angiogenesis treatments. First, we treated ECs with
rapamycin for 1 hour, then stimulated the cells with VEGF. Rapamycin inhibited VEGF-
stimulated, mTORC1-dependent phosphorylation of S6K in dose-dependent manner (Fig 3.1A-
C). We determined rapamycin 5 nM optimally inhibited VEGF-stimulated mTORC1 signaling.
Next, we sought to model chronic in vivo exposure of ECs to rapamycin by treatment with 5 nM
rapamycin for 24 hours. Paradoxically, sustained exposure to rapamycin increased Akt S473
phosphorylation, the mTORC2-dependent site, in a dose-dependent manner (Fig 3.1D, E).
Rapamycin treatment at 5 and 10 nM increased Akt S473 phosphorylation ~2.4 + 0.4 and ~2.7 +
0.4 fold (mean + SEM) compared to the control carrier treatment, respectively (Fig 3.1E).
Similarly, sustained inhibition of mTORC1 with rapamycin in human microvascular ECs

(HMEC-1) increased Akt S473 phosphorylation Fig 3.2).

To determine if mTORC2- had the same effect as mTORCI- inactivation, we specifically
disrupted EC mTORC2 or mTORCI using siRNA targeted against rictor or raptor, respectively
[20,21]. We observed that sustained mTORCI1 disruption persistently blocked S6K
phosphorylation, but increased phosphorylation of Akt S473 ~2.5 fold and its down stream
target, FOXO1/3 S319, compared to control (Fig 3.1F, G). Conversely, mTORC2 disruption
markedly lowered Akt S473 phosphorylation compared to control (Fig 3.1G, G). Notably,
specific disruption of mTORC?2 also blocked FOXO and S6 kinase phosphorylation (Fig 3.1F,
H). These data indicate sustained inactivation of mTORCI1, but not mTORC?2, relieves feedback

inhibition to drive hyper-activation of the PI3 kinase/ Akt pathway in primary human ECs.
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Next, we sought to study the effect of dual mMTORC1 and mTORC2 inhibition on VEGF-
stimulated EC Akt activation. Selective mTOR kinase inhibitors are active against mTOR in both
complexes [12]. Pretreatment of EC with PP242 or Ku-0063794 inhibited VEGF-stimulated Akt
activation in a dose-dependent manner, and we determined the optimal inhibitory concentration
of the compounds (data not shown). Like rictor knock-down to disrupt mTORC2 formation (Fig
3.1F-H), sustained pharmacologic inhibition of mMTORC1 + mTORC?2 using either PP242 or Ku-

0063794 did not increase Akt phosphorylation or Akt activity in EC ( Figs 3.2 and 3.3).

mTORCI sustained inhibition increases resistance to apoptosis and pre-sensitized EC to
angiogenic cues

We evaluated the effect of sustained rapalog exposure on EC function. Akt activity mediates an
important cellular pro-survival pathway, hence we sought to determine the effect of extended
mTORC1/2 versus mTORCI inactivation on EC apoptosis. We challenged the EC with pro-
apoptotic factors, then quantified active cleaved caspase 3 expression among rapamycin-, PP242-
, or Ku-0063794-pretreated ECs. We observed that extended mTORCI1 inhibition increased EC
resistance to apoptosis versus mock-treated, or mTORC1/2 inhibited EC (Fig 3.4A). Conversely,
treatment with the PP242 or Ku-0063794 compound did not confer similar resistance. Further,
we investigated the effect of extended mTORCI inhibition on sprouting angiogenesis of human
ECs to tumor cells. ECs were pre-treated with rapamycin, PP242 or Ku-0063794 for 24 hours,
then embedded in a 3D fibrin matrix with human RCC cells in the absence of exogenous pro-
angiogenic growth factors and compounds. Tumor cells stimulated EC sprouting, which was
increased by rapamycin but not PP242 or Ku 0063794 pre-exposure (Fig 3.4B, C). Similarly,

rapamycin pre-exposure increased EC migration toward tumor cells in Boyden chamber
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chemotaxis assay (data not shown). These observations suggest that mTORCI1/2 inactivation

may be more effective than mTORCI inhibition to block tumor neoangiogenesis.

mTORC1 + mTORC?2 dual inhibition reduces VEGF-induced angiogenesis

Next we studied the effect of mTOR inhibition on sprouting angiogenesis of human primary ECs
in response to VEGF. Primary human ECs were loaded on microcarrier beads and embedded in
3D fibrin gels, then treated with PP242. Consistent with the effect on tumor angiogenesis, PP242
treatment markedly reduced human EC sprout formation, and reduced the elongation of the few
endothelial sprouts that developed in response to VEGF (Fig 3.5A, B, C). Similar findings were

obtained using a second mTORC1/2 inhibitor in microvascular ECs (Fig 3.6).

To determine the effect of mMTORCI1/2 inhibition on VEGF-stimulated neovascularization in
vivo, while avoiding confounding effects of the compound on stromal cell production of VEGF,
PP242 or carrier was added to VEGF-loaded onplants deposited on the chick embryo CAM, then
microvessel density was measured after 3 days. As shown in (Fig 3.5D) and (Fig 3.7), we
observed that PP242 inhibited new vessel formation in a concentration-dependent manner. It is
worth noting that the inhibitor concentration required to inhibit neovascularization was higher in
vivo than in vitro likely due to the diffusion-associated loss of PP242 concentration during the
CAM assay. Taken together, these data indicate that dual inhibition of mTORC1/2 activity has

potent anti-angiogenesis effects, acting directly on the vascular EC.
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Specific mTORC?2 disruption inhibits VEGF-stimulated angiogenesis

In complementary experiments, we used RNA interference to specifically inactivate mTORC2
activity in ECs. We used two different siRNA against rictor (siRict' and siRict?) to disrupt
mTORC2, and confirmed the effect of the knock-down in EC by Western blot of rictor
expression, and mTORC2 activity by Akt S473 phosphorylation (Fig 3.8A). Rictor siRNA
treatment reduced EC rictor and Akt S473 phosphorylation by ~80% (Fig 3.8B). Specific
disruption of mTORC2 markedly inhibited VEGF-stimulated angiogenic sprouting of ECs.
Primary human ECs were transfected with siRict, then evaluated for sprouting into 3D fibrin
gels. We observed mTORC?2 disruption reduced the number of sprouts by ~75% (Fig 3.8C, D).
In addition, among the sprouts that developed, mTORC2 disruption markedly reduced EC sprout
extension into the fibrin gel (Fig 3.8E). This indicates that mTORC?2 activity is required for

angiogenic sprouting, and inactivation of mTORC2 additionally reduces sprout length.

mTORC?2 regulates EC migration and cell-matrix adhesion independent of Akt and
mTORCI1 activity

Next we sought to determine if Akt-dependent signaling mediates the contribution of mTORC2
to angiogenesis. Akt activity is regulated in parallel by PDK1-dependent T308 phosphorylation
in the activation loop of Akt, and enhanced by S473 phosphorylation mediated by mTORC2 to
regulate a subset of Akt-dependent responses [22]. Using RNA interference we selectively
knocked-down expression of Aktl (the dominant Akt isoform in ECs) or rictor, then we studied
the effect of EC Aktlversus mTORC?2 loss on ECs in vitro. The level of Aktl after knockdown is

shown in (Fig 3.9).
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To examine migration of rictor-, Aktl-, and raptor-deficient ECs, we wounded confluent EC
monolayers using a high-field electric current. We observed a modest decrease in the closure of
the wound, indicating EC migration was impaired, among both Aktl- and raptor-deficient cells
(Fig 3.10A and Fig 3.11). However, loss of rictor conferred a striking decrease in wound closure.
EC migration and sprout elongation require EC adhesion and anchorage to the surrounding
matrix. Hence we determined the effect of mTORC2-inactivation on cell-matrix interaction.
Integrin-mediated cell adhesion was reduced by 73 + 3% after mTORC1 + mTORC2-
inactivation, and by 66 £ 10% (mean + SEM) among mTORC2-disrupted ECs compared to
control ECs, measured by electrical impedance after seeding ECs on gelatin-coated electrodes
(Fig 3.10B and Fig 3.12). Notably, we observed disruption or PP242-mediated inhibition of
mTORC2 was more potent than inactivation of Akt to block EC adhesion. These results suggest

mTORC2 mediates regulation of EC movement and adhesion, independent of Aktl/mTORCI.

In yeast, TORC?2 regulates cytoskeleton remodeling independent of Akt, but this is not observed
in embryonic fibroblasts isolated from mTORC2-disrupted knockout mice [21,22,23]. Since
cytoskeletal remodeling is involved in cell migration and angiogenic sprout elongation, we
studied the effect of mMTORC?2 inactivation on actin polymerization among primary human ECs.
Immunofluorescence staining for polymerized actin showed a paucity of stress fibers in VEGF-
stimulated, mMTORC2-inactivated, adherent ECs compared to control ECs (Fig 3.10C). Similarly,
protein analysis showed that the ratio of filamentous to globular actin was markedly reduced in
mTORC2-disrupted adherent ECs (Fig 3.10D, E). Further, the F-/G-actin ratio was significantly
reduced in mMTORC2-disrupted ECs compared to Aktl-deficient ECs, consistent with mTORC2-

mediated, Aktl-independent regulation of actin remodeling.
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mTORC?2 regulates focal adhesion kinase

Defective adhesion, motility, and stress fiber formation in mTORC2-inactivated ECs suggested
formation of focal adhesion complex structures that mediate cell interactions with extracellular
matrix might be defective. Focal adhesion kinase (FAK) is a principal regulator linking growth
factor signals to cell-matrix adhesion and cytoskeleton remodeling [24]. Therefore, we
investigated the effect of mTORC2-disruption on FAK activity. VEGF-stimulated FAK Y397
auto-phosphorylation was reduced in mTORC2-disrupted EC monolayers compared to controls,
whereas Aktl knockdown had no effect (Fig 3.13A, B). Moreover, VEGF-stimulated FAK
phosphorylation and Src Y418 phosphorylation, an upstream regulator of FAK subcellular
localization and activity [25] was completely inhibited in mTORC2- versus Aktl-inactivated
ECs (Fig 3.13C, D). Similarly, inhibition of mTORC?2 for 18 hours dramatically decreased FAK
phosphorylation among PP242- (Fig 3.13E, F) or Ku-0063794- (Fig 3.2) treated EC, whereas
mTORCI inhibition with rapamycin did not affect FAK activity. In contrast, phosphorylation of
eNOS, a known substrate of Akt, was similarly blunted by rictor or Aktl knockdown in response

to VEGF stimulation (Fig 3.13C).

Finally, we directly examined the effect of mMTORC?2 inactivation on matrix adhesion structures
in EC. Adherent mTORC2-disrupted ECs were immunostained for the focal adhesion complex
protein, vinculin, and the number of complexes were quantitated (Fig 3.14A, B). We observed
the number of focal adhesions per EC was reduced in mTORC2-inactivated ECs by 69 + 2 %
(mean = SEM) versus control ECs (Fig 3.14B). Together, these results indicate that mTORC2

regulates FAK activation and EC focal adhesion formation independent of AktI.

142



Discussion

At therapeutic concentrations, rapalog drugs primarily inhibit tumor neovascularization through
inhibition of mTORCI-dependent VEGF production [2,3], to blunt tumor angiogenesis
[9,26,27]. However, rapalog treatment is limited by escape of the tumor and vasculature from
drug inhibition, and subsequent tumor progression [5,28,29]. Indeed withdrawal or interruption
of angiogenesis inhibitor treatment may be associated with a flare of angiogenesis and tumor
growth [30,31,32,33]. Understanding the events in the endothelial cell underlying the inhibitor
drug effects on angiogenesis will guide development of better drugs that target tumor
neovascularization. We examined the differential effects on angiogenesis of mTORC2

inactivation or dual mMTORC1/2 inhibition versus selective mTORC1 inhibition in EC.

We observed that sustained inhibition of mTORC1 with rapamycin paradoxically up-regulated
endothelial mMTORC2 and Akt activity, promoted resistance of the EC to pro-apoptotic stress
conditions, and sensitized EC to cancer cell-stimulated angiogenic sprouting. Conversely, dual
inhibition of mTORC1/2 prevented hyper-stimulation of the PI3 kinase pathway, and markedly
decreased tumor- and VEGF-mediated angiogenic sprouting among human primary ECs in 3D
angiogenesis in vitro. Selective gene silencing experiments showed that mTORC2 disruption was
sufficient to prevent PI3 kinase pathway hyper-activation in the endothelium, did not confer
increased sensitivity to VEGF pro-angiogenic stimulation, and inhibited angiogenesis both in
vitro and in vivo more effectively than mTORCI inhibition. Moreover, disruption of mTORC2

had an additive effect to Aktl loss to directly inhibit angiogenic sprouting. We demonstrated that
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mTORC?2 activity regulates EC sprout extension in 3D matrices, which correlates with defects in
migration, cell-matrix adhesion, cytoskeleton remodelling, and focal adhesion formation. These
effects are linked to Aktl-/mTORCI1-independent, but mTORC2-dependent regulation of VEGF-

stimulated FAK activation in ECs.

VEGF-receptor recruitment of the PI3 kinase/ Akt/ mTORC]1 pathway in the EC plays a critical
role in embryonic vascular development, and postnatal neovascularization in several important
clinical contexts. Pathological tumor angiogenesis is linked to VEGF-stimulated PI3 kinase/ Akt
and mTORCI activation in the endothelium [2,9,34]. These direct effects of mMTORCI inhibitors
on the endothelium likely contribute to an anti-angiogenic effect of rapalog drug adjuvant
treatments for advanced cancers. However, escape of the vasculature from the effects of current
rapalog mTORCI inhibitors may by blocked by investigational agents with dual effects to inhibit
mTOR activity in both complexes [10,35]. Emerging preclinical studies of mTOR active site
inhibitors demonstrate variable control of tumor growth [11,36,37,38,39,40]. However, the
relative effects of investigational mTOR active-site inhibitory drugs on tumor cell growth,
production of vascular growth factors, versus direct effects on the host vasculature in in vivo
mouse xenograft models are difficult to determine. The current data indicate that the mTOR

active site inhibitory agents have direct anti-angiogenic effect on the vascular endothelium.

Recent work has identified complex feedback regulation between mTORCI inhibition and
growth factor-dependent PI3 kinase activity in cancer cells, and cancer cell responses to both

receptor tyrosine kinase and androgen receptor stimulation [18,41]. The signal transduction

144



pathway is mediated upstream by PI3 kinase isoform activation by the receptor, then direct and
indirect activation of downstream mTORC2, Akt, and mTORCI1 to regulate cell metabolism and
growth. Inhibition of mTORC1 with rapamycin relieves constitutive inhibition, and further
hyper-activates the upstream pathway [18,41]. Our data indicate that a similar EC adaptation to
sustained disruption of mTORCI signalling can prime the endothelium to resist growth factor
deprivation, and to respond robustly to tumor-derived pro-angiogenic cues upon interruption in
drug administration. Among tumor cells, chronic mTORC2 inhibition may be insufficient to
prevent PI3 kinase pathway hyper-stimulation, and hyper-phosphorylation of the Akt target,
FOXO1/3 [42]. Our data highlights that a tumor may nevertheless be targeted indirectly through

the normal EC mTOR signaling pathway which maintains sensitivity to mTORC?2 inhibition.

In addition to the important regulatory effects of mMTORC?2 on cell metabolism and regulation of
growth factor receptor activity mediated through Akt-dependent signaling, we identify a new
mTORC2-dependent pathway to regulate cytoskeletal remodelling in angiogenic EC. In yeast,
TORC?2 regulation of actin structures is recognized, and is shown to be mediated through a PKC
homolog [23]. However, mTORC?2 regulation of cytoskeleton dynamics in mammalian cells has
been controversial. Although disruption of mMTORC2 by RNA interference in tumor cell lines
affects cell shape, no effect of mTORC?2 loss is seen in mouse embryonic fibroblasts derived
from either rictor or mLST8-knockout mice [22]. In response to VEGF stimulation, we observe a
reduction in angiogenic sprouting of primary human ECs, and a marked decrease in the length of
sprout extension after inactivation of mMTORC?2 in VEGF-stimulated 3D angiogenesis. Defective
EC adhesion, migration, and actin remodeling were strikingly more pronounced by mTORC2

inactivation compared to Aktl knockdown, consistent with an independent contribution of
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mTORC?2 signalling. This correlates with defective formation of organized focal adhesion

complexes that anchor actin stress fibres to enable cell contractility and movement.

We identify FAK as a novel downstream effector coupled to VEGF-stimulated mTORC2
activity, independent of Akt/mTORCI. Once EC bind to extracellular matrix, the integrin
intracellular domain promotes local assembly of structural and signal transduction molecules,
such as Src and FAK, to support actin polymerization and cell migration [43,44]. VEGF
stimulation induces remodelling of the complexes associated with Src and FAK phosphorylation.
Observations in FAK knockout mice provide direct evidence supporting the role of FAK in
angiogenesis, as genetic deletion of FAK in mice is embryonic lethal due to cardiovascular
defects [24,45]. Similarly, both rictor and mLST8 subunits of mTORC?2 are strongly expressed in
the developing vasculature, and mTORC2-disrupted mutant mice die with defective vascular

development [22].

The current data suggest mTORC2 indirectly regulates FAK activity, since FAK Y397
phosphorylation is not expected to be mediated by the mTOR serine-threonine kinase activity.
The integrin-linked kinase (ILK) has been previously identified both outside and as a component
of the mTORC?2, and shown to participate in regulation of Akt [46]. Our data indicates that FAK
regulation is dependent on mTOR activity, rather than ILK, since FAK phosphorylation is
abolished both with disruption of mTORC?2 formation after rictor knock-down, and by specific
pharmacologic inhibition of mTOR activity. Finally, our data is consistent with previous findings

that VEGF-stimulated FAK activation is dependent on VEGFR2 association with integrin, and
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induction of Src activity in an amplification loop [25,47,48,49]. Our data indicates VEGF-
stimulated mTORC?2 activity is required upstream of both Src and FAK to remodel matrix

adhesion sites.

