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NOVEL APPROACHES TO MODULATE ENDOTHELIAL CELL MIGRATION

AND ANGIOGENESIS

David Gau, Ph.D.

University of Pittsburgh, 2018

Angiogenesis, the process of neovascularization fronexisting vasculature, is fundamental to
development and tissue repair. However, aberrant angiogenesis exacerbates progression of
number of diseases including but not limited to cancer and diabetic retinopathy. = Endothelial
cell (EC) migration, a key event for angiogenesis, is a highly regulated process that critically
relies on the dynamic remodeling of the actin cytoskeletanovthestrated actions of various
actinbinding proteins. An important aspect of the dynamic remodeling of the actin cytoskeleton,
cell migration and angiogenesis is stimulugluced regulation ofle novosynthesis of many
important molecular componentsf dahe actin cytoskeleton by MKL (Megakaryoblastic
Leukemia) SRF (SerunrResponse Factor) transcriptional machineries. Given the previous
genetic evidencéor the importance of MKL/SRF signaling in EC migration and angiogenesis,
we first set out to explore wether angiogenesis is susceptible to small molaoeldiated
inhibition of the MKL/SRF pathway. Our studies showed that €@@3, a small molecule
inhibitor of MKL, causes a prominent defect in EC migration and angiogeinegiso, ex vivq

andin vivo. Inhibition of MKL led to prominent depletion of actliinding proteinProfilin-1



(Pfnl1), an important molecular player of membrane protrusion and EC migration/angiogenesis,
but through an unconventional indirect mechanism that involves a cellular éixtgroa control
[Angiogenesis (2017) 20(4):6&32; J. Biol Chem. (2017) 292(28):11717791]. Next, guided

by computationabased rational design, we identified the fgsheration small molecule
inhibitors of the Pfnl:actin interaction, and further destrated the ability of these small
molecules to inhibit EC migration, proliferatiopand angiogenesis vitro andex vivo[J Biol

Chem (2017) Dec 27, epulf-inally, to gain new insights on the regulation of Pfn1, we identified
and explored the conseque of novel phosphorylation eventhich caused insoluble

aggregation of Pfn1 and actin molecyle&0S One (2016) 26;11(5):e0156313
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magnification objective) of HMVEC and VSMC in 2D culture 3 days after treatment
(representing Day 4 [D4] of the experiment) with either DMSO or C2 at the indicated
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indicated EGFHused Pfnl constructs show that EGIF#A1-T89D causes clustering of this
fusion protein as indicated by t h-293 eelisr ows .
expressing indicated EGHBsed Pfnl constructs were treated with CHX for up to 8 hours.
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expressing mChersgctin and EGFAPfn1-T89D, and treated with Pfnl siRNAeveal
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constructs and stained with rhodammpén al | odi n staining. Scal e bz
bar graph summarizing the average rhodarpimaloidin fluorescence intensity/cell for
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independent experiments (** indicates p < .01; * indicates p <..05)...........ccccvvvvvnn. 105
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ABBREVIATIONS AND AC RONYMS

2D: Two-dimensional

3D: Threedimensional

ABPs: Actin-binding proteins

ADP: Adenosines -@liphosphate

ALS: Amyotrophic lateral sclerosis

ATP: Adenosines @riphosphate

EC: Endothelial cell

ECM: Extracellular matrix

FBS: Fetal bovine serum

HEK -293 Human embyonic kidney 293

HUVEC: Human umbilical vein endothelial cells
HmVEC: Human dermal microvascular endothelial cells
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1.0 INTRODUCTION

Angiogenesis is the pcess where new blood vessels are formed froregisting vasculature
networks and an important aspect of many pathological and physiological events such as wound
healing and tumor progressigh). Most late development and post birth vascular remodeling
and repaiaredependent on the angiogenesis cdsashereas early development is regulated by
vasculogenesis (the initial formation of the vasculat(@e)Under basal conditiongndothelial

cells (ECs) are inhibited from leaving their position by basement membrane and surrounding
mural cells. Angiogenesis begins when pamgiogenic factors, such as VE®@F(Vascular
Endothelial Growth Facted), is released by surrounding celladaactivate theECs which

causes dramatic reduction of eedlll interaction between ECs with each other and with
pericytes.Macrophages have been shown to play a major role in secretion -oarmoant
angiogenic growth factors during the angiogenic adseq3). Secretion of VEGFA by
macrophages has been demonstrated to be important for initiation of angiogenesis during tissue
repair (4). In addition to activation of EC3yIMPs (matrix metalloproteinases) are activated
which as wellallows for degradation of underlying basement membrane and ECM (extracellular
matrix) which provides a path for EC migratioDeattachmentof the mural cells is also
facilitated by angiopoieth2 which is released by ECActivated ECs, known as tip cells, then
invade and migrate following a cytokine gradient while leading other ECs behind, called stalk

cells, which proliferate and extend the sgalar network, producing immature/leaky vessels.



Deltarlike-4-Notch1 signaling prevents tip cell activation of adjacent endothelial cells to control
vessel sproutingb). Finally, pericytes are recruited to the new vessels and mature the vessels by
promoting stabilization and reformation of EC barrier functi(8). The process of
angiogenesis is depicted kiigurel.

For much of the angiogenic cascade, proper cell migration and morphogenesis is required.
Pro-angiogenic factors like VEGR are known to promote EC migration/invasi(®). On the
other hand, ardangiogenic factors typically function by at least partially inhibiting cell
migration (10-12). Rho GTPase activity resulting froshemical cue by activation of VEGF
receptors leads to chemotactic migration of endothelial cells. As such, inhibition of Rho GTPases
has been shown to inhibit angenesis(13,14). Furthermore, tip cell migration requires
filopodia formation which is regulated by cdcdl®). Racl is also important for EC migration by
controlling lamellipodial formation which in turn affects directed migrai{ip). RhoA plays a
role in activation of PI3K in ECs which causes changes to membrane phosphoinositide levels,
which in turn affect key regulators of the actin cytoskeleton and cell polarizgitiyn Not
surprisingly, EC migration and morphogenesis requires SRF and endothelial cell knockout of
SRF was demonstrated to be embryonic lethal direrinorrhaging from defective EC migration
(note that EC differentiation was not affected nor was early vascular morphog¢éb®@siSRF
is also important for p cell filopodia formation and loss of SRF leads to defective vessel
connection, all of which demonstrates the importance of regulation of the actin cytoskeleton

throughout the whole angiogenic cascéb).
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Figure 1. The angiogenic cascade illustrating the steps taken to form new vessels from existing nedaptéd

from (19).