In summary, our results show that sustained mTORCI1 inhibition activates maladaptive PI3
kinase signaling to Akt and responsiveness to proangiogenic growth factors in primary human
ECs. In contrast, mMTORC2 inactivation prevents Akt and downstream FOXO1/3, or S6 kinase
hyper-stimulation. Moreover, mTORC2 regulates EC matrix adhesion, motility, and
angiogenesis in vitro independent of downstream Akt-regulated events. These data indicate that

mTORC?2 in the endothelium is an attractive target to inhibit pathologic neoangiogenesis.
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Fig 3.1. Sustained mTORCI1, but not mTORC?2, inhibition activates Akt. HUVECs were
treated by rapamycin, two different small interfering RNAs against rictor (siRict' and siRict?) or
raptor (siRapt), or non-silencing siRNA (siNS), then stimulated with 20 ng/mL VEGF as
indicated. Akt phosphorylation and S6K phosphorylation were evaluated as described in
Materials and Methods. A) A representative Western blot of the effect of Rapamycin
pretreatment for 1 hour on VEGF-stimulated Akt and S6 kinase phosphorylation in HUVECs. B)
Quantitation of phospho-S6K. C) Quantitation of phospho-Akt (n=5 independent experiments,
*P<0.05 by ANOVA). The effect of rapamycin treatment of HUVEC for 24 hours. D) A
representative Western blot of HUVEC phospho-Akt, total-Aktl and tubulin over a range of
concentration of rapamycin exposure. E) Quantitation of phospho-Akt (n=5 independent
experiments, *P<0.05 by ANOVA). The effect of mTORC1 versus mTORC2 disruption on Akt
signaling in EC. F) A representative Western blot of HUVEC rictor, raptor, phospho-Forkhead
box protein O1/3 (P-FOXO1/3), phospho-Akt, total Aktl, phospho-S6K, total S6K, and actin
after treatment with siRapt, siRict or siNS. G) Quantitation of phospho-Akt. H) Quantitation of

phospho-S6K (n=3 independent experiments, *P<0.05 by ANOVA).
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Fig 3.2. Sustained mTORC1+2, but not mTORCI1, inhibition reduces EC Akt and focal
adhesion kinase activation. A) HMEC-1were treated with the mTORCI1/2 inhibitor Ku
0063794 (50 nM), or Rapamycin, and stimulated with VEGF overnight. A representative
Western blot of EC phospho-FAK, total FAK, phospho-Akt, total Akt and actin (n=3

independent experiments).
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Fig 3.3. Sustained mTORC1+2 inhibition reduces Akt activity. HUVECs were treated with
PP242 overnight. A representative Western blot of EC phospho-Akt, phospho-FOXO1/2,

phospho-eNOS and actin (n=3 independent experiments).
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Fig 3.4. mTORC1 inhibition primes endothelial cells to resist apoptosis and to respond to
tumour-derived pro-angiogenic cues. HUVECs were treated with Rapamycin (5 nM), PP242
(1 uM), or Ku 0063794 (50 nM) for 24 hours. A) The EC were challenged with tumor necrosis
factor-[] (TNFa) + cycloheximide (CHX) for 4 hours in normal growth conditions. Active
cleaved caspase-3 was detected by DEVD-FMK-FITC and analyzed by flow cytometry as
described in Methods. Quantitation of active caspase-3 in mock-, rapamycin-, PP242-, and Ku
0063794-treated ECs (n=4 independent experiments, * P<0.05 by ANOVA). B) Evaluation of EC
angiogenic sprouting to tumor-derived growth factors in vitro. HUVEC were pretreated with
Rapamycin (5 nM), PP242 (1 uM), or Ku 0063794 (50 nM) for 24 hours, then mounted on
Cytodex beads (green) and were embedded with renal cell carcinoma cell-coated beads (red) in
3D fibrin gels as described in Methods, then co-cultured without additional growth factor
supplementation or inhibitors. Representative images of EC sprouts after 18 hours incubation. C)
Quantitation of the number of sprouts per bead (n=3 independent experiments, *P<0.05 by

ANOVA).
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Fig 3.5. mTORC1/2 dual inhibition blocks VEGF-mediated angiogenesis. HUVEC-coated
Cytodex beads were embedded in fibrin gels as in Fig 2, then the EC were stimulated with 50
ng/ml VEGF, and were treated with PP242 or carrier as indicated. A) Representative images of
EC sprouts after 18 hours incubation. B) Quantitation of the number of sprouts per bead. C)
Quantitation of the length of the sprouts (n=3 independent experiments, *P<0.05 by ANOVA,
scale bar=95 um). D) Collagen gel onplants containing VEGF (100 ng/onplant) and PP242 or
carrier, were placed on chicken embryo CAM as described in Methods. Quantitation of
neovascularization after 64 hours of exposure to VEGF supplemented with 1, 5, 10 or 50 uM

PP242 (n > 48 onplants or 16 chicken embryos per group, *P<0.05 by ANOVA).
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Fig 3.6. mTORC1+2 inhibition reduces VEGF-stimulated sprouting angiogenesis in
microvascular EC. HMEC-1 mounted on Cytodex beads were embedded in a fibrin gel as in
Fig 3, were treated by Ku 0063794 (50 nM), Rapamycin, or carrier, and stimulated with VEGF
for 18 hours. Representative images of angiogenic sprouting are shown in the upper panels.
Quantitation of the number of sprouts per bead (lower panel; n=4 independent experiments,

*P<0.05 by ANOVA, scale bar=95 um).
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Fig 3.7. mTORCT1 + 2 inhibition inhibits angiogenesis in vivo. Collagen gels containing VEGF

100 ng/mL, or VEGF + PP242 at the indicated concentration, were cultured on chick CAMs as
described in Methods. Newly formed vessels growing through the nylon mesh into the implant

(arrows) are identified.
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Fig 3.8. mTORC2 inactivation inhibits VEGF-mediated angiogenesis. HUVECs were
transfected with either of two small interfering RNAs (siRNAs) targeting rictor (siRict' and
siRict?) or a non-silencing siRNA (siNS) control. A) Representative Western blot of the effect of
rictor knockdown on rictor, and phospho-Akt. B) Quantitation of rictor and phospho-Akt (n=3
independent experiments, *P<0.05 by ANOVA). C) The effect of rictor knockdown on
angiogenic sprouting in vitro. HUVEC were transfected with siRict', siRict’, or siNS, then
mounted on Cytodex beads, embedded in a fibrin gel, and stimulated with 50 ng/ml VEGF as in
Fig 3. Representative images of EC sprouts after 18 hours incubation. D) Quantitation of the
number of sprouts per bead. E) Quantitation of the length of the sprouts (n=3 independent

experiments, *P<0.05 by ANOVA, scale bar=95 um).
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Fig 3.9. The effect of RNAi targeted to EC Aktl. HUVECs were transfected with non-
silencing (siNS) or siRNA against Aktl (siAktl). Representative Western blot of EC Aktl and

tubulin.
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Fig 3.10. mTORC2 inactivation reduces EC migration, matrix adhesion, and actin
polymerization. HUVECs were transfected with siRNA targeting Aktl (siAktl), rictor (siRict')
or raptor (siRapt). A) The ECs were seeded on gelatin-coated electrodes at equal density to reach
confluence. The recovery of electric impedance was measured following delivery of a high
electric current through an electrode to create a defect in the EC monolayer as described in
Methods. Data are represented as the relative rate of migration per hour versus the control (n=3
independent experiments, *P<0.05 by ANOVA). HUVECs were transfected with siRict', or
siAktl, or treated with PP242. B) The EC were seeded equally on gelatin-coated electrodes, then
adhesion was evaluated using electrical impedance measurements. Data are represented as the
relative rate of adhesion versus the controls (n=3 independent experiments, *P<0.05 by
ANOVA). C) The EC were serum-starved overnight, and stimulated with VEGF for 10 minutes
or not (upper left). Fluorescence images of phalloidin-stained filamentous (F)-actin (green) and
DNA (blue) are representative of 3 independent experiments illustrating a marked decrease in
VEGF-stimulated F-actin among mTORC2-inactivated EC. D) HUVECs were transfected with
siAktl, or siRict', or control siNS. The EC were stimulated with VEGF, then globular (G)-actin
and F-actin were separated as described in Methods. A representative Western blot illustrates the
relative abundance of the F-actin and G-actin in ECs. E) Quantitation of the F-/G-actin ratio (n=5

independent experiments, *P<0.05 by ANOVA).
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Fig 3.11. The effect of rictor, Akt, or raptor loss on endothelial cell migration. HUVEC were
transfected with siRNA against rictor, Akt, or raptor, then seeded on gelatin-coated electrodes at
high density and grown to confluence as described in Methods. The monolayer was focally
disrupted by an electrical pulse. Continuous electrical impedance values are shown.

Representative of 3 independent experiments.
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Fig 3.12. The effect of rictor, Akt, or raptor loss on endothelial cell adhesion. HUVEC were
transfected with siRNA against rictor, Akt, or raptor, or treated with PP242 as indicated. The EC
were then seeded on gelatin- coated electrodes as described in Methods. Continuous electrical

impedance values are shown. Representative of 3 independent experiments.
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Fig 3.13. mTORC2 inactivation inhibits focal adhesion kinase activity. HUVECs were
transfected with siRict' or siAktl, then stimulated with 20 ng/mL VEGF for 10 minutes as
indicated. A) A representative Western blot of EC phospho-focal adhesion kinase (P-FAK), total
FAK, total Aktl, total rictor and actin. B) Quantitation of P-FAK (n=4 independent experiments,
*P<0.05 by ANOVA). C) A representative Western blot of EC phospho-eNOS, and phospho-
Src, illustrates that mTORC?2 disruption, but not Aktl inactivation, blocks VEGF-stimulated Src
activation (n=3 independent experiments). Knockdown of either rictor or Aktl similarly blunts
eNOS phosphorylation. D) Quantitation of P-Src (n=3 independent experiments, *P<0.05 by
ANOVA). E) The effect of sustained mTORC1 or mTORC1/2 inhibition on EC FAK activation.
HUVECs were treated with PP242 or rapamycin and stimulated with VEGF overnight. A
representative Western blot of EC P-FAK, and P-S6K (n=3 independent experiments). F)

Quantitation of P-FAK (n=3 independent experiments, *P<0.05 by ANOVA).
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Fig 3.14. mTORC?2 inactivation inhibits focal adhesion formation. HUVECs plated on gelatin
matrix were transfected with small interfering RNA against rictor (siRict') or non-silencing
siRNA (siNS). A) Representative fluorescence image of EC immuno-stained for the formation of
vinculin-rich focal adhesions (green) and DNA (blue). B) Quantitation of the number of focal
adhesions per cell, of 100 ECs pooled from three independent experiments.
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Chapter IV: Facio-genital dysplasia-5 (FGDS5) regulates VEGFR2 coupling to
PI3K and trafficking

Abstract

Vascular endothelial growth factor (VEGF)-A signaling to the endothelial cell (EC) through
VEGF-receptor-2 (VEGFR?2) is the principal cue driving new blood vessels formation. VEGFA
is secreted by many cancer cells to promote angiogenesis and maintain blood supply to tumor
tissue. Facio-genital dysplasia-5 (FGDS5), a Rho-family guanine nucleotide exchange factor, is
selectively expressed in EC. Deficiency of FGDS is embryonically lethal in mice, and perturbs
angiogenesis and VEGF signal transduction. However, the mechanism of FGDS5 regulation of
VEGFA signaling is poorly understood.

Angiogenic sprouting, tumor angiogenesis, and EC cytoskeletal remodeling were evaluated in a
three dimensional in vitro model. We examined the subcellular localization of FGDS5 in EC by
immunofluorescent staining, and studied the association of FGDS with VEGFR2 by
immunoprecipitation.

FGDS5 deficiency reduced the number of angiogenic sprouts and tip cell filopodia by ~80% and
~70%, respectively. These defects were accompanied by down regulation of the expression of tip
cell-specific markers. FGDS5 inactivation led to a decrease in EC migration and early protrusion
(lamellipodia) formation. In resting and VEGF-stimulated EC, FGD5 forms a complex with
VEGFR2 and was enriched at the leading edge of the cells and among endosomes. FGD5 loss
reduced mammalian target of rapamycin complex2 (mTORC2)/Akt-dependent cortactin
activation downstream of VEGFR2, but did not alter VEGFR2 plasma membrane expression,
Y1175 phosphorylation, or endocytosis. However, FGDS5 loss decreased endosomal VEGFR2

coupling to PI3K and diverted VEGFR2 to lysosomal degradation. This indicates FGDS5

175



regulates VEGFR2 retention in recycling endosomes, and coupling to PI3K/mTORC2-dependent

cytoskeletal remodeling.

Key points:
*FGDS regulates VEGF-mediated angiogenesis
*FGDS is localized to the early and recycling endosomes

*FGDS protects VEGFR2 from degradation and regulates VEGFR2/PI3K coupling
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Introduction

Angiogenesis occurs during embryonic development to support tissue growth. In adults,
angiogenesis is pivotal in physiological processes such as wound healing, and contributes to
many pathologies, such as tumor growth and diabetic retinopathy '. Angiogenesis requires
endothelial cell (EC) polarization in the direction of neovessel sprout extension, to form finger-
like filopodia . These filopodia characteristically mark the tip cell that will lead the migration,
and are thought to sense the proangiogenic cues and direct the EC migration path . Tip cell
filopodia mediate capillary extension and anastomoses between adjacent vessels in the formation
of blood vessel networks *. Tip cells have a unique gene expression profile: they express
relatively high levels of Delta-like 4 (DLL4), vascular endothelial growth factor receptor 2
(VEGFR2) °, endothelial specific molecule-1 (ESMI) °, and CXC chemokine receptor 4
(CXCR4) °. Hence both cytoskeletal remodeling and a gene transcription program characterize

the angiogenic tip cell.

EC-specific growth factors and receptors drive EC differentiation into the tip cell. Of these, the
best studied is vascular endothelial growth factor-A (VEGFA) and its receptor VEGFR2.
Phosphorylation of the VEGFR2 tyrosine residue Y1175/1173 recruits the phosphoinositide 3-
kinase (PI3 kinase) signaling pathway ’, an event critical to the development of new vessels > '°.
The class IA PI3Ks stimulated by VEGFR2, consist of a catalytic subunit, and a regulatory
subunit !, p85, that mediates the interaction of PI3 kinase to VEGFR2 '*!*. The phosphorylated

lipid product of receptor-stimulated PI3 kinase activity, phosphatidylinositide-3,4,5 trisphosphate
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(PIP3), creates binding sites for the pleckstrin homology (PH) domains of Phosphoinositide-
dependent kinase 1 (PDK1) and Akt, and is found on the plasma membrane and early endosomes
415 Activated VEGFR2 is internalized by clathrin-dependent endocytosis, then either degraded
or recycled back to the plasma membrane '°. VEGFR2 endocytosis is controlled by several Rab-
family GTPases. Rab5 regulates VEGFR2 internalization and transfer to early endosomes '"'*,
Later, Rab4 and Rabl11 will drive VEGFR2 recycling, whereas Rab7 will direct VEGFR?2 to late
endosomes and subsequently to degradation '’. VEGFR2 continues to signal from within the
endosomes, and the receptor trafficking among these endosome compartments can affect signal
output from the receptor '**'.

In polarized EC, receptor signaling from the plasma membrane or the endosome may initiate
cytoskeletal remodeling involved in angiogenic sprouting. In the tip cell, filopodia arise from a
cortical actin base ****. The cortical actin polymerization is initiated by the actin related protein
(Arp) 2/3 complex, under the regulation of actin nucleation promoting factors (NPFs) **. One of

these is cortactin, which activates Racl 25

and in turn the Arp2/3 complex. Tyrosine
phosphorylation of cortactin is involved in the migration of EC ***’, and promotes VEGFR2-
mediated angiogenesis *°. Similarly, remodeling of the EC basement matrix contacts is required

. 2 . . . .
for EC movement and vessel formation *°. Focal adhesion kinase, a non-receptor tyrosine kinase

enriched at matrix contact sites, critically regulates remodeling of these adhesion structures.

Facio-genital dysplasia-5 (FGDS) is selectively expressed in EC, and is a member of the FYVE,
Rho GTP/ GDP exchange factor, and PH domain containing family 3031 Deletion of FGD5
expression results in early fetal loss, attributed to defective vascular development ****. The

FYVE domain is predicted to mediate interactions with phosphatidylinositol- 3’-phosphate ** and
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suggests a role in endosomal trafficking *>~’. In a previous report we showed that FGD5-loss
impairs angiogenesis and the activation of Akt 30. However, a mechanistic understanding of the
role FGDS plays in VEGF-mediated angiogenesis, and how it regulates the VEGF/ PI3 kinase/

Akt pathway are still to be determined.

In the current paper we sought to study the function of FGDS in the early events in angiogenesis,
and the role of FGDS in the regulation of VEGFR2 signaling. We report a marked inhibition of
VEGFA-dependent angiogenic sprouting and filopodia formation after FGD5 loss among
primary human EC spheroids. The resultant phenotype is accompanied by decreased expression
of the tip cell markers DLL4, VEGFR2, and CXCR4. These defects in EC cytoskeletal
remodeling are reflected in monolayer cultures as reduced EC migration and lamellipodia
formation. We show that FGDS is localized to the EC membrane ruffles, recycling endosomes,
and complexes with VEGFR2 in EC. Further, FGDS5 facilitates VEGFR2/PI3K coupling in the
endosome, regulates VEGFR2 PI3 kinase-dependent signaling to cortactin, and protects

VEGFR2 from lysosomal degradation.
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Results

FGDS deficiency inhibits VEGF-dependent sprouting angiogenesis and tip cell

specialization.