1.1 CELL MIGRATION AND T HE ACTIN CYTOSKELETO N

Cell migration is a highly regulated cellular event that plays an important role in both
physiological and pathological processes ranging from emlarytavelopment to angiogenesis
and tumor metastasi€0). Directed cell motility can be summarized as a cycle of four
fundamental steps that are orchestrated in a precise spatiotemporal fashion. These steps are: 1)
membrane protrusion at the leading edge driven by actin polymeriza)istaldlization of
membrane protrusion via integimediated celimatrix adhesions, 3) forward translocation of the
cell body powered by actomyosiased contractile forces, and finally, 4) release of the rear of
the cell as a consequence of the mechamicabn of the contractile force (i.e. when the force

exceeds the adhesion strength) and/or proteolysis oimalix adhesion componen{2l).



Dynamic remodeling of actin cytoskeleton is an essential feature for motile phenotype of all
cells. Sensing various micenvironmental cues (chemical gradients, hapiotcues etc.), cells
are able to translate these signals and estab
protrusions are initiated througtle novo nucleation of actin followed by actin filament
elongation and/or elongation of existing adtlaments proximal to the leading ed{f?). Actin
dynamics at the leading edge is controlled by the concerted actions of an ensemble- of actin
binding proteins (ABPs). For example, Arp2/3 complex activitedVASP Wiskott Aldrich
SyndromeProtein) and formins are the key initiators of the nucleation process while elongation
of the actin filaments at the barbed ends is aided by Ena (enabled) /VASP (vasodilator stimulated
phosphoprotein) and formins in cooaton with profilin (Pfn- a prominent nucleotide exchange
factor for actin) family of ABPs. The growth of actin filaments is also balanced and spatially
restricted by disassembly of actin filaments by the actions of actin depolymerizing and severing
factors (e.g. cofilin, gelsolin) and capping proteins, respectively. Functionalities of these ABPs
are dynamically regulated by various intracellular signaling mechanisms that include interaction
with Rhofamily GTPases, reversible phosphorylation/ dephosphiboy and membrane
phosphoinositide binding or metaboligi@3) (an illustration of actin binding proteins in the
remodeling process of the actin cytoskelatgshown inFigure?2).

Another essential feature for the remodeling of actin cytoskeleton during cell motility is the
regulation ofde novosynthesis of ABPs and other actin cytoskeledaseociated proteins in
resporse to motility cues. Serumesponse factor (SRF), a ubiquitously expressed and highly
conserved transcription factor, is a critical player in this process. SRF binds to the CArG
consensus sequence [CC(AGY) 1 originally discovered inthe transcriptionregulatory

sequences of serumducible genes including-fos and egil (24,25)] located on a variety of



genes including SRF itself and many of those involved with the actin cytoskeletemateik as

well as celcell adhesion, and cellular contractility such as actin, cofilin, Arp2, myosin, vinculin,
cadherin and integrin to name a f¢€®6) (27). SRFmediated gene expression is promoted by
two broad classes of transcriptional coactivators including those belongimgryocardin and

TCF (ternary complex factors: Ets3AP-1, Net or SAP2) family of proteing28,29). Note that

SRF can be also regulated by the members otfmiger [e.g. GATA] and homeobedomain
(e.g.Nkx2-5) transcription factorsBecause of competition for binding sites on SRF, myocardin
and TCF families of c@ctivators interact with SRF in a mutually exclusive manner and activate
different sets of SRiarget gene expressio30,31). Myocardinfamily transcriptional ce
activators consists of three members: thentmg member myocardin (its expression is
restricted to cardiac and smooth muscle cells) and the two widely expressed myadated
transcription factors (MRTF), namely MR (also known as MAL or MKL1
[Megakaryoblastic leukemiz named after its geetic rearrangement associated with acute
megakaryoblastic leukemia in childrésR)]), and MRTFB (also known as MKL2). Depending

on the nature of the transcriptidr@-activators, SRfnediated gene expression is sensitive to
different types of upstream signaling pathways. For example,-dT€f e nd e n't SRFO&s
expression program is modulated by Ras/MAPK (mitogen activated protein kinase) signaling
pathway while MKL/SRF signaling is responsive to modulation of Ramily GTPase activity
(26,29,33). In this dissertationwhich will primarily focus on MKL, we will first provide @&
overview of MKL structure and regulation (the readers are encouraged to refer to several
excellent reviews on MKL/SRF signalin@6,34-38), and then discuss its role in cell motility
emphasizing its canonical SRiependent and SRRdependent functions inokh physiological

and pathological contexts.
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Figure 2. Process of actin polymerization illustrating the involvement of various-hiiating proteinsadapted

from (39).

1.2 PROTEIN STRUCTURE AND REGULATION OF MKL

Although myocardin family proteins are encoded by genes located at different chromosomal
loci (human myocardin 17p11.2, MKt 22q13.2, MKL2 16p13.12), they share common
structural motifs (se€&igure 3 for structuralschematis of myocardn and MKL).
RPEL motifs at the NMerminus allow these proteins to interact witha@in. The first basic
region @denoted ad2) is located within the RPEL motifs and contains a nuclear localization
signal (NLS) sequence. The second basic regilemdted aB1) harbors an additional NLS
sequence and the SRinding site. The other domains aseglutaminerich Q domain (also
important for the regulation of nuclear localization and SRF interaction of )Mile SAP
domain (a putative DNA bindindomain that MKL can utilize to transcribe genes in an -SRF

independent manner)@ leucine zipper (LZ) dwoain (responsible for hormoand hetero
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dimerization) and a transcriptional activation domain (TAD) located at thermiinus of the
proteins(40). Note thatmyocardin family proteins can bind SRF and activate -BiREiated
gene expression without making specific DNA contg®s). Although MKL is only ~35%
identical to myocardin, the conserved functional domains have >60% amino acidyidentit
between myocardin and MKL. Myocardin has two alternatively spliced forms that utilize two
different initiation codons (and therefore leads téeNninal truncation) with the longer and the
shorter forms expressed predominantly in heart and smooth nuedislerespectively41) (42).
Similarly, MKL1 can utilize two distinct initiation codons and at least in mouse fibroblasts, the
N-terminal truncated form (lacks the first RPEL motif because of the location of the alternative
initiation codon in between the first two RPEL motifs) appears to be the predominantly
expressed form of MKL130).

Despite the overall similarity in the structural domainsMeen myocardin and MKL, unlike
myocardin (which is generally constitutively localized in the nucleus and therefore active),
cellular localization andactivation of MKL are tightly regulated in response to intracellular
signals. Under basal conditions (se¥starved), MKL shuttles between the nucleus &mel
cytoplasm, a process that can be halted with setimulation thus allowing nuclear
accumulation of MKL(43). Nuclear localization of MKL is strongly inhibited by its interaction
with G-actin via the action of its RPEL motisnce binding to Gactin prevents MKL from
interacting with the importin family of nuclear import factors. Cellular depletion-attih asa
result of actin polymerization by activated Rho GTPases (stimulated in response to serum and
various growth factors) leads dissociation of MKL from @Gactin allowing MKL to accumulate
in the nucleus and eactivate SRF The foundation of this model of MKL regulatioms

substantiated by mumber ofexperimental findings. For example, eithehibition of Rho (either



directly by C3tranferase or indirectly via forskolimduced activation of CAMP/PKA pathway)

or latrunculirinduced actin depolymerization leads ¢tgtoplasmic retention of MKL and
inhibition of seruminduced SRF activatiorConverselygither constitutive activain of Rhoor
deletion of the acthbinding RPEL domairof MKL or Facin stabilization byjasplakilonide
promotes nuclear accumulation of MKL and SRF activa(@®43-48) (49) (50). Although
myocardin also possesses adiinding capability, it has a much lower affinity for-&atin
compared to MKL, and is therefore less efficiently inhibited bpadBn (51,52). Even in the
absence of @ctin, myocardin also has a much stronger affinity for impd¢&8) and a weaker
affinity for CRM1 (a key nuclear export factor) thetKL (54). Collectively, these biochemical
differences potentiallexplain why myocardin is much less likely to be retained in the cytoplasm
than MKL and therefore, its constitutively active natuseveral findings suggest that MKL
mediated SRF activation is also regulated by the state of nuclear actin polymerigation.
example, mutants of actin that are artificially restrained in the nucleus and resistant to
depolymerization enhance nucleaaétin content and SRF activati¢h5). Forminmediated
polymerizationof nuclear actin promotes nuclear localization of MKL1 and SRF activéaign
(57). Furthermore, depletion of nuclear-atin by MICAL2 in a redoysensitive manner
promotes MKL1SRF activity(58).

While the above studies establish that MBRF activation is critically dependent on the
state of actin polymerization in both cytosolic and nuclear compatsmieterestingly few
studieshave revealedhat modulation of MKL activation upon perturbations of actianomer
sequestering or barbemhd binding proteins can occur independent of the changesarti®
level (30,43,44,49). Molecular insight into how actirregulatory proteins can impact MKL

localization/function without affecting the actin dynamics came from a recent study that



demonstrated competition for actimding between MKL and various Wkfbmain containing
actinpolymerizing factorgN-WASP, WAVEZ2, Spire and Cob(p9). These findings have led to
an alternative mechanisimf MKL:actin dissociation (thusnablingnuclear translocation of
MKL and SRF activation) through competitive inhibition by various a&gulatory factors.

MKL function is also regulated by pestnslational modification.Although MAPK
signaling is associated with TCF activation, there is evidence that MKL functiorb&an
negatively regulated by MAPK signaling. Specifically, Erk1/2, when activated, phosphorylates
MKL1 in the nucleus promoting its binding to the nuclear pool efdBn and as a result,
facilitates the export of MKL from the nucleus and attenuation of &&ivity (46). Consistent
with phosphorylation being a prequisite for formation of the repressive MiG-actin
complex, a recent study has shown that daitialing protein filamin interacts with MKL1 and
this interaction prevents MKL1 phosphorylation switching MKL from its repressiacta
bound state to an activated state leading to SRF activ@@pnThese findings open a new level
of control of MKL1 function in cells.

Several knockdown and overexpression studies by a number of groups including ours have
shown the basal expression level of SRF (it is alstndinect indicator of the transcriptional
activity of SRF) is highly sensitive to the perturbations of Mg6,30,61). Although MKL1
promoter also has SR#inding sites, interestingly, our studies showed that SRF depletion does
not lead to any noticeable reduction in the basal expression level of MKL1 sugghatimt its
endogenous level of activation, SRF could be dispensable for regulating the basal expression
level of MKL1 (61). However, overexpression of SRF causpsominentincrease in the cellular
level of at least MKL1 suggesting that SRF hyperactivation can stimulate MKL expression.

Therefore, MKL and SRF c¢ anGiverettppuSREst key agecih ot he



transcriptional regulation of manynportant elements of actin cytoskeletal system, MKL/SRF
pathway therefore appears to be a crucial signaling axis that connects dynamic actin organization
andtranscriptional control of factors that can impact actin cytoskeleton in a complex feedback

manne.

RPEL Q SAP 1Z TAD
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Figure 3. Structural schematic of myocardin, MKL1, and MKL2. The structure of the MKL family proteins

structurally similar. The RPEL motifs (designated in grey) is thacth binding site. The first basic region, B2 (in
green), is located between RPEL motifs and facilitates nuclear import of MKL via NLS. The next basic region, B1,
facilitates MKL binding to SRF in addition to another NLS. The Q domain (designated in navy blue) is a glutamine
rich domain and involved in reation of MKL nuclear localization and SRF interaction. The SAP domain (in red)

is a DNAbinding site which allows MKL to transcribe genes in an $ftlependent manner. The LZ (leucine
Zipper) domain (in orange) facilitates hoimend heteralimerization ofMKL. Finally, the TAD (transcriptional

activation domain; in light blue) is located on thée@minal end of MKL.