To recapitulate tumor angiogenesis in vitro, we co-cultured human umbilical vein EC-coated
micro-carrier beads with human renal cell carcinoma-coated beads in a three dimensional (3D)
fibrin gel. We reduced the expression of FGDS5 in the EC using RNA interference (Figure. 4.1
A). We observed EC sprouting stimulated by tumor cell-secreted angiogenic cues, however, the
sprouting was markedly impaired among FGD5-deficient EC-coated beads (Figure. 4.1 B, C).
Since vascular endothelial growth factor-A (VEGFA) potently induces angiogenesis, and
angiogenic tip cells via the receptor VEGFR2 °, we confirmed the effect of EC FGDS5 loss on
VEGFA-dependent sprouting angiogenesis. Compared to non-specific siRNA-treated controls,
FGDS loss lead to ~ 80% decrease in the number of sprouts, and shortened the formed sprouts by
~ 20% (Figure. 4.1 D, E). These results were replicated in Human microvascular endothelial
cells (HMEC1) using a different sequence of siRNA targeting FGDS5 (siFGD5#2) (Figure 4.2.).
Similarly, we examined the effect of FGDS5 deficiency on filopodia formation in 3D culture. We
found VEGF-stimulated filopodia formation was reduced by 70% among tip cells in the FGD5-
deficient EC cultures (Figure. 4.1 F, G). Moreover, the length of the filopodia was reduced by ~
40% (Figure. 4.1 G). These data indicate that FGDS is required in VEGFA-guided angiogenesis,
and FGDS5 loss is specifically associated with defective cytoskeletal remodeling during

endothelial tip cell formation.
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We investigated whether the defect in endothelial cytoskeletal remodeling due to FGD5 loss was
accompanied by altered expression of endothelial tip cell-specific markers: VEGFR2, Delta-like
ligand-4 (DLL4), CXC chemokine receptor 4 (CXCR4) and Endothelial specific molecule-1
(ESM1). First, to establish a model where the tip cell markers were highly induced, we compared
two dimensional (2D) to 3D cell cultures. VEGFR2, CXCR4 and DLL4 were detected by
Western blot among 2D cultures, but VEGFA stimulation did not change their expression. In
contrast, VEGF stimulation induced expression of these markers in 3D spheroid cultures (Figure.
4.3 A, B). To confirm these data, we isolated the RNA from the 3D EC cultures. RT-PCR
analysis showed 4-fold increase in the abundance of DLL4, ESM1 and CXCR4, and 2-fold
increase in VEGFR?2 after VEGF stimulation (Figure. 4.3 C). Next, we investigated the effect of
FGDS5 deficiency on the EC tip cell markers in 3D EC cultures. Compared to the controls, FGD5
loss reduced the expression of DLL4 by ~ 40 %, and slightly lowered VEGFR2 and CXCR4
expression (Supplemental Figure. 4.3 D, E). RT-PCR analysis showed a similar pattern of
decreased DLL4, VEGFR2 and CXCR4 expression (Supplemental Figure. 4.3 F). These data
show that FGDS5 regulates the VEGF-stimulated increase in the expression of tip cell genes
during 3D angiogenesis. Taken together with the observation of defective VEGF-stimulated
cytoskeletal remodeling, the data suggest FGDS5 loss impairs VEGF receptor coupling to signal

transduction pathway(s) required to mediate these events.

FGDS regulates EC migration and VEGFR2 signaling to the cytoskeleton.

181



Endothelial migration is initiated by lamellipodia formation, a process dependent on actin
polymerization. Of note, the activity of regulatory pathways for lamellipodia formation in
monolayer cultures is highly correlated to migration in 3 dimensional (3D) cultures **. Thus, we
sought to determine if FGDS5 loss is accompanied by migration defects in wounded EC
monolayers. The polarized edge of the migrating ECs following VEGFA stimulation revealed a
striking defect in lamellipodia formation after FGDS5 loss (Figure. 4.4 A). The defect in
lamellipodia formation in FGDS5-deficient cells was comparable to Racl- (an essential molecule

4445 Consistent with this

for lamellipodia formation) deficient cells (Figure. 4.5 A, B)
observation, VEGFA-stimulated closure of a scratch-wound in a confluent EC monolayer was
delayed among FGD5-deficient cells (Figure. 4.5 C and Figure. 4.4 B). Taken together, FGDS is

indispensable to EC cytoskeletal remodeling and in turn migration. This may contribute to the

defects in sprout extension after FGDS5 loss.

Next, we investigated the effect of FGDS loss on VEGFR2-dependent downstream signals
involved in cytoskeletal remodeling. We observed that FGDS loss markedly decreased p-
FAKY397 (Figure. 4.5 D, E). Further, we observed the VEGFA-stimulated phosphorylation of
cortical actin binding protein, cortactin on Y421, which promotes lamellipodia formation, was
reduced among FGD5-deficient EC (Figure 4.5 D, E) *°. Thus the defect in lamellipodia
formation evident as early as 10 minutes after polarizing the cells by the scratch-wound, were
temporally correlated with the decrease in FAK and cortactin phosphorylation 10 minutes after
VEGFA stimulation (Figure. 4.5 D, E). Further, in agreement with our previous report *° we
found a modest reduction in Akt S473 phosphorylation (data not shown). Focal adhesion kinase

Y397 phosphorylation after VEGF stimulation is dependent on PI3 kinase and mTORC?2 activity
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2 To determine if the cortactin Y421 phosphorylation defect is linked to PI3K/Akt signaling, we
genetically targeted Aktl with short interfering RNA, and replicated the defect in cortactin Y421
phosphorylation after VEGFA stimulation (Figure. 4.5 F, G). These results suggest FGDS5

regulates VEGFR2 coupling to PI3 kinase-dependent downstream signals in EC.

FGDS is associated with the leading edge and early endosomes.

Next, we studied FGDS5 subcellular localization in ECs. EC were stimulated with VEGF then
immunostained for FGDS5 and actin. FGDS5 co-localized to the actin-rich lamellipodia as well as
cytoplasmic structures (Figure. 4.6 A). To confirm this polarized compartmentalization of FGDS5,
EC were transfected to express GFP-tagged FGDS5, then we examined FGDS5 localization by live-
cell imaging of subconfluent EC monolayers. FGDS5 localized to the migratory leading edge
(Figure. 4.6 B). Since polarized VEGFR2 activation defines the leading edge of a migrating EC,
we evaluated if FGDS5 complexed with VEGFR2. When immunoprecipitated, FGD5 formed
complexes with VEGFR2 under VEGF stimulation (Figure. 4.7 A). Similarly, reciprocal
immunoprecipitation of VEGFR2 demonstrated association between VEGFR2, FGDS5 and p85
(Figure. 4.7 B). Taken together, these data suggest the FGDS5/VEGFR2 complex might assemble

at the cellular leading edge, or directly after VEGFR?2 is activated and undergoes endocytosis.

Since activated VEGFR? is targeted to early endosomes '°, we sought to investigate FGD5
colocalization with early endosomes, marked by Rab5. ECs were stimulated with VEGF then
fixed and immunostained for VEGFR2, FGDS5 and Rab5 simultaneously. We observed that

FGDS5 was colocalized with both VEGFR2 and Rab5 (Figure. 4.7 C). These results indicate that
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FGDS5 and VEGFR?2 are complexed shortly after VEGFR2 activation and become internalized in

a Rab5 positive early endosomal compartment.

Next, we sought to characterize the distribution of FGD5 among endosome compartments, i.e.
Rab4-, 11- or 7-associated vesicles. VEGF-stimulated ECs showed marked co-localization of
FGDS5 with the recycling vesicles labeled with Rab4, or Rabl1 after 30 minutes of stimulation
(Figure. 4.8 A, B). FGDS also co-localized to Rab7 vesicles but to a lower extent (Figure. 4.8 A,
B). Thus, FGDS5 is preferentially distributed among recycling endosomes. To confirm this
observation, we examined FGDS5 co-localization with the transferrin receptor, another marker for
early and recycling endosomes *’. As predicted, we found FGD5 co-localized with the transferrin

receptor in VEGF-stimulated ECs (Figure. 4.9).

It is known the VEGFR2 pool residing in the early endosomes is sorted either to Rab7 vesicles
for degradation, or Rab4/11 vesicles for recycling '"*. Since we have shown that FGD5 is
associated with VEGFR2 shortly after activation and is present among recycling endosomes,
these data suggest that FGDS could play a role in activated VEGFR2 endocytosis, trafficking,

and/or coupling to PI3 kinase.

FGDS does not regulate VEGFR2 activation or endocytosis.

To evaluate the effect of FGD5 loss on VEGFR2 activation we studied VEGFR2 Y1175
phosphorylation . After 10 minutes of VEGF stimulation, VEGFR2 Y1175 phosphorylation

among FGDS5-deficient EC was unchanged compared to control EC (Figure. 4.10 A, B). Further,
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at later time points after stimulation with VEGF the pattern of VEGFR2 Y1175 phosphorylation
was similar among the control and FGD5-deficient EC (Figure. 4.10 C, D). This indicates intact
VEGFR2 activity after FGD5 loss. However, we observed a decrease in the total VEGFR2
protein after 10 minutes of VEGF stimulation among the FGD5-deficient ECs (Figure. 4.10 C).

Hence, we hypothesized that FGDS5 loss alters VEGFR2 endocytosis and/or trafficking.

We studied the endocytosis of both the phosphorylated VEGFR2 Y1175 and the total VEGFR2.
Flow cytometry analysis of surface membrane VEGFR2 expression showed a decrease in
VEGFR?2 after one hour of VEGF stimulation, indicating receptor endocytosis. However, ECs
did not show any change in surface membrane VEGFR2 expression after FGDS5 loss (Figure.
4.10 E). Next, we investigated phospho-VEGFR2 Y1175 co-localization with Rab5 or EEAI,
markers of early endosomes *’, at 10 minutes after VEGF stimulation. The fraction of phospho-
Y1175 VEGFR2 co-localized with early endosomes did not change among FGDS5-deficient
versus control EC (Figure. 4.11 A-D). Taken together, FGDS5 deficiency did not alter VEGFR2
availability or activation by VEGF, and activated VEGFR2 underwent prompt endocytosis

despite FGDS loss.

FGDS loss targets VEGFR2 to lysosomal degradation.

FGDS5 loss decreased the level of VEGFR2 by 25% and 50% at 30 and 60 minutes of VEGF
stimulation, respectively (Figure. 4.12 A, B). This suggests that VEGFR2 is degraded more
quickly in the absence of FGDS5. Since protein degradation occurs mainly through the lysosomal

or proteasome pathway, we aimed to identify which system was involved in the increased
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degradation rate of VEGFR?2 in the absence of FGDS5. Treatment of HUVECs with the lysosome
inhibitor CA-074 (20 uM) *°, but not the proteasome inhibitor MG-132 (20 uM) **, protected
VEGRF2 from degradation after VEGF stimulation (Figure. 4.12 C. D and Figure 4.13).
Similarly, CA-074, but not MG-132, rescued the accelerated degradation of VEGFR2 associated
with FGDS5 deficiency (Figure. 4.12 C, D). Consistent with this observation, we find that the
fraction of VEGFR2 co-localized with Rab7 vesicles among FGD5-deficient ECs was more than
double of that in the control ECs (Figure. 4.13 A, B, C). Together, these two lines of evidence

indicate that VEGFR?2 retention in early endosome compartments is mediated by FGDS5.

FGDS is required for efficient VEGFR2 and PI3K coupling.

The early endosome compartment is a VEGFR2/PI3K coupling site, and we detected both FGD5
and VEGFR2 complexed with p85 (Figure. 4.7 B), the regulatory subunit of PI3K. Therefore, we
hypothesized that FGDS is required for VEGFR2/PI3K coupling. After VEGF stimulation we
noticed a robust decrease in VEGFR2/p85 coupling by anti-VEGFR2 immunoprecipitation in
FGDS5-deficient EC (Figure. 4.15 A, B). Further, immunostaining showed markedly reduced p85
colocalization with phospho-Y1175 VEGFR2 in early endosomes among FGDS5-deficient EC
(Figure. 4.15 C, D). However, p85 coupling to phospho-Y 1175 VEGFR2 on the membrane was
intact (Figure. 4.15 C). These results indicate that FGDS is critical for VEGFR2/PI3K coupling

in the early endosome compartments.
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Discussion

Pro-angiogenic signaling to the endothelial cell through the VEGF receptor-2 is critical for
developmental angiogenesis and has been targeted in the adult to block neoangiogenesis required
for tumor growth. VEGFR2 coupling to the PI3 kinase pathway in the EC is essential to support
new vessel development. In earlier work, we identified the endothelial-restricted Rho GTP-GDP
exchange factor, FGDS5, as a regulator of the PI3 kinase pathway recruitment after VEGF
stimulation *°. In vivo, loss of VEGFR2, PI3 kinase-alpha, and FGDS5 are each associated with

failed embryonic vascular development and embryonic demise.

In the current work, we identify that loss of FGDS5 induced by RNA interference in human ECs
markedly impairs angiogenic sprouting to tumor cell-secreted growth factors or VEGF. FGD5
loss reduces filopodia and sprout extension from tip cells in 3D endothelial spheroid cultures,

and lamellapodia extension in monolayer culture. We link these events to VEGF-stimulated, P13

49,50 26,28

kinase-dependent phosphorylation of focal adhesion kinase and cortactin , proteins
known to regulate cytoskeletal remodeling, and show the pathway requires FGDS5 expression.
We demonstrate that VEGFR2, PI3 kinase, and FGDS5 associate in a complex, and localize the
complex formation to the endosome compartment. Strikingly, FGDS is required for recruitment
of PI3 kinase to activated VEGFR2, and for VEGFR2 trafficking through recycling endosomes.
In this way, FGD5 functions to shape VEGFR2 downstream signaling in the endothelial cell by

modifying the signal output, and the function of the receptor for sustained signal propagation to

enable cytoskeleton remodeling.
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VEGFR2 undergoes clathrin-mediated endocytosis after stimulation with VEGFA, and rapidly
enters Rab5-, and EEAl-positive endosomes "% A large fraction of the receptor is then
recycled to the cell surface sequentially via Rab4- and Rabll endosomes. Alternatively, the
remaining VEGFR2 can be degraded by the proteasome or sorted from Rab5- or Rab4- through

19,53-55

Rab7-endosomes for lysosomal degradation . Dysregulated trafficking of the activated

receptor through these compartments impairs vascular development 2.

After FGDS5 loss, we observe no reduction in the cell-surface level of VEGFR2 assessed by flow
cytometry. However, the overall abundance of VEGFR2 in the EC after receptor activation is
decreased in the setting of FGDS5 knockdown. Inhibition of lysosomal proteases rescues this
effect of FGDS5 loss on VEGFR2, suggesting FGDS5 loss preferentially shunts VEGFR2 to the
lysosomal degradation pathway. Consistent with this observation, FGDS5 loss increases the
fraction of VEGFR2 co-localized to Rab7-positive vesicles, indicating FGDS5 functions to retain
VEGFR2 in the recycling endosome compartments. Few regulators of this VEGF receptor
sorting are known. NRPI1, a co-receptor for VEGFA, interacts with VEGFR2 and favours
VEGFR2 transfer to recycling Rabl1 endosomes . Further, VEGFR2 de-ubiquitinylation by
USP8, promotes VEGFR2 recycling and signaling >>. Conversely, serine phosphorylation of the
PEST domain of VEGFR2, and recruitment of PDCL3 are implicated to guide receptor

trafficking toward the degradation pathway >**’

. This dephosphorylation and recycling of the
activated VEGFR2 from the early endosome to the plasma membrane is a feature of VEGFR2
distinct from the degradation typical of other activated receptor tyrosine kinases in EC '°. The

molecular events relating FGDS5 function to direct receptor sorting away from Rab7-vesicles

requires further investigation. However, FGDS5 represents an endothelial-restricted molecule
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specialized to guide the cell-type-specific adaptation of VEGFR2 endosomal storage and

trafficking.

Internalization of VEGFR2 by endocytosis is known to promote stable, sustained signaling
events. Activation of VEGFR2, reflected by Y1175 phosphorylation, is required to recruit PI3
kinase pathway signaling ***. The VEGFR2/PI3K coupling is found in Rab5-endosomes, and is
extinguished by the time VEGFR?2 traffics to the Rabl1-endosome . Perturbation of endocytic
trafficking of VEGFR2 is associated with altered signaling. For example, retention of VEGFR2
to the plasma membrane, by association with VE-cadherin, promotes receptor de-
phosphorylation **. Moreover, delayed endocytosis induced by loss of Numb activity is also
associated with decreased Akt phosphorylation despite VEGF receptor activation . Indeed,
essential VEGFR2 signaling occurs from EEA 1+ subcellular compartments, upstream of Rab 11-
or Rab 7-labelled endosomes, since knockdown of either Rab GTPase rescues the effect of
disordered VEGFR2 traffic *'. Signaling may even persist in the Rab7 endosome, since lysosome
pharmacological inhibition prolongs Akt phosphorylation **. Our data indicate the Rab5/ EEA1-
positive endosome as the principal subcellular location of the assembly of a VEGF-stimulated
PI3 kinase signaling complex involved in VEGF-stimulated polarized remodeling of the cell

cytoskeleton.

Spatial receptor signaling contributes to cell polarization and directed migration. We observe that
FGDS5 is enriched at the lead edge of the EC in subconfluent culture, and regulates polarized
lamellae extension and EC migration. Consistent with this impaired EC cytoskeletal remodeling,

activation of both cortactin and FAK are impaired by FGDS5 loss. We determine that both VEGF-
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stimulated cortactin and FAK activation requires PI3 kinase activity in the EC **. VEGF-
stimulated recruitment of these molecules is dependent on engagement of the co-receptor NRP1
6102 "and requires VEGFR2 phospho-Y1175-dependent PI3 kinase activity >°. Loss of FGD5 does
not affect phospho-Y 1175 VEGFR2 endocytosis, but decreases PI3 kinase association with the
activated VEGFR2 in co-immunoprecipitation of whole cell lysates. Further, we provide direct
evidence that FGDS5 loss is associated with decreased recruitment of PI3 kinase, p85, to phospho-
VEGFR2 in the EEAl+ endosome. Taken together, these observations indicate polarized
cytoskeletal remodeling in the EC are dependent on early endosome assembly of PI3 kinase with

VEGFR?2, and recruitment of mTORC2-dependent pathways **.