1.3 MKL/SRF SIGNALING IN NORMAL CELL MIGRATIO N

Due to its nature of the transcriptional targets, it is not surprising MKL/SRF signaling axis
plays a prominent role in actibased cellular activities such as cell migration. Some of the
earlier evidence of MKLG6s importance in cel

Drosophila Melanogastef-or example, one study showed that either gemitruption ofmal
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d, the only member of the myocardin gene encoded by drosophila and a homolog of MRTF (also
referred to as DMRTF] or mutagenesisected introduction of premature stop codons in the
makd gene (essentially truncating thet€minal potion of MAL which has a dominant negative
effect) leads to marked decrease iadtin content and defects in migration of border cells in the
ovaries during oogenes({62,63). These defects are phenocopied by-lfstinction of DSRF

(the drosophila homolog of SRF) further suggesting that MKL and SRF function together in the
process of border cell migration. Thstudy providediurther evidence of mechanical tension
induced nuclear translocation of MKL in migrating cells. Similarly, Olson group showed defects
in mesodermal cell and tracheal branch migration in drosophila upon eithef kgsression of
DMRTF or overexpression of dominant negative mutant of DMRTF lacking Her@inal
transcriptional activation domaif62,63). Although overexpression of a constitutively active
form of DMRTF (this active formharbors a deletion of the inhibitory-tdrminal RPEL
domairs) produced the opposite phenotype, normal tissue patterning was still negatively affected
likely owing to uncoordinated and accelerated cell migrate@anresult ofhyperactivation of
DMRTF. These findings not only underscored the importance of nuclear localization of DMRTF
for cell migration, but also implied DMRTF function must be properly regulatechdomd

tissue development. This study also provided genetic interaction between DMRTF and DSRF via
demonstration of phenotypic similarities in wing vein formation between flies carrying
hypomorphic allele of DSRF and those expressing dominant negative forris8viRITF.
Phenotypic similarities were also noted in the gzhunction settings of DMRTF and DSREF,

and the phenotypes were aggravated when DMRTF and DSRF were simultaneously

overexpressed thus implying interdependence of these two factors.
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The importanceof MKL/SRF signaling in cell migration have been established in the
mammalian contexts through various ladgunction (gene knockout (KO), gene silencing and
more recently by pharmacological inhibition) strategies. Since SRF knockout mice are
embryoniclethal (embryos that are homozygous for SRF deletion exhibit defects in mesoderm
and die at gastrulatiof64)), various tissuapecific conditional SRF knockoutice have been
developed over the years and depending on the cellAsgmeificity of gene disruption, SRF
ablation has led to developmental defects in various organs (example: liver, heart, muscle, brain)
(65-68). In general, defects associated with disruptionthefSRF gene are recapitulated when
genes encoding both MKL isoforms (MKL1 and MKL2) are simultaneously deleted but not
when only a single membef the MKL gene family is selectively deleted. Note that MKL1 KO
mice in most part are viable and exhibit defects in myoepithelial differentiation of mammary
epithelial cells and lactatio(®8,69); however, global KO of MKL2aloneis embryonic lethal
(die between 13.5 and 14.5) because of defects in cardiac neural crest cell migration, vascular
patterning, cardiac outfle tract and smooth muscle differentiatif®). The requirement for eo
ablation of MKL isoforms to phenocopy SRF deletion most contextandicate functional
redundacy between the two MKL isoforms and compensatory action by one isoform when
function of the other is lost. Relevant to the topic of this review, {mpétific deletion of SRF
causes defects in neurite outgrowth, axon guidance and neuronal migrationei7ir2),
which are also mimicked upon conditionalaolation of MKL isoforms as found in a later study
(73). The latter study discovered reduction in the expression of-setiering proteins gelsolin
and cofilin, and a dramatic upregulation of the inhibitory phosylation of cofilin as a result of
inhibition of Cdk5 kinase and in turn activation of PAK (p21 activated kinase and a

phosphorylation substrate of Cdk5)/LIMK (a PAd€tivated kinase that directly phosphorylates
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cofilin) signaling axis. MKLKO-induced sppression of Cdk5 activity was further linked to
diminished expression of Pctairel, an MKL/SRF target gene and an upstream regulator of Cdk5.
While identification of this signaling pathway provided a possible mechanistic avenue for MKL
dependent regulatioof cell migration, a definitive causal link between Migependent
suppression of Pctairel and defect in neuronal cell migration was not directly examined in that

study.

A number of studies have previously examined the rolMKE/SRF signalingin wound
healing andvarious cardiovascularelated contextsFor example, @ivation of MKL/SRF
signaling byisoxazolering containing small moleculpromoted myofibroblast differentiation
and wound healingn mouse model. (74). Epitheliatto-mesenchymal transformation and
migration of epicardial cells were shown to rely to MKL/SRF signa{ifty). Although the two
MKL isoforms generally display functional redundan®iKL2 depletion alone is sufficierib
impair cardiac neural crest migration during developmianmouse(76), suggesting certain
functional aspects of MKL may be isoforspecific Another report showed that CTRP6
(Clg/tumor necrosis factoelated proteirb) inhibits TGFbeta promotion of cardiaftbroblast
migration andmyofibroblast differentiation by targeting RhoA/MKL1 pathwg&7). Rat aortic
vascularsmooth muscle cal RAVSMC) also requiredVKL1 for migration andproliferation
both of which areamportant for RAVSMC to assist in remodeling vasculature in nii&.
Another recent study has shown that losSMIAD3 can enhanceroliferaion and migration of
human pulmonary arterial smooth muscle cells and endothelial(Eél)dy disinhibitingMKL1
and promotingts localization into the nucleus thus allowing MKL/SRF bindi{T®). Loss of
function of MKL1 has been also shown to cause actin cytoskeletal dysfunction, impaired

migration and phagocytic ability of myeloid lineamemune cells (neutrophils, primary

13



dendritic cells) leading to immunafilgency in mice. Actin cytoskeletal disturbance and defect
in contractile function of MKL1deficient neutrophils were correlated with reduced expressions
of several actin regulators and aetytoskeleton related proteins including CDEsi8ding
protein,cortactin, forminbinding protein 1L (it is also known as TOGAa positive regulator of
Cdc42/NWASP-dependent actin polymerization) and myelght chain 9 (Myl9 i a

component of myosin Il complex§0).