In summary, we identify the function of FGDS5 in regulation of tip cell-cytoskeletal remodelling
in VEGF-guided sprouting angiogenesis. Moreover, we identify a novel role for FGDS5 to
regulate the coupling of PI3K to activated VEGFR2 in the early endosome compartment, and to
retain VEGFR2 in recycling endosome compartment. These data indicate that FGDS is a

potential target to regulate pathological angiogenesis.
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Figure 4.1. FGDS5 loss inhibits sprouting angiogenesis, filopodia formation and endothelial
migration. Human umbilical vein endothelial cells HUVECs were transfected with non-
silencing siRNA (siNS) or siRNA against FGDS5 (siFGD5). A) A representative image of FGDS5
and Tubulin Western blot. To Evaluate EC angiogenic sprouting to tumor-derived growth factors
in vitro, FGDS5 deficient HUVECs or control HUVECs were mounted on Cytodex beads (green)
and were embedded with renal cell carcinoma cell-coated beads (red) in 3D fibrin gels as
described in Methods, and co-cultured without additional growth factor supplementation. B)
Representative images of EC sprouts after 18 hours incubation. C) Quantitation of the length and
number of sprouts per bead (n=3 independent experiments, *P<0.05 by student t-test). Cytodex
beads coated with FGDS5 deficient HUVECs or control HUVECs were embedded in fibrin gel
supplemented with M199+ 8% FBS+ 50ng/m VEGF. D) Representative images of HUVECs
sprouting after 18 hours incubation. E) Quantitation of number of sprouts per bead and length of
sprouts (n=3 independent experiments, *P<0.05 by student t-test). F) Representative images of
filopodia formed from FGDS5 deficient tip cells and control tip cells. G) Quantitation of number
of filopodia/ tip cell and length of filopodia (n=3 independent experiments, *P<0.05 by student t-

test).
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Figure 4.2. FGDS5 loss inhibits sprouting angiogenesis in HMEC1. Human Microvascular
endothelial cells HMEC1 were transfected with non-silencing siRNA (siNS) or siRNA against
FGDS5 (siFGD5#2). A) A representative image of FGDS5 and Actin Western blot. Cytodex beads
coated with FGDS5 deficient HMEC1 or control HMEC1 were embedded in fibrin gel
supplemented with M199+ 8% FBS+ 50ng/m VEGF. B) Representative images of HMECI1
sprouting after 18 hours incubation. C) Quantitation of number of sprouts per bead and length of

sprouts (n=3 independent experiments, *P<0.05 by student t-test).
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Figure 4.3. FGD5-deficient tip cells express less tip cell markers. HUVECs were grown in a
two dimensional culture (2D) or a three dimensional (3D) culture, then incubated with VEGF
(50ng/ml) as indicated. Protein and RNA were extracted from the 2D culture and from the
sprouting HUVECs in 3D culture, then analyzed by Western blot or RT-PCR for the expression
of DLL4, ESM1, VEGFR2 and CXR4. A) Representative image of VEGFR2, DLL4, CXCR4,
ESMI1 and actin Western blot. B) Quantitation of DLL4, ESM1, VEGFR2 and CXCR4 (n=3
independent experiments, *P<0.05 by ANOVA). C) Quantitation of the fold change in DLLA4,
ESM1, VEGFR2 and CXCR4 expression by RT-PCR (n=3 independent experiments, *P<0.05 by
ANOVA). HUVECs were transfected with non-silencing siRNA (siNS) or siRNA against FGD5
(siFGDS5). Protein and RNA were extracted from sprouting FGDS5-deficient HUVECs and
sprouting control-HUVECs, then analyzed by Western blot or RT-PCR for the expression of
DLL4, VEGFR2, CXR4 and FGDS5. D) Representative image of FGDS, VEGFR2, DLLA4,
CXCR4 and actin Western blot. E) Quantitation of DLL4, VEGFR2, CXCR4 and FGDS5 (n=3
independent experiments, *P<0.05 by ANOVA). F) Quantitation of the fold change in DLLA4,
VEGFR2, CXCR4 and FGDS5 expression by RT-PCR (n=3 independent experiments, *P<0.05 by

ANOVA).
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Figure 4.4. FGDS inhibition negatively regulates HUVECs migration and lamellipodia
formation. HUVECs were transfected with non-silencing siRNA (siNS), siRNA against FGD5
(siFGD5) or siRNA against Racl (siRacl). FGD5-deficient and Racl-deficient HUVECs were
subjected to protrusion assay as described in materials and methods, and compared to VEGF-
stimulated or unstimulated control HUVECs. A) Representative images of cellular protrusions
(lamellipodia) at 0 min (white line) and 10 min (yellow line) showing reduction in lamellipodia
formation in the Rac-deficient and FGDS5-deficient HUVECs.

FGD5-deficient and control HUVECs were subjected to migration assay as described in

materials and methods. B) Representative images of migration assay at 0, 4 and 8 hours.
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Figure 4.5. FGDS inhibition perturbs cortactin phosphorylation. HUVECs were transfected
with non-silencing siRNA (siNS), siRNA targeting Racl (siRacl), or siRNA targeting FGD5
(siFGDS5). A) Representative image of Racl and tubulin western blot. FGD5-deficient and Racl-
deficient HUVECs were subjected to protrusion assay as described in materials and methods, and
compared to VEGF-stimulated or unstimulated control HUVECs. B) Quantitation of protrusion
surface area (n=3 independent experiments, *P<0.05 by ANOVA). FGDS5-deficient and control
HUVECs were subjected to migration assay as described in materials and methods. C)
Quantitation of cellular migration for 8 hours after the scratch (n=4 independent experiments).
HUVECs were transfected with non-silencing siRNA (siNS), siRNA targeting FGDS5 (siFGDSY)
or Akt (siAkt) then stimulated with 30ng/ml VEGF for 10 minutes. D) Representative image of
FGDS5, phospho-cortactinY421 (p-cortY421), total cortactin (cort), phospho-FAKY397 (p-
FAKY397), total FAK and Actin Western blot. E) Quantitation of p-cortY421 and p-FAKY397
(n=3 independent experiments, *P<0.05 by ANOVA). F) Representative image of phospho-
cortactinY421 (p-cortY421), total cortactin (cort), total Akt and Actin Western blot. G)

Quantitation of p-cortY421 (n=3 independent experiments, *P<0.05 by ANOVA).

199



Fig4. 6

Figure 4.6. FGDS is localized to EC leading edge. HUVECs were stimulated with VEGF for
30 minutes then fixed and immunostained for actin (red), FGDS5 (green) and DAPI (blue). A)
Representative images of FGDS5 colocalized with actin at the leading edge with 63X objective
lens. Scale bar: 8um. Human microvascular endothelial cells (HMEC-1) were transfected by EX-
FGD5-GFP-M29 plasmid (FGDS5) to over express FGD5-GFP, or by the control EX-GFP-M29
plasmid (GFP). B) Representative images of FGD5-GFP or GFP over expression in HMECI1 (n=

30 cells from 3 independent experiments).
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Figure 4.7. FGDS is associated with VEGFR2. HUVECs were stimulated with VEGF for 30
minutes then cells were lysed and FGD5 or VEGFR2 were immunoprecipitated. A)
Representative image of FGDS5, VEGFR2 and p85 Western blot after immunoprecipitating
VEGFR2. Total cell lysate (TCL) shows the basal level of VEGFR2 and actin. B) Representative
image of FGDS5 and VEGFR2 Western blot after immunoprecipitating FGDS5. Total cell lysate
(TCL) shows the basal level of FGDS, VEGFR2 and actin. C) HUVECs were starved overnight,
stimulated with 30ng/ml VEGF for 30 min then fixed and stained for FGDS5 (green), VEGFR2

(red) and Rab5 (cyan). FGDS5 and VEGFR2 colocalized with Rab5 (arrows). Scale bar: 5.5um.
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Figure 4.8. FGDS is colocalized with the recycling Rab vesicles (Rab4, 11) more than the
degradation Rab vesicles (Rab7). A) HUVECs were starved overnight, stimulated with
30ng/ml VEGF for 30 min then fixed and stained for FGD5 (green), Rab7/4/11 (red), and
Actin/DAPI (blue). FGDS5 colocalizes with Rab4 and Rabl1 (arrows) more than Rab7 (arrow
heads). Scale bar: 8um. B) Quantitaion of the colocalization of FGD5 with the indicated Rab
vesicles by pearson’s correlation. The bars represent the mean of three random regions of interest
per cell. At least 45 cells per group were pooled from three different experiments (n=3
independent experiments, *P<0.05 by ANOVA). Random colocalization was excluded by

quantitation of FGDS5 colocalization with actin.
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Fig 4.9

Figure 4.9. FGDS and VEGFR2 are colocalized with transferrin receptor (early and
recycling endosomes marker). A) HUVECs were starved overnight, stimulated with 30ng/ml
VEGF for 30 min then fixed and stained for FGD5 (green), VEGFR2 (green), transferrin
receptor (Trans) (red), DAPI (blue). Both FGD5 and VEGFR2 colocalize with Trans. Scale bar:

gum.
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Figure 4.10. FGDS5 loss does not affect VEGFR2 phosphorylation or membrane expression
in HUVECs. HUVECs were transfected with non-silencing siRNA (siNS) or siRNA against
FGD5 (siFGDS5). After 18 hours of starvation, HUVECs were stimulated by 30 ng/ml VEGF at
the indicated time points. A) Representative P-VEGFR2, VEGFR2 and actin Western blot. B)
Quantitation of P-VEGFR2 (n=3 independent experiments, *P<0.05 by ANOVA). To study the
effect of FGDS5 loss on the longer time points of VEGF stimulation, cells were stimulated for 60
min. C) Representative P-VEGFR2, VEGFR2 and actin Western blot. D) Quantitation of P-
VEGFR2 (n=3 independent experiments, *P<0.05 by ANOVA). siNS or siFGD5 HUVECs were
starved overnight then stimulated with VEGF (30 ng/ml) for one hour. E) Quantitation of
membrane VEGFR2 expression by flowcytometry (n=3 independent experiments, *P<0.05 by

ANOVA).
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Figure 4.11. FGD5 loss does not affect VEGFR2 endocytosis. Control (siNS) or FGDS5-

deficient HUVECs (siFGDS5) were starved overnight, stimulated with VEGF (30 ng/ml) for 10

min then fixed and stained for phospho-VEGFR2Y1175 (green), early endosome antigen 1 (EEA1)
(red) and DAPI (blue). A) Representative images of no change in p.VEGFR2 colocalization with
EEA1 after FGDS5 loss. B) Quantitation of p.VEGFR2 colocalization with EEA1 by pearson’s
correlation. Data represents the mean colocalization from 45 cells pooled from three different

experiments. siNS or siFGD5 HUVECs were starved overnight, stimulated with VEGF (30

ng/ml) for 10 min then fixed and stained for phospho—VEGFR2Yll75 (green) and Rab5 (red). C)
Representative images of no change in p.VEGFR2 expression on the cell membrane nor in
p.VEGFR2 colocalization with Rab5 after FGDS5 loss. D) Quantitation of p.VEGFR2
colocalization with Rab5 by pearson’s correlation. Data represents the mean colocalization from

45 cells pooled from three different experiments.
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Figure 4.12. FGDS loss reduces total VEGFR2 levels in HUVECs. HUVECs were transfected
with non-silencing siRNA (siNS) or siRNA against FGDS5 (siFGDS5). After 18 hours of starvation
HUVECs were stimulated by 30 ng/ml VEGF at the indicated time points. Under resting
condition, VEGFR?2 level did not chang excluding any change in protein synthesis after FGDS5
loss. A) Representative FGD5, VEGFR2 and Tubulin Western blot. B) Quantitation of VEGFR2
(n=5 independent experiments, *P<0.05 by two-way ANOVA).

FGDS5-deficient HUVECs or control HUVECs were incubated with CA-074 (20 uM) or MG-132
(20 uM) for one hour then stimulated with VEGF at the indicated time points. C) Representative
VEGFR2 and Tubulin Western blot. D) Quantitation of VEGFR2 (n=5 independent experiments,

*P<0.05 by two-way ANOVA).
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Figure 4.13. Lysosomal inhibition rescues total VEGFR2 level in HMEC1. HMEC1 were
transfected with non-silencing siRNA (siNS) or siRNA against FGD5 (siFGD5#2). FGDS5-
deficient HMECI1 or control HMEC1 were incubated with the lysosome inhibitor CA-074 (20
um; Lys. Inh) for one hour then stimulated with VEGF at the indicated time points.
Representative VEGFR2 and Tubulin Western blot showing a decrease in VEGFR2 level after

stimulation with VEGF. In addition, the lysosome inhibitor could rescue VEGFR2 even after

FGDS5 loss.
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Figure 4.14. FDGS loss targets VEGFR2 to the degradation Rab vesicles (Rab7). Control
(siNS) or FGD5-deficient HUVECs (siFGDS5) were starved overnight, stimulated with VEGF (30
ng/ml) for 30 min then fixed and stained for VEGFR2 (green), Rab7 (red) and DAPI (blue). A)
Representative images of minimal colocalization of VEGFR2 with Rab7 in siNS HUVECs. B)
Representative images of extensive colocalization of VEGFR2 with Rab7 in siFGD5 HUVECs.
Scale bar: 8um. C) Quantitation of the colocalization of FGDS5 with Rab7 vesicles by pearson’s
correlation. The bars represent the mean of three random regions of interest per cell. At least 45
cells per group were pooled from three different experiments (n=3 independent experiments,

*P<0.05 by student t-test).

214



A IP: VEGFR2
lgG siNS siFGD

VEGFR2
P85

p85 (Fold change) 9

FGD5
VEGFR2Z|[ s s s

______

v
o
»

p85 / EEA1

siNS  siFGD5

215



Figure 4.15. FDGS loss decreases VEGFR2/p85 coupling. Control (siNS) or FGDS5-deficient
HUVECs (siFGDS5) were incubated with VEGF (30 ng/ml) overnight. HUVECs were lysed and
VEGFR2 was immunoprecipitated. A) Representative image of VEGFR2 and p85 Western blot
after immunoprecipitating VEGFR2. Total cell lysate (TCL) shows the basal level of FGDS,
VEGFR2, p85 and actin. B) Quantitation of p85 immunoprecipitated with VEGFR2 (n=3
independent experiments, *P<0.05 by student t-test).

Control (siNS) or FGDS5-deficient HUVECs (siFGDS5) were starved overnight, stimulated with
VEGF (30 ng/ml) for 10 min then fixed and stained for phospho Y1175 VEGFR2 (P.VR2)
(green), p85 (red), EEAl (cyan) and DAPI (blue). C) Representative images of
P.VR2/EEA1/p85 colocalization in the cytosol (dashed-frame boxes) and P.VR2/p85
colocalization on the plasma membrane (solid-frame boxes). Arrows are showing P.VR2 positive
EEAT1 vesicles. Scale bar: 8um. D) Quantitaion of the colocalization of p85 with the EEAI
vesicles by pearson’s correlation. At least 45 cells per group were pooled from three different

experiments (n=3 independent experiments, *P<0.05 by student t-test).
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Chapter V: FGDS regulates GPCRs signaling to PI3K

Abstract

Facio-genital dysplasia 5 (FGDS5) regulates vascular endothelial growth factor- (VEGF) mediated
angiogenesis. However, the role of FGDS5 to regulate other pro-angiogenic signaling pathways
that co-operate with VEGF has not been explored. Here, we identify a novel role of FGDS5 to
control G protein-coupled receptor (GPCR) signaling.

Angiogenic sprouting was evaluated in a three dimensional in vitro model. We examined the role
of FGDS5 to regulate GPCRs in two different EC cell lines by Western blot and
immunofluorescent staining.

Stromal cell-derived factor 1 (SDF1; CXCL12) has a similar angiogenic potency to VEGF. Dual
stimulation of endothelial cells (EC) with SDF1 and VEGF had synergic effect on angiogenesis
more than VEGF alone. FGDS5 loss in EC abolished the SDF1 angiogenic effect and SDF1
signaling to phosphatidylinositol (PI) 3 Kinase-f and Akt Cdc42 inhibition, a Rho guanine
nucleotide exchange factor required for PI3 Kinase- 3 activity, recapitulated the signaling defects
of FGDS5 deficiency, indicating that FGDS may control PI3 Kinase- 3 activity through Cdc42.
Similarly, FGD5 deficiency blocks Apelin- but not sphingosine 1 phosphate (S1P)-stimulated
phosphorylation of Akt, indicating FGDS5 selectively regulates GPCR signaling. FGDS5 loss did
not affect CXCR4, the SDF1 receptor, expression. Further, FGDS5 loss did not affect SDF1-
stimulated MAP Kinase signaling. Subcellular localization of PI3 Kinase- B to the early
endosomes occurred normally after SDF1 stimulation of FGD5-deficient EC. However,

endosome display of S473-phosphorylated Akt, was absent in FGDS5-deficient EC. Failure of Akt
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activation at the PI3 Kinase- B positive endosomes suggests a defect in PI3 Kinase- 3 activity
after FGDS loss. This study identifies a novel role of FGDS5 in regulating GPCR signaling to PI3
Kinase- B, and suggests FGD5 as a convergence node regulating multiple angiogenic pathways

that may serve as a potential target for anti-angiogenic therapy.

Introduction

Understanding the signaling molecules that regulate angiogenesis can help to develop therapies
for diseases characterized by hyper- or hypo-vascularity’.

Tumors not only stimulate angiogenesis, but the formed blood vessels are abnormal in structure
and function . Tumor vessels are tortuous, connect to one another randomly, branch irregularly
and are not fully differentiated into arterioles and venules *~. Similarly, endothelial cells (EC) in
the tumor vasculature lose their polarity, migrate away from the basement membrane with
leading tip cells penetrating deep into the tissue. Vascular endothelial growth factor (VEGF) is
the key angiogeneic factor that stimulates EC growth, migration, permeability, lumen formation,
and survival 7. High levels of VEGF correlate with vessel abnormalities in tumors '*'%, These
observations have led to the notion that targeting tumor angiogenesis by VEGF pathway
inhibition may prevent tumor growth.