Angiogenesis is another prominent vascuidated area in which MKidependency has
been examined in a number of studies.r&@rationplays a crucial role in angiogenediiring
angiogenesis, a selective ptgiion of EC, known astip cells, become activated by
proangiogenic cues allowing these cells to exterattirrich filopodial protrusions, migrate
toward guidance cues and drive the vessel sprouting while EC trailing behind the tip cells
(known asstalkcells) proliferate to elongate the spro@8d). MKL/SRF signaling is activated in
EC in responséo pro-angiogenic growth factore(g. VEGF, FGF). EGselective disruption of
either SRF or both MKL genes (MKL1 and MKL2), when conditionally induced in neonatal and
adult mice, causegrominent reduction in developmentahgiogenesis in the retina and heart
MKL or SRF ablation was associatedth a significant reduction in the filopodial abundance
and tip cell invasion during angiogenic expansion of retinal vasculature in neonaallmime
with thesein vivo findings, knockdown of either SRF or MKL causes defects in migration and
angiogenic ability of both human and rodent BECvitro (18,75,82-85). Consistent with these
genetic proof-principle findings, our group has recentlyeported that pharmacological
inhibition of MKL/SRF sgnaling by CCG1423 (a small molecule that binds to and inhibits
nuclear localization of MKL(86,87) supprases migration of human dermal microvasculaniC

vitro and inhibits angiogenic ability of human and mouseic@tro, ex vivoand developmental
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angiogenesis in zebrafish embryos vivo (88). While these findings provel compelling
evidence of an essential role of MKL/SRF signaling in EC migration and angiogaheskgy
drivers of EC migration andngiogenesis downstream of MKL are yet todoenprehensively
identified. Several MKL/SRHegulated genes which have been identified asapgiogenic (e.g.
integrin, VEcadherin and Myl9) are also required for homeostatic functions of EC and vascular
integrity. Those studiehowever either lacked detailed phenotymomparisons between LOF
(lossof-function) of MKL and the putative downstream genes, or in some cases, knockdown of
those genes failed to recapitulate MHéksociated tip cell phenotypes, or the role of those genes
as mediators of MKidirected angiogenesisvas not conclusively prover§18,8289-91).
Although one study has linked MKL1 and its transcriptional targets CCN1 and CCN2- (cell
secreted proteins) to angiogengsiemoting effect of actibinding protein thymosii4 (84),
whether the defects in tip calliven angiogenesis caused by MKL deficiency is linked to

alterations in CCN isoforms is not definitive.

1.4 MKL /SRF SIGNALING IN CA NCER CELL MIGRATION

MKL/SRF signaling also contributes to motility, invasion and metastégsumor cells. For
example SCAI was discovered to be a novel suppresstiuaian breastancer celMDA-MB-
231, MDA-MB-468) invasionwith its mechanism of action linked tohibition of MKL/SRF
signaling in the nucleuthrough formation of a ternaryomplex and negative regulation of the
expression ofbl-integrin a crucial adhesion molecule thptomotesinvasive phenotype of
metastatic breast cancer cdlf$). Through experiments involving either-depletion of MKL
isoforms or depletion of SRF, Treisman group also demonstrated requirement for MKL/SRF

15



signaling for directed migration and invasion (bathvitro andin vivo), and experimental lung
metastasiof metastatic human breast cancer cells (MB-231) (90). Note that somewhat
inconsistent with this finding, we recently showsht partial knockdown of MKL(through
silencing of MKL1 only) induces a hypermotile phenotypeMBA-MB-231 cells albeit, in a
random migration assg$l). Whether this discrepancy is due tadspecific differences in the
assays and experimental conditions (random vs directed motility, partial vs near complete loss of
MKL, culture condition) is yet to be determined. Mlependency for tumor cell
migration/invasion was also true for B16 mouselanoma cell$90). In line with these findings,
pharmacological inhibition of MKL/SRF signaling by either CA&23 or its derivativR03971
inhibited migration/invasion ofmelanoma and prostate cancer cellsvitro and experimental
lung metastasis ahelanomecellsin vivo (92,93) (94) (95). Conversely, another group showed
that overexpression oMKL1 increased motility ohoninvasive MCF-7 breast cancer cell line

by increasinghe expression of MYL9 and CYRG6(96,97). They further demonstrated a pro
migratory role of MKL1 in MDAMB-231 cell migration and interaction between MKafd
STAT3 in synergistically promotingyiDA-MB-231 cell migration (98-100) (101,102). Several
other studies related alteration either expression or localization of MKL to cell motility
phenotype in response to various molecular and/or pharmacological perturbations. For example,
Tranilast (blockscalcium permeable channgtseatment led to attenuatiamthe protein level of
MKL1 with concomitant reduction afell migration, proliferation, and clonogenicity of MDA
MB-231 and BT474 breast cancer celld03). Overexpression of mioRNA-200c caused
cytoplasmic localization oMKL (causing a decrease in SRF activity/level) and decreased
migration/invasion of breast cancer cel$04). Similarly, microRNA-206 was linked to

degradation of MKL1and inhibition ofmigration and invasion of malignant thyradncercells
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(105). Another group showechat FHOD1, a formin family memberotein, promotesiuclear
localization of MKL1 and knockdown of formin increases cytoplasmic MKEe$ulting in
reduced migration of melanoma cgl196). Consistent with the finding of cytoplasmic retention

of MKL correlated with reduced cell migration, Asparuhova et al. demonstrated that irradiation
of 4T1 mouse breast cancer cells promotesclear localization ofMKL1 leading to
transcriptional upregulation of SRErget genes and increased cell migratiomasion and lung

metastasiq107).