VEGF receptor-2 (VEGFR?2) is a receptor tyrosine kinase (RTK). Binding of VEGFR2 by its
ligand (VEGF) activates phosphatidylinositide 3-kinase (PI3K) activity . PI3Ks are divided into
three classes according to their structural and substrate specificity ' Of these, the most
commonly studied is class I PI3K that is further divided into: class IA isoforms, which are

variably activated by RTKs, G protein-coupled receptors (GPCRs) and the small GTPase Ras;
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and the single class IB isoform, which is only activated by GPCRs . The latter plays a minor role
in EC compared to Class IA ' Class IA PI3K consists of a p110 catalytic subunit and a p85
regulatory subunit. EC express all three isoforms of the class IA PI3K, named according to their
catalytic subunits: a., B, 8 '"'®. The lipid kinase activity of PI3K-a. is regulated by RTKs and
Ras, which binds directly to the Ras-binding domain (RBD) on the catalytic subunit **°. In
contrast, PI3K-f is less sensitive to activation by RTKSs, but is an important downstream effector
of GPCR signals *'**. Instead of Ras, Rac 1 and Cdc42 from the Rho family of small GTPases
binds and activates PI3K- via a Rho Binding Domain **. Of note, PI3K-o. and -p are highly
expressed in immortalized mouse cardiac EC and human umbilical vein EC (HUVECs), and
studies have shown an essential function of class I PI3Ks in vascular development and

. . 2425
angiogenesis

. Thus, PI3K could be a potential target to regulate VEGF-mediated
angiogenesis.
Stromal cell-derived factor-1 (SDF1; CXCL12) was identified as a chemokine that induces the

2629 and hematopoietic progenitor cells **°'. SDF1

chemotaxis of lymphocytes, monocytes
deletion in mice is lethal shortly after birth with vascular defects noted in the gut and kidney
microvasculature *>. SDF1 binds specifically to the GPCR CXCR4, which is expressed on
lymphocytes, monocytes, neutrophils, and epithelial cells **~*. CXCR4 was recently found to be
expressed on various human EC **?7. Furthermore, SDF1 induces angiogenesis in vitro and in
vivo ****. VEGF or FGF induce the surface expression of CXCR4 only on EC, and increase EC
migration and angiogenesis in response to SDF1 ***’. Moreover, the SDF1/CXCR4 pathway also
affects tumor angiogenesis independently of the VEGF pathway *™**. On the basis of these

findings, multiple agents are currently being developed to target the SDF1 pathway in cancer.

However, blockade of the SDF1 pathway has minor tumor suppression effects on established
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tumors. Moreover, CXCR4 antagonists inhibited tumor growth in some cases ***°, but were
ineffective in others *’*. Thus, these preclinical studies suggest that blocking the SDF1 pathway
solely may not be sufficient or universally effective, but may be useful against certain solid
tumors.

Facio-genital dysplasia-5 (FGDS5) is a member of FYVE, RhoGEF, and PH domain-containing
family, which is robustly expressed in highly vascularized organs and especially in EC ***'. The
Rho guanine nucleotide exchange factor (GEF) domain induces Rho GTPase activity by
exchanging GTP for GDP and may be specific for Cdc42 *°. Among RhoGEFs, a PH domain
typically accompanies the Rho GEF domain that mediates exchange factor activity. The PH
domain is thought to play a crucial role in recruiting the protein to the cell membrane >*. The
FYVE domain may increase the binding specificity or alter sub-cellular localization of FGDS5 as
it likely mediates interactions with phosphatidylinositol- 3’-phosphate *°. Recently, FGD5 has
been heavily investigated to elucidate its physiological significance in EC. In a previous report
we showed that FGD5-loss negatively regulates VEGF/PI3K pathway, and angiogenesis in 3
dimensional (3D) angiogenesis assay, and in vivo °'. Further, the observation that FGD5 null
mice do not survive beyond embryonic day 12 (E12) >* and the robust expression of FGD5 in
aorta-gonad mesonephros of mice embryos, which is the origin of the aorta >*, and vascular
endothelial cells suggest that FGD5 may have a pivotal role in vascular development and
angiogenesis. Taken together, we hypothesize that FGDS5 may represent a convergence node to
signals from VEGFR2 and CXCR4, and is required for tumor angiogenesis. In the current study,

we investigated the role of FGDS in regulating GPCR signalling, with emphasis on CXCR4.
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Results

SDF1 is an pro-angiogenic stimulant as potent as VEGF

To investigate the role of SDF1 as an angiogenic stimulant we compared the number and length
of the formed tip cells in a three dimensional (3D) fibrin matrix after stimulating endothelial
cells (EC) with vascular endothelial cell growth factor (VEGF) (50ng/ml) or SDF1 (100ng/ml).
In human umbilical vein EC (HUVEC), both VEGF and SDF1 exert a similar effect on tip cell
sprout formation (Fig. 5.1A, B). However, after priming HUVEC or human microvascular EC
(HMEC-1) with VEGF to increase endothelial CXCR4 expression *°, SDFI stimulation
increased sprouting more than VEGF alone (Fig. 5.1C; Fig. 5.2A, B). VEGF priming led to more
than 30% increase in the number of tip cell sprouts in the SDF1 stimulated HUVEC (Fig. 5.1D).
Similarly, adding SDF1 to VEGF increased HUVEC and HMEC-1 migration more than VEGF
alone in the scratch wound-healing assay (Fig. 5.1E, F). Taken together, SDF1 is a potent

angiogenic stimulant that potentiates VEGF-mediated angiogenesic sprouting.

FGDS and CXCRA4 are required for SDF1 angiogenic effect

Although CXCR4 is the specific receptor for SDF1, there is evidence that SDF1 can also bind to
CXCR7 °7. Thus, to determine if the SDFIl-mediated angiogenesis is CXCR4 dependent,
HUVECs and HMEC-1 were transfected with non-silencing short interfering (si)RNA, or siRNA

against CXCR4. Targeting CXCR4 with siRNA led to a dramatic reduction in CXCR4
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expression (Fig. 5.3B). Both CXCR4-deficient HUVEC and HMEC-1 showed ~70% reduction
in tip cell sprout formation (Fig. 5.3 C-F).

Next, to investigate if Facio-genital dysplasia 5 (FGDS5) regulates SDF1/CXCR4 mediated
angiogenesis, we performed FGDS5 loss of function experiments. Targeting FGD5 with siRNA
markedly reduced FGD5 expression in EC (Fig. 5.3 A), and led to a pronounced reduction in tip
cell sprout formation and sprout length in both HUVEC and HMEC-1 (Fig. 5.3 C-F). Therefore,
EC CXCR4 critically mediates the pro-angiogenic effect of SDF1. Moreover, FGDS is required

for the SDF1/CXCR4 pro-angiogenic effect.

FGDS acts upstream of mTORC2 and Akt

839 “and is a key regulator

Focal adhesion kinase (FAK) is essential for vasculogenesis in mice
of cell-matrix adhesion and cytoskeleton remodelling in response to growth factor signals™. In a
previous report, we showed that PI3K-dependent mTORC2 activity regulates FAK Y397
phosphorylation, independent of Akt ®. Therefore, we investigated the effect of FGD5 loss on
FAK Y397-, and Akt S473- phosphorylation as read-outs of mTORC?2 and upstream PI3K
activity. SDF1-induced FAK Y397 auto-phosphorylation and Akt S473 phosphorylation were
both reduced in FGD5-deficient HUVEC, and HMEC-1 monolayers compared to controls (Fig.
5.4A-F). This indicates that FGD5 regulates the SDF1/PI3K pathway upstream of Akt and
mTORC2. Of note, PI3K[-inhibited EC had reduced Akt activity after SDF1 stimulation (Fig.
5.4G) but not after VEGF stimulation indicating a crucial role of PI3Kf in mediating CXCR4
signaling to Akt.

To investigate if FGDS5 loss has a broader impact on other GPCR signalling, we tested the effect

of endothelial FGDS5 loss on the response of the Apelin receptor and the sphingosine-1-
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phosphate (S1P) receptor to their ligands. Apelin and S1P are known to play pivotal role in

6192 T EC, SIP has previously been demonstrated to couple to PI3Kp activity .

angiogenesis
Interestingly, we found FGDS5 loss regulated Apelin-, but not SIPR1- mediated signalling to Akt
(Fig. 5.5A-C). Further, PI3K pharmacological inhibition with the isoform-selective inhibitor
TGX-221 * blocked Apelin signalling to Akt S473, confirming Apelin receptor coupling to
PI3K-B in EC (Supplemental Fig. 5.5D, E). These findings indicate that the role of FGD5 in

regulating GPCRs is not restricted to CXCR4.

Cdc42 inhibition, but not Racl, results in the same signaling defects of FGDS5 loss

FGDS5 is reported to mediate VEGF-stimulated Cdc42 activity in EC *°. Cdc42 is a Rho GTPase
that binds and specifically regulates the PI3K[P isoform via the pl10B Ras binding domain
(RBD) *’. Therefore, we sought to determine if Cdc42 activity links FGD5 to the
SDF1/PI3Kf pathway. Consistent with the effect of FGDS5 loss, Cdc42 pharmacological
inhibition reduced FAK Y397 auto-phosphorylation and Akt S473 phosphorylation in HUVEC

and HMEC-1 after SDF1 stimulation (Fig. 5.6A-F).

Racl is another member of the RHO subfamily of small GTPases and has shown to regulate
PI3KP 2. However, Racl pharmacological inhibition did not affect SDFI-mediated
PI3Kp activation (Supplemental Fig. 5.7A-F). These data indicate that Cdc42, but not Rac, RHO
GTPases regulate CXCR4-stimulated PI3K and Akt activity, to replicate the signalling defect

associated with FGDS3 loss.
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Cdc42 inhibition does not regulate the MAP Kinase activity or VEGF signaling

FGDS5 has shown to regulate both the MAP Kinase and the PI3K pathways in response to VEGF

stimulation %'

. Therefore, we sought to investigate if Cdc42 inhibition also demonstrates the
same effect on MAP kinase activation to determine if FGDS5 regulates different pathways in
tandem. In HUVEC and HMEC-1, Cdc42 pharmacological inhibition did not affect ERK1/2
T202/Y204 phosphorylation, a MAP Kinase downstream effector, after SDF1 stimulation (Fig.
5.8A-D). Next, we studied if Cdc42 inhibition replicates the effect of FGDS5 deficiency to reduce
the phosphorylation of Akt after VEGF stimulation. In contrast to FGDS5 loss, Cdc42 inhibition
did not alter Akt S473 phosphorylation in response to VEGF in HUVEC and HMEC-1 (Fig.

5.8E-H). These results suggest that FGDS5 regulates different pathways with distinct mechanisms.

FGDS loss does not affect CXCR4 expression

VEGF induces surface expression of CXCR4 in EC, and in turn increases EC migration and
angiogenesis in response to SDF1 ***. Hence, to confirm that FGD5 regulates CXCR4
downstream signaling to PI3K-, we sought to exclude a change in CXCR4 expression or
surface display of CXCR4 among resting, or VEGF-stimulated EC after FGD5 loss. Under
resting conditions, FGDS5 loss did not affect the total CXCR4 expression at the protein level in
HUVEC or HMEC-1 (Fig.5.9A, D). Similarly, the surface expression of CXCR4 was similar
among the controls and the FGD5-deficient HUVEC (Fig. 5.10A). Priming the EC with VEGF
for 18 hours led to ~1.5 and 3 fold increase in CXCR4 total expression at the protein level in

HUVEC and HMEC-1, respectively (Fig. 5.9E-H). However, FGDS5 loss had no effect on this
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upregulation nor CXCR4 surface expression (Fig. 5.9E-H; Fig. 5.10B). We conclude FGD5 does
not regulate CXCR4 expression or the induction of CXCR4 expression after VEGF priming.
These data support our observation that CXCR4 is functionally competent in FGD5-deficient EC
to elicit MAP Kinase signaling after SDF1 stimulation. Taken together with our finding that
FGDS5 is an upstream regulator of mTORC?2, these data suggest that FGDS5 regulates the

SDF1/CXR4 pathway as CXCR4 couples to PI3K-f.

FGDS loss regulates PI3KB activity

33,66,67

Upon binding to SDF1, CXCR4 is endocytosed to the early endosomes . Recent evidence

supports the notion that CXCR4 endocytosis and trafficking to the different endosomal

68,69

compartments can shape the downstream signaling . In line with these findings, previous

reports localized PI3K and Akt to the early endosomes '*7

. Therefore, we hypothesized that
FGD5 may regulate PI3K-B localization to the early endosomes. Surprisingly, PI3K-f3 in the
FGDS5-deficient HUVEC was successfully targeted to the early endosomes after SDFI
stimulation (Fig. 5.11A, B) indicating no change in CXCR4 endocytosis and coupling to PI3K-f3.
To test if the PI3K-f in the early endosomes is active or not, we compared the localization of the
phosphorylated Akt S473 to the early endosomes in the control and the FGD5-deficient HUVEC.
The level of phosphorylated, active, Akt S473, was significantly lower in the FGDS5-deficient
HUVEC indicating a defect in PI3K-f activation (Fig. 5.11C, D). Taken together, although

PI3K-B was present in the early endosomes, it failed to efficiently activate Akt in absence of

FGDS5, suggesting a pivotal role of FGDS in regulating PI3K-f activity.
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Discussion

Stromal cell-derived factor (SDF1) signaling to the endothelial cell (EC) through the G protein-
coupled receptor CXCR4 is critical for developmental angiogenesis "'*. Hence, some of
CXCRA4 inhibitors are being evaluated in clinical trials as antiangiogenic therapy . Among the
different CXCR4-regulated signalling pathways, the PI3K pathway in the EC is essential to
support new vessel development. Previously, we identified Facio-genital dysplasia 5 (FGDS), an
endothelial-restricted Rho GEF, as a regulator of the PI3K pathway in response to vascular
endothelial growth factor (VEGF) stimulation °'. However, the role of FGD5 in regulating
CXCR4 and other GPCR signaling is still to be determined. In vivo, loss of VEGF receptor 2
(VEGFR2), PI3K-f, and FGDS5 are each associated with failed embryonic vascular development,
and embryonic demise. On the other hand, PI3K-B deficiency is well tolerated in mice *>'°, but
plays a critical role in repair of the adult mouse microvasculature . PI3K-p stands out from the
other PI3K isoforms by its ability to be activated by both RTKs and GPCRs **’*. In this study we

investigated the role of FGDS in regulating the GPCRs signaling to PI3K-3

In the current work, we identify that SDF1/CXCR4 increases the pro-angiogenic efficacy of
VEGF on EC spheroid sprouting in vitro. Loss of FGDS5 induced by RNA interference abolishes
the SDF1/CXCR4 pro-angiogenic effect. FGDS loss inhibits SDF1-stimulated PI3K-dependent
mTORC?2 activity, and exerts a similar effect on the Apelin receptor signaling, a second GPCR

6! Further, we show that CXCR4 expression is intact in FGD3

implicated in angiogenesis
deficient EC, but the recruitment of active Akt to the PI3K- positive endosomes is defective.

This suggests a deficiency in PI3K-f activity. We hypothesize a model by which FGDS5 regulates
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PI3K-B via Cdc42, since Cdc42 inhibition demonstrates the same signaling defects as FGD5

loss.

PI3K-B, uniquely among PI3K class I isoforms, is regulated by members of the Rho GTPase
family members Cdc42 and Racl, whereas the other PI3K isoforms are regulated by Ras 2. The

79-81

association of PI3K-f with Racl and Cdc42 was reported in several studies . Further, the

basal, low-level PI3K activity induced by PI3K-B ¥, can also be driven by Racl and Cdc42 >,
Despite evidence that Rac and Cdc42 can mediate PI3K-f activity downstream of GPCRs, we
show that CXCR4 signaling in EC is only Cdc42 dependent. Of note, Cdc42 triggers filopodia
formation and angiogenesis **%; and Cdc42-knockout mice are early embryonic-lethal due to a
defect in cytoskeleton reorganization *°. Similarly, the EC-specific Cdc42 knockout mice are
reported to die early due to defects in vasculogenesis °’. Although Cdc42 was heavily
investigated, the exchange factor(s) that activate Cdc42 in the EC is elusive. In this study we
show that FGDS, a Cdc42-GTP/GDP exchange factor with EC-restricted expression in the adult

50,51 -
" represents a good candidate.

We detected differential use of FGD5 downstream of S1P versus SDF1 and Apelin stimulation.

All three agonists are reported to use Gai to elicit Akt phosphorylation ***°

, and we confirm each
recruits PI3K-f activity. In addition, in mouse embryonic fibroblasts, Fritsch reports that S1P
stimulation of Akt phosphorylation is inhibited by expression of a pl10f mutant lacking a
competent Rho GTPase binding domain *. In fibroblasts Racl appears to be sufficient to

activate PI3K-B. This discordant result may be accounted for by differential use of the S1P

receptors between fibroblasts and EC °'. Nevertheless the explanation for the differential
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requirement among different GPCRs for FGDS5 in endothelial PI3K-3 activation requires further

study.

The fact that VEGF, bFGF, and SDF-1 genes are widely expressed in normal organs of mice and
humans and that their receptors are expressed on vascular EC %% suggest that these
angiogenic cues work in parallel to maintain the vasculature. Angiogenesis can be triggered by
up-regulation of receptor levels by inflammatory mediators such as TNF-o °* or by enhanced
levels of angiogenic factors such as VEGF and bFGF, which pave the way for mediators such as
SDF1 to contribute to angiogenesis. It is now clear that VEGF primes EC responses to SDF1 via
up-regulation of the CXC chemokine receptor-4 ¥4 In turn, SDFI/CXCR4 amplifies
angiogenesis by inducing VEGF production from EC. In line with these findings, we have shown
that SDF/VEGF combination has an additive effect to stimulate angiogenesis and EC migration

compared to VEGF alone.

In earlier work we found FGDS loss inhibited coupling of VEGF receptor-2 to PI3K- a activity.
However, we could not detect any change in the VEGF-induced CXCR4 expression in the FGD5
deficient EC. Therefore, our data indicate FGDS5 regulates the PI3K-3 pathway independent of
VEGEF signaling and VEGF-stimulated CXCR4 upregulation. Consistent with this interpretation,
we find that SDF1-, but not VEGF-, stimulation of endothelial PI3K activity is dependent on
Cdc42. Thus FGDS5 appears to regulate the recruitment of PI3K activity by VEGFR2 and

CXCR4 through different mechanisms.
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Angiogenesis inhibitors (AI) have been approved for targeting tumor neovascularization in
several cancer types ~°. These drugs prevent the recruitment of the surrounding vasculature by
tumor tissue through stabilizing the quiescent EC and abolishing the response of the vasculature
to cancer cell-secreted proangiogenic cues. Although VEGF is the dominant pro-angiogenic cue
in development and tumor neoangiogenesis, limitations to Al targeting of VEGF or its receptor
have been reported in tumor therapy °'°. Of these, a reduction in efficacy as the tumors escape
the effect of VEGF/ VEGF receptor inhibitors is most problematic. Persistent tumour ischemia
appears to elicit alternate angiogenic cues, such as the SDF1/CXCR4 pathway, to recruit new
vessels. Therefore, our current findings, taken with our earlier report on the effect of FGDS5 on
VEGF receptor function ', indicate that FGD5 serves as a convergence node on different
angiogenic pathways, and represents a potential candidate to prevent tumor escape from Al

therapies.

Figures
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Figure 5.1. SDF increases the angiogenic effect of VEGF. Human umbilical vein endothelial
cells (HUVECs) were mounted on Cytodex beads, embedded in 3D fibrin gels as described in
Methods, and cultured with growth media supplemented with vehicle, 50ng/ml VEGF, or
100ng/ml SDF. A) Representative images of EC sprouts after 18 hours incubation. B)
Quantitation of the number and length of sprouts per bead (n=3 independent experiments,
*P<0.05 by ANOVA). Cytodex beads coated with VEGF-preincubated HUVECs were embedded
in fibrin gel and supplied with vehicle, 50ng/m VEGF, or 50ng/ml VEGF+100ng/ml SDF. C)
Representative images of HUVECs sprouting after 18 hours incubation. D) Quantitation of
number of sprouts per bead and length of sprouts (n=3 independent experiments, *P<0.05 by
ANOVA). HUVECs or human microvascular endothelial cells (HMEC-1) were preincubated
with VEGF overnight, then stimulated with wvehicle, 50ng/ml VEGF, or 50ng/ml
VEGF+100ng/ml SDF; and subjected to scratch wound migration assay. E) Quantitation of
distance migrated by HUVECs to cover the scratch wound area. F) Quantitation of distance
migrated by HMEC-1 to cover the scratch wound area (n=3 independent experiments, *P<0.05

by two way ANOVA).
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Figure 5.2. SDF1 increases the angiogenic effect of VEGF in HMECI1. Cytodex beads coated
with VEGF-preincubated HMEC1 were embedded in fibrin gel and supplemented with vehicle,
50ng/ml VEGF, or 50 ng/ml VEGF+100ng/ml SDF1. A) Representative images of HMECI1
sprouting after 18 hours incubation. B) Quantitation of number of sprouts per bead and length of

sprouts (n=3 independent experiments. *P<0.05 by ANOVA).
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Figure 5.3. FGDS and CXCR4 are required for SDF angiogenic effect. Human umbilical vein
endothelial cells HUVECs or human microvascular endothelial cells (HMEC-1) were transfected
with non-silencing siRNA (siNS), siRNA against FGD5 (siFGDS5), or siRNA against CXCR4. A)
A representative image of FGDS5 and Actin Western blot. B) A representative image of CXCR4
and Actin Western blot. FGDS5 deficient-, CXCR4 deficient-, or control-HUVECs were
preincubated with VEGF overnight. Then, mounted on Cytodex beads, embedded in 3D fibrin
gels as described in Methods, and supplied with 100ng/ml SDF. C) Representative images of
HUVECs sprouting after 18 hours incubation. D) Quantitation of the length and number of
sprouts per bead (n=3 independent experiments, *P<0.05 by ANOVA). E) Representative images
of HMEC-1 sprouting after 18 hours incubation. F) Quantitation of number of sprouts per bead

and length of sprouts (n=3 independent experiments, *P<0.05 by ANOVA).
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Figure 5.4. FGDS5 loss decreases Akt and FAK activation. Human umbilical vein endothelial
cells (HUVECs) or human microvascular endothelial cells (HMEC-1) were transfected with non-
silencing siRNA (siNS) or siRNA targeting FGDS5 (siFGDS5) then stimulated with 66ng/ml SDF.
o Y397 Y397 $473
A) Representative image of FGDS5, phospho-FAK (P.FAK ), total FAK, phospho-Akt
$473 ) ) o $473
(P.Akt ), total Akt, and Actin Western blot in HUVECs. B) Quantitation of P.Akt . C)
o Y397 . .
Quantitation of P.FAK (n=3 independent experiments, *P<0.05 by ANOVA). D)
o Y397 Y397 $473
Representative image of FGDS, phospho-FAK (P.FAK ), total FAK, phospho-Akt

S473 S473
(P.Akt ), total Akt, and Actin Western blot in HMEC-1. E) Quantitation of P.Akt . F)

Y397
Quantitation of P.FAK (n=3 independent experiments, *P<0.05 by ANOVA). G)
Representative image of P-FOXO, P-Akt and Tubulin after inhibiting PI3KB with TGX-221.

Image taken from (Blood. 2014;124(13):2142-2149)
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Figure 5.5. FGDS5 and PI3K regulate apelin receptor signaling but not S1P receptor. Human
umbilical vein endothelial cells (HUVECs) were transfected with non-silencing siRNA (siNS) or
siRNA targeting FGDS5 (siFGDS) then stimulated with 3 nM of sphingosine 1 phosphate receptor
(ST1PR) agonist (CYM5442 hydrochloride) or 0.1 uM apelin. A) Representative image of FGDS5,
phospho-Akt™*” (P.Akt>*"), total Akt, and actin Western blot in HUVECs. B) Quantitation of
P.Akt>*” in response to apelin stimulation (n=3 independent experiments, *P<0.05 by ANOVA).
C) Quantitation of P.Akt>*” in response to SI1PR agonist stimulation (n=3 independent
experiments, *P<0.05 by ANOVA). D) HUVECs were treated with 100 nM of PI3KB inhibitor
(TGX) or vehicle then stimulated with 0.1 uM apelin. Representative image of phospho-
eNOS®''"7 (P.eNOS*!7), total eNOS, phospho-Akt*" (P.Akt**"), total Akt, and actin Western
blot in HUVECs. E) Quantitation of P.Akt>** (n=3 independent experiments, *P<0.05 by

ANOVA).
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Figure 5.6. CDC42 inhibition reduces AKT and FAK activation. Human umbilical vein
endothelial cells (HUVECs) or human microvascular endothelial cells (HMEC-1) were treated

with 10uM of CDC42 inhibitor (CDC inh) or vehicle then stimulated with 66ng/ml SDF. A)
o Y397 Y397 S473 S473

Representative image of phospho-FAK  (P.FAK ), total FAK, phospho-Akt  (P.Akt ),

$473
total Akt, and Actin Western blot in HUVECs. B) Quantitation of P.Akt . C) Quantitation of
Y397 . ) .

P.FAK (n=3 independent experiments, *P<0.05 by ANOVA). D) Representative image of
Y397 Y397 S473 S473 )

phospho-FAK (PFAK ), total FAK, phospho-Akt (P.Akt ), total Akt, and Actin

S473 Y397
Western blot in HMEC-1. E) Quantitation of P.Akt . F) Quantitation of P.FAK (n=3

independent experiments, *P<0.05 by ANOVA).
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Figure 5.7. Racl inhibition doesnot affect AKT and FAK activity. Human umbilical vein
endothelial cells (HUVECs) or human microvascular endothelial cells (HMEC-1) were treated

with 50uM of Racl inhibitor (Rac inh) or vehicle then stimulated with 66ng/ml SDF. A)
o Y397 Y397 S473 S473

Representative image of phospho-FAK  (P.FAK ), total FAK, phospho-Akt  (P.Akt ),

$473
total Akt, and Actin Western blot in HUVECs. B) Quantitation of P.Akt . C) Quantitation of
Y397 . ) o

P.FAK (n=3 independent experiments, *P<0.05 by ANOVA). D) Representative image of
Y397 Y397 S473 S473 )

phospho-FAK (PFAK ), total FAK, phospho-Akt (P.Akt ), total Akt, and Actin

S473 Y397
Western blot in HMEC-1. E) Quantitation of P.Akt . F) Quantitation of P.FAK (n=3

independent experiments, *P<(0.05 by ANOVA).
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Figure 5.8. CDC42 inhibition does not regulate ERK1/2 activity or VEGF signaling. Human
umbilical vein endothelial cells (HUVECs) or human microvascular endothelial cells (HMEC-1)

were treated with 10uM of CDC42 inhibitor (CDC inh) or vehicle then stimulated with 66ng/ml
o Y397 Y397 .
SDF. A) Representative image of phospho-ERK1/2 (P.ERK1/2 ), total ERK, and tubulin
. . . S473 . .
Western blot in HUVECs. B) Quantitation of P.ERK1/2 (n=3 independent experiments,
o Y397 Y397
*P<0.05 by ANOVA). C) Representative image of phospho-ERK1/2 (P.ERK1/2 ), total

Y397
ERK, and tubulin Western blot in HMEC-1. D) Quantitation of P.ERK1/2 (n=3 independent
experiments, *P<0.05 by ANOVA). Human umbilical vein endothelial cells (HUVECs) or
human microvascular endothelial cells (HMEC-1) were treated with 10uM of CDC42 inhibitor

(CDC inh) or vehicle then stimulated with 50ng/ml VEGF. E) Representative image of phospho-

$473 $473 ) . o $473
Akt  (P.Akt ), total Akt, and Actin Western blot in HUVECs. F) Quantitation of P.Akt

(n=3 independent experiments, *P<0.05 by ANOVA). G) Representative image of phospho-

$473 $473 , , o $473
Akt  (P.Akt ), total Akt, and Actin Western blot in HMEC-1. H) Quantitation of P.Akt

(n=3 independent experiments, *P<0.05 by ANOVA).
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Figure 5.9. FGDS loss does not affect CXCR4 expression. Human umbilical vein endothelial
cells (HUVECs) or human microvascular endothelial cells (HMEC-1) were transfected with non
silencing RNA (siRNA) or siRNA targeting FGD5 (siFGDS5) then incubated overnight without
growth supplement to indicate the basal level of CXCR4 under resting conditions. A)
Representative image of FGD5, CXCR4, and Actin Western blot in HUVECs. B) Quantitation of
CXCRA4. (n=3 independent experiments). C) Representative image of FGD5, CXCR4, and Actin
Western blot in HMEC-1. D) Quantitation of CXCR4. (n=3 independent experiments). HUVECs
or HMEC-1 were transfected with siRNA or siFGDS5 then incubated overnight with VEGF to
indicate the level of CXCR4 after VEGF priming. E) Representative image of CXCR4, and
Actin Western blot in HUVECs. F) Quantitation of CXCR4. (n=3 independent experiments). G)
Representative image of CXCR4, and Actin Western blot in HMEC-1. H) Quantitation of

CXCR4. (n=3 independent experiments).
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Figure 5.10. FGDS loss does not affect CXCR4 membrane expression. Quantitation of
CXCR4 expression on the membrane by flowcytometry in resting conditions (A), or after VEGF
priming for 18 hours (B) in FGD5-deficient HUVECs and control HUVECs (n=3 independent

experiments).
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Figure 5.11. FGDS loss affects P.AktS473 localization to early endosomes but not P110B.
Control (siNS) or FGD5-deficient HUVECs (siFGD5) were starved overnight, stimulated with
SDF (66 ng/ml) for 10 min then fixed and stained for P110B (green), EEA1 (red) and DAPI
(blue). A) Representative images of P110B colocalization with EEA1. Scale bar: 8um. B)

Quantitation of the colocalization of P110B with EEAT vesicles by pearson’s correlation. (n=3

S
independent experiments, at least 35 cells per group). C) Representative images of P.Akt

(green) colocalization with EEA1 (red). Scale bar: 8um. D) Quantitation of the colocalization of

$473
P.Akt  with EEA1 vesicles by pearson’s correlation. (n=3 independent experiments, at least 35

cells per group, *P<0.05 by student t-test).
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Chapter VI: Characterization of vascular repair of Apelin-deficient hearts in
a model of CAV in mice

Abstract

Heart transplantation improves survival and the quality of life in end stage cardiac patients.
However, the development of chronic vascular injury has limited the efficacy of transplantation.
The injury starts in the coronary arteries, designated chronic allograft vasculopathy (CAV),
reduces the blood supply to the graft tissue, and eventually leads to organ failure. CAV is
associated with damage to the endothelial cells (EC) lining the blood vessels due to indolent cell-
or antibody-mediated rejection. Although the pathology of CAV is well known, the mechanism

of endothelial repair in response to injury is poorly understood.

Apelin, an EC specific protein, is a prominent mediator of angiogenesis in vivo and its
embryonic loss causes defects in vasculature development. Currently, accumulating evidence
supports the role of Apelin in vascular repair but studies about the significance of Apelin in CAV
are scant. We have recently reported that loss of Apelin impairs vascular repair in myocardial
infarction, and in the injured kidney glomerular microvasculature. We hypothesize that Apelin

dependent pro-angiogenic signals are exploited for arterial endothelial repair in CAV.

CAV was generated using a validated model, by transplantation of male wild type hearts into
female recipients to elicit a minor MHC-directed allo-immune response against the male donor
hearts, and compared to control male wild type hearts into male recipients. To test our
hypothesis, male Apelin™ (Apelin-deficient) or Apelin™ littermate control mouse hearts were
transplanted into female wild-type recipient mice. Mice were sacrificed at 2 and 6 weeks post

transplantation for analysis of early and late CAV lesions. At these time points, the graft function
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was tested by electrocardiogram (ECG) tracing; then the base of the hearts were recovered for

histomorphometric evaluation, and immunohistology to assess the degree of CAV.

We observed about 25% difference in arterial lumen compromise between Apelin'/ ¥ hearts and
the controls at 6 weeks post transplantation. Histological examination of the myocardium
indicated a severe inflammatory response in the apelin-deficient grafts. ECG tracing showed
decrease in heart rate and prolongation of PR interval in the apelin-deficient grafts. Interestingly,
evaluating the immune response by T cell in vivo proliferation assay in the hosts at 6 weeks post
transplantation showed that apelin deficiency triggered an exagerated host immune response

against the grafts.

In conclusion, our results show that apelin loss accelerates CAV development, and suggest a

significant role of apelin in vascular repair of CAV.

Introduction

Heart failure confers a high morbidity and mortality on North Americans 1. Despite many
advances in heart failure management, heart transplantation (HTX) remains the best therapy for
individuals with end stage disease 2. However, donor hearts are in short supply, transplant rates
have remained stagnant, and many potential recipients die on the wait list. A critical goal of care,
then, is to maximize the survival of heart allografts.

Currently, chronic vascular injury of the transplant heart is a leading cause of death, even in the
first year after transplantation, and remains limiting for long term graft survival 3-5. The
classicaly recognized injury, chronic allograft vasculopathy (CAV), progressively occludes
epicardial and branch arteries 6. Higher grades of CAV assosciate with progressive imparment of

left ventricular (LV) function 7. Mechanistic insights may be derived from the correlation of
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circulating apoptotic endothelial cells or endothelial microparticles 8, and serum level of
vascular endothelial growth factors 9 in recepients with CAV, suggesting chronic vascular
endothelial cell (EC) injury and repair occur in tandem as CAV progresses.

An important clinical risk factor for CAV is donor specific antibody (DSA) 10-12. Moreover,
diagnostic markers for antibody mediated rejection (AMR) of the microvasculature reveal AMR
may account for more early and late morbidity and death than previously recognized 13. For
example, the finding of compromise of the coronary microcirculation in human HTx by imaging
techniques is a powerful predictor of outcome 12, 14. Thus, vascular injury occurs in both
coronary arterial and cardiac microvascular vessels, and each contributes to adverse graft

outcome.

In HTx, coronary endothelial cells (EC) serve as potent stimulators, as well as targets, of
allogeneic lymphocyte reactivity 15-18. Further, evidence mounts that allo-antibody dependent
mechanisms recruit macrophages and NK cells to the graft to mediate EC injury 19-20. The
extent of endothelial damage assosciated with CAV is found in a continuum. Without
immunosuppression, allografts display progressive vascular endothelial destruction throughout
the vasculature, with missing EC an areas of bare basement membrane 16,21,22.

In mouse HTx models, EC apoptosis mediated by canonical CTL effector pathways against
arterial EC contributes to CAV development 23-25. Current models of CAV in HTx under
immunosuppression or medited via T helper responses, display more indolent EC injury 26-28.
Microvascular injury, mediated by DSA, also contibutes to poor allograft function and survival.
This data is now clear in human kidney allografts 29-31. In HTx recepients, DSA assosciated

compromise of the coronary microvascular bed corrilates with the subsequent reduction in left
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ventricular function 10, 14, 32. Small animal models of acute, but not chronic microvascular

injury, have been reported, however these are a mix of antibody and cell mediated injury 33.

Apelin is a key mediator induced in angiogenic tip cells in vivo, and EC loss of apelin in mutant
mice is linked to impaired neovascularization in the embryo 33. In the endothelial sprout, apelin
signals in a paracrine fashion to trailing stalk EC and to myocytes 34,35. We have recently
reported that deficient EC apelin production in myocardial infarction, and the injured kidney
glomerular microvasculature, is assosciated with failed vascular repair after acute insult, and
exacerbates organ dysfunction 36, 37.

Apelin signals to adjacent cells that express the receptor, APJ. Loss of APJ in knockout mice
results in embryonic and early postnatal lethality assosciated with an abnormal vasculature 38. In
the microvasculature, pericytes express APJ 39. In the heart, apelin has been identified as one of
the most potent positive inotropic agents signaling through its receptor, APJ, to the cardio
myocyte 40. This work identified apelin as an EC product, constitutively produced in coronary
artery EC, and established apelin as an EC product acting as a paracrine mediator for crosstalk
between the EC and myocytes. Interestingly, expression of the gene in the coronary
microvasculature was upregulated after biventricular unloading of failing hearts, consistent with

induction of a vascular repair program.