1.5 CONTEXT-SPECIFIC EFFECT OF MKL IN CELL MIGRATION

Although studies described thus fadicate a premigratory function of MKL, Leitnar et al.
showed that depending on the adhesiveness of théypell MKL can be either proor antt
migratory (108). Specifically, this study demonstrated that weakly adhesive NBA231
breast cancer cells exhibit defect in migration upon silencing of MKL and conversely, display
faster migration upon overexpression anstitutively active form of MKL (lacking the N
terminal RPEL domains). MKilinduced stimulation of MDAVIB-231 cells migration was only
evident in low adhesive culture condition. In culture conditions that promote stronger adhesions,
while the basal migtaon speed of these cells was higher, MKL was unable to stimulate the
migration any further. Contrasting the effect of MKL silencing on MBIB-231 cells, they
further demonstrated that cells that generally have stronger adhesions and-@neasior in
naure, such as mouse fibroblasts and mammary epithelial cells, become hypermotile upon loss
of-function of MKL and accordingly, their motility is suppressed upon hyperactivation of MKL.

Theantimigratory effect of MKL for these cells was partially reversgon silencing of certain
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cell-cell and celimatrix adhesiorassociated molecules (plakophilin, FHL1, integai) which

were otherwise upregulated by increased MKL activity. These findings impliedMiKat-
induced suppression of motility of these cellssved least partly related wverexpression of
adhesion molecules fromn overload of MKL activity, causing cells to becorme&cessively

A s t i (eitkey to the underlying substrate and/or to their neighboring cells), a condition that is
known to be unconduve to efficient motility. These observations led the authors to propose a
model of biphasic dependency of cell migration on MKL activity that can potentially explain a
contextspecific role of MKL in cell migration depending on the inherent adhesivesfetbe
cell-type. The importance of adhesion in determining cell motility response to perturbation of
MKL activity is further underscored by recent findings that overexpression of constitutively
active MKL1 suppressed migration and invasion of B16 melanceiis through promoting FAK
(focal adhesion kinase) activation and paxillin phosphorylation (via increased integrin clustering)
and in turn enhancing cell adhesi¢h09. This observation is clearly consistent with the
biphasic model postulated by the Posern grdiy® suggesting that a balanced level of MKL

activity is perhaps most productive for cell migration.

16 MKLGO6S FUNCTI O BEYONEINS CANONICAL SRF FUNCTION IN

CELL MIGRATION

There i s some evidence i n t he idniexteads beyomd e wh i
and above its SRFelated activity.SRFindependent activity of MKL was proposed based on
differential expression of >4000 genes and phenotypic distinctions between 8idLSRF

knockout megakaryocytg410). Studiesin the recent pastave shown thatiKL can regulate
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expression of gendkat are important focell motility and proliferationin an SRFndependent,
SAP-domainfunction dependent amner For example, through differential gene expression
analyses in nofransformed HCC1 mammary epithelial cells overexpressing eithertypéd
MKL1 or mutants that are selectively deficient in SA#main function or SRinteraction of

MKL, Gurbuz et al identified ~200 genes that are exclusively dependent on thedS#Rin
function (and independent of the SiRction) of MKL1 with tenascin C (an ECM protein that

is important cell adhesion, migration and cancer metastasis) being the most prominently
regulated gene relying on the SAf®main activity of MKL1(107,111). Several other candidate
genes thatra exclusively dependent on the SABmain function of MKL for their transcription

and potentially important for cell migration are Krt5 (encodes keratimfportant for regulating

cell deformability), Kif26B (important for cell polarity and adhesionyl akdam26 (encodes an
ECM-degrading protease). Note that some of the genes required botraSRBEARdomain
related functions of MKL. Functional studies demonstrated that migration and proliferation of
HCC1 cells are significantly impaired upon abrogatadnthe SARdomain activity of MKL1
further underscoring an important role of SA&main function of MKL1 in cell migration.
Interestingly, the SAflomain gene expression signature (elevated most prominently in triple
negative breast cancer) also correlatgth poorprognosis of breast cancer irrespective of the
subtype of breast cancer. A follewp study conducted by the same group in 4T1 breast cancer
cells showed that while SRfeinction of MKL1 plays a more prominent role in promoting tumor
growth and ling metastasis, irradiated tumors (which causes matrix stiffening) rely on the SAP
domain function of MKL1 for tumor progression (growth and metastasis). This observation was
consistent with SARlomain function dependency for transcription of mechanosengienes

and mechanical straistimulated 4T1 cell migratio(.07,111). Our group hasecently repoed
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a novel role oMKL1 in co-regulatingthe expressionsf isoforms of profilin family (profilinl

and 2) of ABP (a key regulator of actin dynamics and cell migration), and this action of MKL1
also relies on its SAHomain function rather than its SRé&lated activity(61). However, MKL-
dependent regulation of profilin was found to be indirect (through an intermediate regulation of
STAT family transcription factor)rad involved cellular externalization control of profilin rather
than its transcription. Consistent with these findings, we also showed that either pharmacological
inhibition of MKL by CCG1423 or treatment of latrunculin (indirectly inhibits MKL function
through promoting factin depolymerization) causes a dramatic loss of cellular level of profilinl
(as a result of increased release in the extracellular environment). In addition to stimulating
profilinl release, pharmacological inhibition of MKL also prdetbcellular depletion of at least

two other actirbinding proteins including VASP, Arp2 although the effect on profilinl was most
promi nent (whet her MKLG6s effect on om@i® and
function is yet to be confirmed38). Although the detailed mechanisms of how the SiRain
function of MKL ultimately links to cellular retention control of profilin and possibly, other
actinbinding potein are yet to be worked out, this pathway clearly represents a potential novel
way of MKL-mediated regulation of cell migration that need to be explored fufdgure 4

depicts a schematic of various SBépendent and indepeent mechanistic links to cell

migration as summarized from published literature to date.
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Figure 4. Schematic of MKL SARJependent or SRBependent regulation of cell migration. Extracellular cues
activate RheGTPase signalingathway, initiating actin polymerization, which encourages separation of MKL and
G-actin binding. Free from @ctin, MKL translocates into the nucleus where it can interact with SRF and initiate
MKL/SRF gene transcription. MKL/SRF transcription targetdude regulators of actin dynamics (e.g. SRF, actin,
cofilin, gelsolin, Arp2/3), contractility (e.g. Myl9, integrin), and eedlll/celFECM adhesion (e.g. integrin, cadherin,
CCN1/2). MKL can also interact with DNA through its SAP domain and initiate MKIP-8ependent gene
transcription with targets related to cell adhesion (e.g. TNC), cellular deformability (e.g. Krt5), adhesion/cell
polarity (e.g. Kif26B), and ECM degradation (e.g. Adamtsl6). In addition, MKL is able to regulate the

externalizationofsom ABPs by an unknown mechani sm which

and cell migration.
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1.7 PROFILIN