Results

Apelin deficiency in transplanted hearts compromises the function of the grafts
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We used ECG recording as an indicator for the function of the grafts. After 2 and 6 weeks of
surgery, we performed ECGs for the recepient mice. A dual ECG tracing for the native and
transplanted hearts was performed simultaneously in two separate channels. This helped to
distinguish the waves of the native hearts from the transplanted grafts, and to exclude any
interference. Data showed no change in the ECG waves of the native hearts. However, the PR-
intervals were prolonged in the apelin-deficient heart grafts compared to the wild type grafts
(Fig. 6.1 B, D). Moreover, the apelin-deficient grafts showed a decrease in the heart rate six
weeks post transplant (Fig. 6.1 A, C). These measures of the function of the conduction system

of the heart grafts indicate more damage among apelin-deficient vs. control hearts.

Apelin loss exacerbates the vascular injury in CAV

To study the role of apelin in the development of vascular injury in CAV, we collected the heart
grafts after 2 and 6 weeks of transplantation and stained the myocardium with van Gieson stain,
a specific stain for the internal elastic lamina. Of note, the internal elastic lamina is normally
lined with a thin layer of endothelium that provides a cushion for the circulating red blood cells
(RBCs) and regulates hemostasis. In the apelin deficient grafts, we observed a marked expansion
of the intima at six weeks post transplantation that obliterated ~80% of the coronary arteries’

lumens (Fig. 6.2 A, B). This indicates that apelin has a protective role in the endothelium.

Marked tissue infiltration in apelin deficient hearts

Hematoxlin and eosin staining of the myocardium of the apelin deficient heart grafts showed loss

of the muscle fibers contour and heavy cellular infiltration (Fig. 6.3). This finding indicates more
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severe inflamatory response in the apelin deficient grafts. However, confirmation and

identification of the cell population involved in the infiltirate are still to be determined.

Apelin deficient heart grafts trigger the immune respone in the recepients

The accelerted vascular lesion in the apelin deficient hearts could result from hyper reactive
immune response in the host against the apelin deficient grafts. Therefore, we compared the
proliferation of Marilyn T-cells in the peripheral blood of recipients with apelin deficient hearts
to recipients with wild type hearts. Marilyn T lymphocytes were isolated from T cell receptor
transgenic mice, that recognize only the male HY antigen. Interestingly, after six weeks of
transplantation, the apelin deficient grafts triggered a prominent T lymphocyte proliferation in
the host (Fig. 6.4). Whereas, the T lymphocytes proliferation was muted in recipients of wild

type heart grafts.

Apelin induces eNOS activity in human umbilical vein endothelial cells

Apelin precursor is formed of 77 amino acid pre-peptide, which is subsequently processed into a
family of apelin peptides. Pyr-apelin 13 and apelin 17 are the dominant apelin peptides in vivo.
To begin to evaluate the mechanism of vascular protection provided by Apelin, we asked if
apelin stimulates the PI3K pathway and eNOS phosphorylation in primary human endothelial
cells. We used SDF1, a GPCR ligand, as a control. Interestingly, apelin 13 and 17 stimulated

both Akt and eNOS activity (Fig. 6.5 A-D).
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Conclusion

We have shown that apelin deficiency exacerbates the vascular lesions in an animal model of
cardiac allograft vasculopathy. The vascular lesion was characterized by coronary arterial intimal
expansion, an obliterated vascular lumen, and was associated with tissue infiltration. The
exaggerated injury among apelin-deficient vs. wild type heart allografts is correlated with
conduction system defects among the apelin-deficient hearts. We document a more aggressive
immune response against the apelen deficient vs. wild type control grafts. Mechanistically this

may relate to reduced eNOS activity in the endothelium of the apelin-deficient hearts.

The coronary endothelium constitutively expresses apelin. Apelin is thought to signal in an
autocrine fashion to the vascular endothelium, and in a paracrine fashion to vascular and cardiac
myocytes. During new vessel development, loss of apelin results in reduced EC movement and
sprout extension. Repair of the injured coronary artery endothelium of the allograft has not been
well studied, but likely also involves EC effacement, cell division, and movement to fill defects
in the endothelial monolayer. Our data suggests repair of the allograft coronary endothelium

relies on apelin-stimulated cues to mediate these events.

In earlier work we have determined that remodeling of endothelial cell-matrix contacts, and the
cortical actin cytoskeleton are regulated by PI3Kinase activity. Here we show that apelin
stimulation of cultured EC couples to the PI3kinase pathway, and potently stimulates mTORC2
and Akt activities. Accordingly, loss of apelin signaling is expected to reduce remnant EC
effacement and motility responses to allo-immune mediated arterial endothelial monolayer

disruption.
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In the arterial endothelium, loss of the apelin stimulus is expected to compromise EC defense
against allo-immune cell-mediated injury. For example, blunted Akt activity directly sensitizes
EC to pro-apoptotic stimuli in part through release of inhibition of FOXO1/3-dependent
expression of the bcl-2 family member, Bad 41, 42. Further, decreased eNOS production of nitric
oxide is anticipated to release nitric oxide-dependent repulsion of leukocytes from the
endothelium 43-45. Moreover, attenuation of NO production by eNOS may reduce vasodilation

and contribute to tissue injury by compromise of blood flow.

Disruption of the apelin cue to the vascular and myocardial smooth muscle may contribute to
maladaptive arterial remodeling and myocardial death. On the one hand apelin functions to
maintain vascular smooth muscle quiescence, therefore loss of apelin may promote VSMC
migration to the neointima and myofibroblast transformation to account for the increase in
cellularity and matrix deposited in the formation of the CAV lesion 46. In addition, loss of apelin
signals to the myocardium may directly sensitize cardiomyocyte to allo-immune cytotoxic injury.
Similar increases in myocardial injury are evident following ischemia reperfusion injury in

apelin knockout mice 36.

Enhanced dendritic cell trafficking into the allograft, and exaggerated tissue injury may explain
our finding of markedly enhanced Marilyn T cell responses in the recipients of apelin knockout
hearts. This intriguing result indicates that endothelial apelin modulates the immune response to

graft HY antigen, generated in secondary lymphoid organs such as the spleen 47. This may
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reflect increased release of graft antigen from the rejecting myocardium and/or higher numbers
of dendritic cells that have sampled graft antigens 48. In this way apelin may function as a novel

reporter to the immune system of vascular and tissue health.

In summary, we suggest a novel function of endothelial apelin production to protect the allograft
from allo-immune injury. The effect is likely complex, involving both effects on immune cell
surveillance of the graft, and tissue responses to allo-immune-mediated graft injury. Taken
together, however, the findings suggest potential benefits to the allograft by supplementation of

native apelin production, or replacement of apelin in the setting of endothelial injury or loss.

280



Figures

700+ HR -= VE Transplanted Heart 80-
— +VE Transplanted Heart PR . VET
600+ —— APLl/YTransplanted Heart 70~ el WETlaISPlﬂlbd Heﬂ'tHeat
601 -~ APL-/YTransplanied Heart
HD0+ !\_ \i 50
400 A(H
3H
1 2H
200 Y T 10 f: T
& & F
q-}‘ 6‘\ ,.:X\ Gx\
251 QRS
2 =2~ -VE Transplanted Heart
15+ =5 +VE Transplanted Heart
=s= APL/¥Transplanted Heart
10+
5=
0 . :
«\‘p@ &
D ¢ °
| | | |
T _ = -_
E I ® @ I g g
g 2 c Q| [l o
SE vE L gt &l s e s g
3 = m E @ E g g | g =t a o
f— o o a o o = — n.__l ’ '
+ | ,"/"-._ 8. 4 .f'\ . i-‘ ' ;.I(v‘,.\r-.;' ':. '.,\ “““ l’}\/"‘__ by __\.I\ .1,
oy e § 1 A L [ . S
AN Ve \ ,‘/,_/ N \
Fig 6. 1

281



Figure 6.1. Apelin deficiency prolongs PR interval and decreases heart rate in transplanted
hearts. Hearts from male C57BL/6 mice were transplanted into male (-VE control), or female
recipients (+VE control) as described in materials and methods. Alternatively, male apelin
deficient hearts (APL-/Y) were transplanted into wild type females. Two and six weeks after
surgery eclectrocardiogram (ECG) tracing was performed by placing the electrodes on the
abdomen near the base of the heart in lead I configuration. A) Representative graph of heart rates
form the different experimental groups (n=4 per group) indicating a significant decrease in heart
rate in the APL-/Y Transplanted Heart group at 6 weeks (red circle; two way ANOVA). B)
Representative graph of PR interval form the different experimental groups (n=4 per group)
indicating a prolonged PR interval in the APL-/Y Transplanted Heart group at 6 weeks (red
circle; two way ANOVA). C) Representative graph of QRS intervals from the different
experimental groups showing no change (n=4 per group). D) Representative image of ECG
tracing for the APL-/Y transplanted heart showing progressive prolongation of the PR interval in

2’ heart block (red line).
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Figure 6.2. Apelin-deficient heart grafts show increased intimal thickness. Hearts from male
C57BL/6 mice were transplanted into male (negative control), or female recipients (positive
control) as described in materials and methods. Alternatively, male apelin deficient hearts (APL-
/Y) were transplanted into wild type females. After two (2wks) or six weeks (6wks), the
transplanted hearts were recovered, fixed, sectioned and stained with van Gieson elastin stain. A)
Representative images of coronary arteries showing the internal elastic lamina stained stained in
black (arrows). B) Quantitation of the area of the intima as a fraction of the lumen area delimited
by the internal elastic lamina as described in materials and methods. APL-/Y group shows a
significant increase in intimal thickness at 6 weeks compared to controls (*P<0.05 by one way

ANOVA).

284



Fig 6. 3

Figure 6.3. Apelin-deficient heart grafts show marked cellular infiltration. Hearts from male
C57BL/6 mice were transplanted into male (negative control), or female recipients (positive
control) as described in materials and methods. Alternatively, male apelin deficient hearts (APL-
/Y) were transplanted into wild type females. After two (2wks) or six weeks (6wks), hearts were
recovered, fixed, sectioned and stained with H and E stain. Representative images of coronary
arteries showing noticeable infiltration of the myocardium in the APL-/Y group at 6 weeks post

surgery.
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Figure 6.4. Apelin deficient heart grafts stimulate the proliferation of CD4 T cells in the
host. Hearts from male C57BL/6 mice (positive control), or apelin knock out mice (Apl-/Y) were
transplanted into female C57BL/6 recipients as described in materials and methods. Equal
number of fluorescent-tagged HY-specific CD4 T cells from Marilyn mice were intravenously
injected in each group (red curve). Three days post injection, peripheral blood was collected and
the number of fluorescent labelled T cells was evaluated by flow cytometry. A) Representative
image of Marilyn T cell proliferation in positive control mice. B) Representative image of
Marilyn T cell proliferation in Apl-/y group showing a large population of proliferated T cells at
day 3 (yellow arrow). B) Quantitation of the proliferated cells by flow cytometry (negative control, n=4;

positive control, n=5; APL-/Y, n=6; *P<0.05 by one way ANOVA).
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Figure 6.5. Apelin increases eNOS activity in HUVECs. Human umbilical vein endothelial
cells (HUVECs) were starved overnight, then stimulated with 100ng/ml stromal cell derived
factor 1 (SDF1) or 0.1 uM apelin as indicated. A) Representative Western blot of phospho-Akt
(P-Akt S473), total Akt (t-Akt), phospho-eNOS (P-eNOS S1177), total eNos (T-ENOS), and
actin. B) Quantitation of P-Akt and P-eNOS showing increased Akt and eNOS activity after
Apelin 13 treatment. C) Representative Western blot of P-Akt S473, t-Akt, P-eNOS S1177, t-
eNos, and actin. D) Quantitation of P-Akt and P-eNOS showing increased Akt and eNOS activity
after Apelin 17 treatment (n=3, #P<0.05 by ANOVA). Image published in Wang et al.
“Angiotensin Converting Enzyme 2 Metabolizes and Partially Inactivates Pyrapelin-13 and

Apelin-17: Physiological Effects in the Cardiovascular System” In Press. Hypertension.
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Chapter VII: General discussion and future directions
Discussion

The notion that cancer cells are highly proliferative and antiapoptotic has founded the base of the
current chemotherapy regime. However, tumors respond differently to the antiproliferative and
the apoptosis-inducing chemotherapy. Further, some cancer cell clones in the same patient are
more resistant than others, and the host reaction to chemotherapy and to tumors is variable.
These had limited the efficacy of chemotherapy . In part, these observations result from the

variable and unstable genomes of cancer cells associated with recurrent disease and metastasis.

Recently, targeting angiogenic tumor neovascularization has been proposed as an adjuvant
approach to chemotherapy >*. As a result, some angiogenesis inhibitors (AI) were approved for a
variety of cancer types, such as renal cell carcinoma (RCC), recurrent glioblastoma, metastatic
colorectal carcinoma, and pancreatic cancers >°. Al targets the quiescent vascular endothelial
cells (EC) that receive constant proangiogenic signals from the growing tumor. Since the
vascular endothelial growth factor (VEGF) was identified as the dominant proangiogenic cue in
development, and was found to be highly expressed in rapidly-growing cancers, drugs to block

VEGF/VEGF-receptor (VEGF-R) binding (e.g. bevacizumab), or VEGFR activation (e.g.
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sunitinib and others) have been the focus of development of clinical agents. However, several
limitations to AI therapy to block tumor neovascularization have arisen "*. The noticed initial
response to Al therapy could not be sustained in many cases, i.e. tumors “escape” Al inhibition.
The tumors’ responses to VEGF/ VEGF-R blockade were variable, and predictive biomarkers
were not reliable. Moreover, VEGF/VEGF-R blockade may drive the hypoxic tumor cells to
migrate to the source of nourishment (blood vessels), resulting in accelerated micrometastasis.
Hence, understanding the events in the endothelial cell underlying the inhibitor drug effects on

angiogenesis will guide development of better drugs that target tumor neovascularization

In this study we investigated the main pathway involved in angiogenesis and highlighted novel
targets to regulate pathological angiogenesis. We first focused on the rapalog mTOR inhibitors,
whose efficacy was limited by escape of the tumor microvasculature from growth factor
inhibition. We compared the efficacy of mTORC?2 inactivation or dual mTORC1/2 inhibition, to
selective mTORCI1 inhibition in EC. Our findings demonstrated that chronic inhibition of
mTORCI1 with rapalogs paradoxically up-regulated endothelial mTORC2 and Akt activity.
Conversely, dual inhibition of mTORC1/2 prevented hyper-stimulation of the PI3 kinase
pathway, and decreased VEGF-mediated angiogenic sprouting. Interestingly, mTORC2 knock-
down was sufficient to prevent PI3 kinase pathway hyper-activation in the endothelium, and
inhibited angiogenesis both in vitro and in vivo more dramatically than mTORCI inhibition.
Moreover, disruption of mTORC?2 had an additive effect to Akt loss in inhibiting angiogenesis

due to an additive inhibitory effect on focal adhesion formation.

Temsirolimus, a rapamycin analogue, is widely used for the treatment of advanced renal cell

carcinoma °. Rapamycin binds to an intracellular receptor (FKBP12), and inhibits the assembly
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of mTOR/raptor complex. Previous work has shown that mTORCI1 activity is sensitive to
rapamycin, while mTORC2 is nearly resistant to the drug '“". Although, rapalogs blunt VEGF
production, studies showed that rapalogs are largely ineffective to directly control renal cell

415 Hence clinical

proliferation in vitro because of robust drug transporter protein expression
efficacy of rapalogs chemotherapy in tumors relies mainly on regulating the tumor
microvasculature. Our results showed that although short-term treatment of EC with rapamycin
inhibited both mTORC1 and mTORC2 activity, chronic exposure to rapamycin, paradoxically
resulted in induction of mTORC2-mediated Akt phosphorylation. In contrast, some earlier
studies showed that longer exposure to rapamycin affected mTORC2 as well as mTORCI, but

1618 1n fact, the

these studies relied on supra-therapeutic concentrations of rapamycin
observation that either high doses of rapamycin or starved cells rendered rapamycin-sensitive
mTORC?2 confirms that mMTORC 2 under normal physiological conditions and with the clinically
approved dose of rapamycin is resistant to rapamycin. Vascular escape from drug inhibition is
thought to be conditioned by repeated exposure to low anti-angiogenic drug concentrations that
occur at prolonged dosing intervals or due to altered metabolism of the drug. Hence, we used

%20 under optimum growth conditions to closely

clinically-relevant concentrations of rapamycin '
model the in vivo conditions during tumor neoangiogenesis. Under the same conditions, rapalog

exposure induced enhanced signalling among proximal components of the PI3 kinase pathway in

ECs.

Rapalog-induced mTORCI1 inhibition is known to upregulate growth factor receptor activity, and
to confer resistance to chemotherapy in many tumors >, This is attributed to mTORC1- and
Akt-dependent negative feedback inhibition loop that regulates both receptor phosphorylation

and expression in cancer cells. Consistently, our data indicate that hyper-stimulation of the PI3
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kinase pathway after mMTORCI inactivation also operates in the human vascular endothelium. In
the endothelium, PI3Kinase drives numerous events, including resistance to apoptotic stress and
nitric oxide-mediated vasodilation, which are maladaptive in the context of tumor
neovascularization 2!, and may contribute to vascular escape from the anti-mTORCI drugs.
Moreover, our data indicate that suppression of the feedback inhibition requires intact signalling
through mTORC?2, since loss of rictor in ECs, or dual inhibition of mTORC1/2 are not associated

with hyper-stimulation of the distal PI3 kinase pathway.