Profilins are key players in the regulation of actin polymerization. There are four Pfns in the
family. Pfns are well conserved through ewn and at least one Pfn gene is found in almost
every eukaryotic cell type from yeast to plants and anin@sthe four, Profilinl (Pfnl) is
ubiquitously expressed in all cells except skeletal muscle and was one of theafotst Ginding

protein i®lated(112). Homozygous kackout of Pfnl gene results in embryonic lethality at the
two-cell stagehighlightngP f n 1 6 s i (f).dmtial ativdesson Pfnl identified Pfnl as a
mononeric actinsequestration molecule that facilitated ADP to ATP exchange on actin and
prevented actin nucleatiofi1l4-116). In the presence of other acbimding proteins (ABPS),

Pfnl acts as a promoter of actin polymerizat{@d7-119. Pfnl is found to localize at the
lamellipodia of mammalian cellgl20) and the surface of motilésteria monocytogenegl 19
andloss of Pfnl expression leads to a decreaseaftin content in EC$§121). These studies
suggest that Pfnl has an important role as a promotor of actin polymerization. Related to
angiogenic regulation, Pfnl reduction led to decreased EC migrati@sjveness, proliferation,

and cord morphogenesis vitro (121) and alsoex vivo (88). Further mor eo Pfnl
interact with its ligands such asdatin and polyproline are important to promote such behavior
(122.

Pfnl has various binding partners includingactin, polyprdine proteins (PLPs and
phosphoinositides (PPISpf n16s PP bi ndi ng raetig bimdimgsdonsainer | ap
and also the PLP binding domaifhere is some evidence that Rictin interaction can be
controlled by phosphorylatiofi23), which suggests that at least Pfn1 may also be differentially
regulated in cellsOpening the possibility for another way to regulate Pfns, our lab has shown

that Pfnl can mulate cell motility through PPI signaling in an aetwependent manngi24).
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However, we still do not know how Pfns are regulated and what effect this regulasoon
Pfns ability to interact with its binding partners.

Regulation of Pfnl has been previously shown through phosphorylation. Pfnl can be
phosphorylated at S13id vitro by Protein Kinase & ( PKCg ) wjoeatherPPIgade, 5) P
present(125126). Phosphorylation of Pfnbn S137 led to an increase ofaGtin and PLP
binding with no apparent effect to PI(4,5)Binding (127) and this furthermore increases 2D
migration of MCF7 breast cancer ce(ts28. Another group, however, showed that S137 on
Pfnl can be phosphorylated by Rassociated coile€oil Kinasel (ROCK1) bothin vitro and
invivo(129whi ch decreased Pf nl-@aanaadALPs|conradictary tdoi n d
previous findings. These two findings were never confirmed with mass spectrometry or phospho
enrichment to confirm the specificity of S137 phosphorytatidnother group found that
phosphorylation of Pfnl at Y128 led to an increase {act bindingwhich was shown to be
crucial in sprouting angiogenegis23). These data suggest that pasinslational regulation of

Pfnl may also serve as a strategy to target Pfnl activity.

1.8 HYPOTHESIS AND SPECIFIC AIMS

Regulation otheactin cytoskeleton is a crucial aspect of cell migration and inap@ibgenesis
MKL/SRF signding is a major contributor in the regulation of the actin cytoskeleton by
initiating the de novosynthesis of many actin cytoskeletal proteins. Recent studies have
established that MKL/SRF signaling pathway plays a crucial role in various cell typeiamgrat
suggesting that the MKL/SRF pathway may be a potential target for regulation of cell migration.

Other studies have shown that the compound Q€23 and analogs of CCG can inhibit MKL
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activity. Furthermore, work from our lab has shown that MKL caecaféxpression of actin
binding protein, profilin, I n a SRF independe
least in part due to changes to Pfnl expression. Theréfbggothesize thaéndothelial cell

migration and angiogenesis are suscepélio small moleculemediated intervention of either

MKL directly or selective MKLregulated molecules with prangiogenic functionsuch as

profilin 1. The following specific aims were formulated to addtéeshypothesis

Specific Aim 1 Determine the efig of CCG1423, a small molecule inhibitor of MKL,
on EC migration and angiogenesis

Specific Aim 2 Identify novel small molecule inhibitors targeting Profilin (a
downstream target of MKL) and further assess the potential inhibitors in modulating EC
migration and angiogenesis.

Specific Aim 3 Identify and examine the consequence of novel phosphorylation event on
actinrelated function of Pfn1.