Apart from the well-established regulatory effect of mTORC2 on cell metabolism, we identified
a novel mTORC2-dependent pathway to regulate ECs cytoskeletal remodelling in angiogenesis.
In yeast, TORC2 regulates actin reorganization through a PKC homolog *°. However, mTORC?2
involvement in cytoskeleton dynamics in mammalian cells has been controversial. Although
disruption of mMTORC2 by RNA interference in cancer cell lines has a moderate effect on actin
distribution, no effect of mMTORC?2 loss is noticed in mouse embryonic fibroblasts derived from
either rictor or mLST8-knockout mice *°. In human ECs, an earlier report indicated mTORC?2
deficiency inhibited cell migration and Racl activity *’, and a subsequent study showed that
mTORC?2 activated Racl selectively through Akt **. In response to VEGF stimulation, we
observe a reduction in angiogenic sprouting of primary human ECs, and a marked decrease in the
length of sprout extension after inactivation of mTORC2. These effects were strikingly enhanced
when mTORC?2 inactivation was added to Akt knockdown, consistent with an independent
contribution of mTORC?2 signalling. Mechanistically, this correlates with impaired integrin-
mediated adhesion to matrix, and formation of organized focal adhesion complexes that anchor

actin stress fibers to enable cell contractility and movement.
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In line with our findings that mTORC?2 inhibition may hinder tumor escape, a recent study
revealed mTORC2, but not mMTORCI, is involved in a distinct pathway that encompass SDF-1a,
CXCR4, and PI3K *°. Tumor angiogenesis in mice was significantly reduced after mTORC2
inhibition only. An analysis of targets downstream of mMTORC2 showed that 6-phosphofructo-2-
kinase (PFKFB3), a key regulator of glycolytic flux and sprouting angiogenesis, was reduced
when mTORC2 was targeted and when tumor angiogenesis was inhibited. This study supports
our findings that mMTORC?2 is a key regulator of angiogenesis that is downstream of both receptor

tyrosine kinases and G protein-coupled receptors™.

We carried our investigations further and identified FAK as a novel downstream effector coupled
to mTORC2, independent of Akt/mTORCI. Cellular adhesion to extra cellular matrix is
mediated by transmembrane receptors called integrins *°. Integrins have high affinity to
extracellular matrix proteins. Once bond to ECM, integrins signal through their intracellular
domain to FAK, which promotes actin polymerization and cellular migration *'*%. Studies using
FAK knock out mice provided direct evidence supporting the role of FAK in angiogenesis as
FAK-deficiency was embryonically lethal due to severe cardiovascular defects >. Recent studies
showed that FAK plays a significant role in tumor progression and that FAK inhibition

. . . 4
attenuates tumor growth by reducing tumor neovascularization **~°.

Consistently, our results
confirms the role of FAK in VEGF-mediated angiogenesis and links the migration, adhesion and

angiogenesis defects in mTORC 2 deficient HUVEC to FAK reduced activity independent of

Akt. However, the mechanism by which mTORC 2 regulates FAK is still to be determined.
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FGDS

In addition to mTORC?2, Facio-Genital Dysplasia-5 (FGDS5) represents a potential candidate to
regulate unique EC functions *°. FGD5 null mice did not survive beyond embryonic day12 *’.
Histological examination of E12 normal mice embryos showed a robust expression of FGDS5 in
aorta-gonad mesonephros, from which the aorta originates *’. Taken together, FGD5 may have a
pivotal role in vascular development and angiogenesis. Thus, in the current study we sought to
investigate the role of FGD5 in VEGFA-guided angiogenesis. Indeed, genetic silencing of FGD5
in primary human EC reduced VEGFA-dependent angiogenic sprouting and lamellipodia
formation. High-resolution confocal images showed a defect in both the number and the length
of filopodia, which was confirmed by a decrease in the expression of specific tip cell markers.
These defects were noticed as early as 10 minutes after VEGFA stimulation. At the molecular
level, FGD5 was associated with VEGFR2, and localized to both the EC membrane ruffles and
endosomes. Loss of function experiments, showed a decrease in VEGFR2 signaling to
mTORC?2, change in VEGFR2 trafficking, and increase in VEGFR2 lysosomal degradation in
FGDS5-deficinet EC. Our data suggest VEGFR2 shuttling to the lysosomes after FGDS loss could

be attributed to decrease in VEGFR2/p85 coupling.

We were the first to demonstrate the significance of FGDS in tumor angiogenesis and VEGFA-
dependent angiogenesis using a 3D in vitro model that relies on EC invasion of a physiological
matrix (fibrin). Maryam et al investigated the effect of FGD5-loss on angiogenesis in a highly
growth factors enriched media **, whereas Kourgane et al used a 2D matrigel based angiogenesis
assay *°, which is a less physiological culture system *°. In 2D cultures, we showed that EC failed

to upregulate specific tip cell genes in response to VEGFA, which implied incapability of tip cell
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differentiation, an important component of angiogenesis. In line with literature, our data

confirms that EC response to growth factors changes with the change in the environment *'*.

Although FGD protein family consists of multiple members: FRG, FGD-1 ¥, -2 % 3% | 4
(Frabin) *° and -5, studies have shown that some members share the same functions. For
example, FGD2 was localized with EEA-1 positive early endosomes and regulated Rho GTPases
dependent vesicular trafficking *’. FGD2 has also been associated with membrane ruffles of Hela
cells, which is controlled by Racl and cortactin *’. FGDI1 induced filopodia-like finger
protrusions and FGD3 induced lamellipodia-like short microspikes in human tumor cell lines *.
Moreover, when Frabin was over expressed in Swiss 3T3 cells, it similarly induced changes in
cellular structure characterized by spikes-like protrusions “°. These data are consistent with our

findings that FGDS5 regulates vesicular trafficking, filopodia and lamellipodia formation in

human EC.

Despite the finding that FGDS5- deficiency targeted VEGFR2 to lysosomal degradation, we did
not notice any change in VEGFR2 plasma membrane expression after VEGF stimulation. The
FGDS5-regulated VEGFR?2 trafficking could contribute to the late angiogenic defects after FGDS5
loss. However, it could not explain the early protrusion defect that occurred within 10 minutes of
VEGFA stimulation. Thus, we attribute the reduction in protrusions to a defect in VEGFR2
signaling to Akt and cortactin. In agreement with our conclusion, studies have shown that Akt
signaling regulates lamellipodia localization of cortactin complexes in endothelial cells *.
Further, the Akt downstream effector Akt-phosphorylation enhancer (APE), which is an actin

binding protein, was also colocalized with cortactin at the EC leading edge .
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Our findings that FGDS5 regulated tip cell markers expression coincides with a previous report
that showed up regulation of the Notch signaling pathway, including Notchl, Notch4, DLL4
after transgenic overexpression of FGD5 *°. One explanation of the noticed transcriptional
changes is the VEGFR2 downstream effector PI3K[3 isoform, a member of the PI3K IA class,
which regulates the expression of the angiogenic tip cell markers apelin and DIl4, and in turn
controls EC migration and angiogenesis 3! Another explanation is the FOXO family of
transcription factors, which are targets for phosphorylation by Akt. FOXO1 genetic silencing
alters mRNA expression of angiogenic patterning genes that identify tip cell phenotypes, and
significantly decreases most of the tip cell markers (ESM1, ANG2, PDGFB, Apelin, NRP1) in
HUVECs . Finally, the genetic up regulation of the tip cell genes could be induced after FGD5-
mediated Cdc42 activation via the p38 mitogen-activated protein kinase-signaling pathway that

potentiates the transcriptional activity >>.

For a long time, endocytosis has been considered primarily as a mean of extinguishing receptor
signaling. Ligand binding to its particular receptor was thought to trigger internalization of the
receptor-ligand complex into endosomes, with subsequent degradation in lysosomes. However, it
is well established now that signalling continues in different endosomal compartments and that
trafficking of endosomes containing activated receptors (RTKs and GPCRs) regulates receptor-

%36 Thus the relocation of VEGFR2 to the degradation endosomes after FGDS5 loss

signaling
can affect VEGFR2/PI3K coupling, which may have a higher affinity to one endosome
compared to another. On the other hand, accumulating evidence from literature supports that

VEGFR?2 trafficking is affected by the endosomal cargo >"**. Thus, a defect in VEGFR2/PI3K

coupling might lead to the shift of VEGFR2 to degradation. Whether FGDS5 potentiates

304



VEGFR2/PI3K coupling and in turn protects VEGFR2 from degradation, or it regulates
trafficking and localizes VEGFR2 to the recycling endosomes, which could be the designated

compartment for PI3K binding, is still to be determined.

Recently, pathways that regulate endocytosis and trafficking have emerged as significant
contributors to tumorigenesis and angiogenesis **®'. FGD5 was previously localized in the early
endosomes *° and our finding that FGD5 is associated with VEGFR2 can explain its role in
VEGFR2 trafficking. Of note, VEGFR2 exists in a wide array of complexes with other
transmembrane proteins such as VEGFR3, Nrpl, VE-cadherin, Ephrin-B2 and thrombospondin
receptor CD47 “>® which can affect its signalling and determine its fate after endocytosis.
Initiation of VEGFR2 endocytosis requires the presence of Ephrin-B2 ®. Further, Nrpl targets
endocytosed VEGFR2 to the Rab5/Rab11 recycling pathway then back to the plasma membrane.
In contrast, when VE-cadherin is absent or not engaged at EC junctions, VEGFR-2 is
internalized more rapidly and remains in the cytosol for a longer time *°. In a recent study,
pharmacological induction of VEGFR2 endocytosis promoted VEGF-mediated angiogenesis in
vivo, and improved blood flow in models of hind limb ischemia, suggesting a role of VEGFR2

endocytosis in vascular repair after ischemic injury ©.

SDF1

Cancer angiogenesis is different from the developmental vasculogenesis in the variety of pro-

6667 Further, in addition to cancer cells, stromal cells of

angiogenic cues that initiate the process
the host were found to produce a significant amount of angiogenic cues 6870, Analysis of the

angiogenic factors secreted by tumors in animal models and data from clinical studies identified

a plethora of upregulated molecules other than VEGF. Of these, ANG1, FGF, PDGF, and other
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"1 Most important, stromal-derived

ligands for endothelial receptor tyrosine kinases (RTK)
factor (SDF1) significantly contributed to drive tumor neovascularization 78 The initial
response to VEGF-inhibition wanes as persistent tumour ischemia recruits new vessels via
alternate pro-angiogenic cues including agonists for RTKs (e.g. ANGI/TIE2 %) and GPCRs

(e.g. SDF1 *"*%). Therefore, identifying targets that can control multiple angiogenesis pathways

can represent a potential approach to hinder tumor escape.

The PI3Kinasep isoform uniquely signals downstream of both RTKs and GPCRs °'*,

Additionally, PI3Kinasef is uniquely regulated by the RhoGTPase Cdc42, whereas the other

isoforms are regulated by Ras *. The guanine exchange factor (GEF) that generates active

Cdc42-GTP in the EC is unknown, but FGD5, a RhoGEF with EC-restricted expression in the

adult 8%

represents a good candidate. Hence, we sought to study the role of FGDS5 in SDF1-
mediated PI3Kinasef activity. In this study, we observed that PI3K signalling was blunted after
FGD5 knockdown in response to VEGF, and more profoundly to SDF1; SDF1-stimulated PI3K
activity was dependent on Cdc42 activation; and FGDS loss markedly reduced angiogenic
sprouting to VEGF, SDF1, and a mix of pro-angiogenic agonists. This is consistent with

regulation of EC PI3Kinasef via FDGS Cdc42 GEF activity, but FGDS5 loss may have additional

PI3Kinasep-independent effects.

Previously, we showed that EC PI3Kinasep played a critical role in angiogenesis *°. We reported
that PI3Kinasef loss or treatment with an inhibitor of PI3Kinasef} in human primary ECs
blocked both VEGF- and SDF1-driven angiogenic sprouting and sprout extension in 3D fibrin
matrices *°. Capillary formation and repair in vivo among mouse EC deficient in PI3Kinasef

90,91
d 7%

were markedly impaire , and in EC, PI3Kinasef} critically mediated signaling to Akt after
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GPCR stimulation *°. Interestingly, a recent study demonstrated that SDF1 was indispensable for
alveologenesis and vascular regeneration after pneumonectomy in mice **** . SDF1 was found to
bind to CXCR4 on the pulmonary endothelium, and primed the pulmonary vasculature for
angiogenesis and subsequentially alveologenesis. Further, this effect was lost in endothelial-
restricted CXCR4 deficient mice 2. Taken together, FGDS5 regulation of PI3K[3 down stream of

SDF1/CXCR4 can potentially represent a novel Al target, or empower vascular repair.

Apelin and its receptor APJ exist in a variety of tissues, but play a significant role in the heart,
lung and tumors. Accumulating evidence indicates that the expression of apelin and APJ is
upregulated by hypoxia through the hypoxia-inducible factor-1 alpha (HIF-la) signaling
pathway °*. Because hypoxia has long been considered as the key derivative of angiogenesis,
apelin is being heavily investigated in conditions associated with ischemia and pathological
angiogenesis as vascular injury and repair. Investigations highlighted an essential role of apelin
in promoting the physiological and pathological angiogenesis *°". Selectively targeting apelin or
APJ in EC significantly reduced hypoxia-induced proliferation in vitro and hypoxia-induced

98-100

regenerative angiogenesis In tumors, the over-expression of apelin accelerated

- - s - .o 96,101,102
angiogenesis and facilitated the formation of new vessels for tumor growth in vivo ™",

In this work we investigated the role of apelin in vascular repair. Apelin deficiency led to
accelerated vascular injury in models of chronic allograft vasculopathy. The injury was
characterized by intimal thickness and obliteration of vascular lumen of both major epicardial
coronaries and the small intramyocardial coronary arteries. Consistently, ECG tracing showed
concurrent changes in the cardiac electrical activity. In a very interesting experiment we studied
the host immune response to the apelin deficient graft. Surprisingly, the rate of Tcell

proliferation in the peripheral blood of the recipients was doubled after 6 weeks of hosting the
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apelin deficient grafts. These findings indicate that apelin could have a protective role in
vasculature that may involve keeping the immune system under surveillance and protecting the
EC in the front line from severe immunological reactions. However, the underlying mechanism

powering the apelin’s vascular protective role is still to be determined.

Apelin may have a vascular protective role by inducing phosphorylation of endothelial nitric
oxide synthase (eNOS) and nitric oxide (NO) release from endothelial cells thereby stimulating

103 Studies

angiogenesis, while loss of apelin may sensitize endothelial cells to apoptosis
demonstrated that ischemia reperfusion injury is initiated by endothelial dysfunction due to

decreased endothelial NO release and increased oxidative stress. NO deficiency-induced

endothelial dysfunction was previously reported in many organ vascular beds such as the kidney

104 6

, intestine '%°, heart '®, and hind limb '”’. Further, this defect is now known to aggravate
leukocyte-endothelial interactions '*®. In line with literature, our results showed that apelin is a

potent eNOS activator by a mechanism that required FGDS5 and PI3K.

Another mechanism that may explain apelin deficiency-induced CAV is induction of vascular
mural cells proliferation and migration. Accumulation of fibroblasts and vascular smooth muscle
cells (VSMC) at the site of injury are hallmarks of CAV. Studies showed that knockdown of
apelin worsens the hypoxia-induced pulmonary hypertension (PH) and resulted in
muscularization of the alveolar wall arteries through a decrease in the AMPK/KLF2/eNOS
signaling pathway '”’. The apelin/APJ signaling is a critical mediator of VSMC proliferation,
which is associated with pulmonary vascular remodeling and PH ''°. Moreover, it has been
shown that exogenous apelin inhibits the autophagy and reduces the proliferation of pulmonary

artery SMC through the PI3K/Akt/mTOR signaling pathway ''".
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The evidence that apelin protects against fibrosis emerged from studying models of renal
fibrosis. Mice subjected to unilateral ureteral obstruction (UUO) surgery showed elevated levels
of apelin, p-Akt and eNOS. Furthermore, losartan, an angiotensin II receptor antagonist that may
reduce apelin degradation, alleviates UUO-induced renal fibrosis via the apelin/APJ/Akt/eNOS

pathway ''2.

Summary of results

e Chronic mTORCI inhibition, but not mMTORC 2, activates PI3kinase signalling to Akt in
primary human ECs. mTORC?2 regulates EC matrix adhesion, motility, and angiogenesis
both in vitro and in vivo independent of downstream Akt-regulated events. These data
indicate that mTORC2 in the endothelium is an attractive target to inhibit

neoangiogenesis as adjuvant cancer therapy.

e FGDS5 is a key regulator of early lamellipodia-, filopodia- and tip cell-formation in
VEGF-guided sprouting angiogenesis. FGDS5 regulates VEGFR2 trafficking to lysosomes
(Figure I), VEGFR?2 signalling to cortactin Y421 and PI3K coupling to VEGFR2. These

data indicate that FGDS is an attractive target to regulate pathological angiogenesis.
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&) FGD5
<>P110a/B

Figure I. FGD5 regulates VEGFR2 trafficking.

FGDS5 regulates SDF1-driven angiogenesis and SDF1 signalling to PI3Kinasef (Figure
IT). FGDS5 regulates specific GPCRs signalling by a distinct mechanism different from

endosomal trafficking and receptor upregulation. FGD5 may regulate PI3Kinasep via
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Cdc42. These data indicate that FGDS5 can serve as a convergence node on different

angiogenic pathways; and can represent a potential candidate to prevent tumor escape.

Figure II. FGDS regulates SDF-mediated PI3Kinasel] signalling.

Apelin loss aggravates chronic allograft vasculopathy (CAV). Apelin induces eNOS
activity by a mechanism that requires FGD5 and PI3Kinasef. Apelin deficient cardiac

allografts triggers the host immune response. These data indicate that apelin may have a

protective a role against CAV development.
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Future directions

1)

2)

3)

4)

Determining the key functional domain in FGDS. Althought the structure of FGDS is
well understood, little is known about the functions of the different domains in FGD5

peptide. We seek to study the siginficance of each domain separately.

Determining the significance of FGDS in pathological angiogenesis in vivo. FGD5
homozygous deletion is lethal in mice but FGD5 heterozygous deficient mice are
available. However, FGD5 deficiency has not been investigated in the context of tumor
angiogenesis or in allograft vasculopathy. We seek to chracterize the vascular phenotype
of FGDS5 deficincy and its effect on tumor neovascularization, and vascular repair after

EC injury.

Determining if EC tip cell markers are upregulated in CAV.
Both inflamamtory and proangiogenic stimuli have been shown to inititae EC tip cell
differentiation in vitro. Therfore, we seek to determine if PI3KB—dependent EC tip cell

differentation contributes to vascular repair.

To determine if exogenous apelin synthetic peptides can protect against CAV
development. Apelin peptide is identified as an EC product that mediates myocardial
repair in ischemia reperfusion injury by direct effects on cardiomyocytes and
angiogenesis in the heart. Therfore, we seek to investigate if synthetic apelin

administration will delay the developmnet of CAV in mice.
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