By developing MKL/SRF signaling or Pfn activityhibitors, we will explore the
potential fortherapies for pathlogies such as excessive angiogenesis, or even tumor metastasis.
These studies will also further implicate the possibility for targeting fundamental processes as a
pharmacological target. A major gap in MKelated signaling and Pfn is a limited
understading of the implications of pharmacological inhibition of either. In addition, examining
the effect of postranslational modification on Pfn may open new avenues for targeting this
important actin binding protein. The work presenting in this dissert&tiothe most part have
already been published in peeviewed journals. Work that has not been published will be

noted throughout the text.
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2.0 MATERIALS AND METHOD S

2.1 CELL CULTURE AND TREATMENTS

HmMVEC-1, a widely used human dermal microvascular EC line (SOWTEC; Manassas, VA,
CRL-3243i referred to as HmMVEC hereafter), were cultured in MCTH (Life Technologies;
Carlsbad, CA) growth medium [10% (v/v) fetal bovine serum, 100U/mL Penicillin, 100pug/mL
Streptomycin, 10ng/mL EGF, 1ug/mL Hydrocortisone, 10mMslutamine]. HEK-293 cells
(ATCC, CRL:-1573) were cultured in DMEM/F12 (1:1) (Life Technologies, Carlsbad, PA, USA)
growth medium [10% (v/v) FBS, 100-tL-1 Penicillin, 100 pgmL-1 Streptomycin]. HEK293

cells were maintained on culture dishes (Corningindg, NY, USA) coated with type |
collagen (BD Biosciences, Frankin Lakes, NJ, USA) for all experiments. IMIBA231 cells
(ATCC, HTB-26) were cultured in EMEM (Lonza, Basel, Switzerland) growth medium [10%
(v/v) FBS, 100 UmL-1 Penicillin, 100 pgmL-1 Steptomycin].Human VSMC (ATCC; PCS
100-012) were cultured in Human Smooth Muscle Cell Media (Cell Applications) with
supplement provided by the company, 100 U/ml Penicillin, andnigdtl StreptomycinFor
silencing of genes, MKL1 siRNA (Santa Cruz, Dallds{, USA, sc43944 Thermofisher
Scient f i c, Wal t ham, MA, UTR SIRNA 9sengestrandl yequenbeKdf & 3 6
singlet ar get si RNA 5086 GUGUCURBG MIRUIRKEA(SHdtA Eruz)

s¢610749, SRF siRNA (Santa Cruz, €6563), Pfnl siRNAGE Dhamacon M-01200301-
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0005), Pfnl-specific SiRNA (sensstrand sequence of a singlear get si RNA
UAGCGACUAAACACAUCAAUU-3 Nj) 0 4pool scontotsiRNA (Dharmacon, Lafayette,

CO, USA) all at 100 nM, were transfected using Transfection Reageftr HmVEC or
Transfection Reagent 2 for MDAand 293 ( Dhar macon) foll owing t h
instructions. Phosphomimetic point mutation of Pfnl were created on a-ta§jed Mus
musculusPfnl-encoding bacterial expression vector using the following primers: S57D (sense:

590 GGCAAAGACCGGTCAGATTTTTTCEC-3 06 ) , T89D (sense:
GGATCTTCGTGACAAGAGCACCGG3 6 ) , S91D (sense:
CGTACCAAGGACACCGGAGGAG3 6 ) , T 9 2 DCCAAGABGCGGACGGAGGAGCC

30) . For expr essi o4dmaggedMusenuskudusmlocODNAcwas sedtloinesd , my c
into pIRES2AcGFP1 (ClontechMountain View, CA, USA) bicistronic expression vector.
Phosphed e a d poi nt mutati on was mad e usi ng t he
GGACTTCGTGCCAAGAGCACCGE3 6 ) . Pl asmid DNA t-2%2aslf ect i c
MDA-231 cells were performed using XtremeQ@EMP transfection reagent (Roche, Basel,
Switzerland) and Lipofectamine LTX Plus (Life Technologies, Carlsbad, PA, USA) according to
the manuf act ufa CO&EL428 exgetimentEIMVEG weye treated with CCG

1423 (Santa Cruz) for 24 hoursnder serumstarved conditions prior to extractiomror

compound experimentsimVEC were treated withompoundsvernight prior to being assayed.

Cell viability was assessed by a hdead staining kit (Molecular Probes) according to the

manuf actmaiomr 6 s | nst
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2.2 ANGIOGENESIS ASSAYS

For in vitro angiogenesis assessment, cord formation assay in matrigel (mimics the natural
basement membrane matrix of EC), was performed as previous des(tRBd Briefly,
HmVEC were plated on top of polymerized matrigel and allowed to adhere prior to treatment
with DMSO or CCG. Cord formation was assessed after 16 hours by@bratsast microscopy.
Cordformation data was quantifiedy measuring the total length of all cords using the
angiogenesis plugin for ImageJ. For C@Gad compoundxperiments, cells were allowed to
adhere for 4 hours before switching to seffuee media with 30 ng/ml VEGRA (Cell Signaling)
and CCG1423or communds For EGspheroid angiogenesis assay, collagen solution [1 mg/ml
collagen with 0.25% (w/v) methylcellulose diluted in MCHB1] was pHadjusted using 5N
NaOH. EC spheroids (formed by culturing cells in ulow attachment plate) were mixed with
chilled collagen solution and seeded into the wells of avarened 24well plate (the seeding
volume was equal to 600 pL which typically contained205spheroids). To permit complete
polymerization, the gels were incubated agG37or 1 hour, and then overlaid with 500 pL of
MCDB-131 growth medium. Engoint analysis of sprouts was performed after 24 hrs of culture.
For ex vivo angiogenesis assessment, aortic ring angiogenesis assay was performed.
Briefly, thoracic aortas of -1 weekold mice were isolated, cleaned of fatty tissues and
branching vessels, and excised into ~1 mm segments. When applicable, aortic segments were
transfected for 24 hrs with appropriate siRNAs in @pEM (Life Technologies) media, and
embedded in #ier type | collagen (1 mg/mi diluted in DMEM) or growtkfactor reduced
matrigel. After polymerizing the matrix for 45 minutes; vivoculture was maintained in Opti
MEM containing 2.5% (v/v) FBS and 30 ng/ml VE@¥Ffor an additional 3 days to allow

vascular sprouting to take place. For C&@l compounexperiments, DMSO or CG®4230r
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compoundwas added to the media following embedding of aortic rings. For Pfnl siRNA
experiments, control of Pfnl siRNA was added to the media following embedding iof aort
rings. At the end of incubation, aortic rings were fixed with 3% (v/v) formalin for 30 minutes,
stained with 0.05 mg/ml rhodamuwenjugated lectin (labels EC) for 2 hours at room
temperature and further washed before acquiring images at a 4x magmfidadr Pfnl
immunostaining, following fixation, aortic rings were permeabilized with two consecutive
treatments of 0.25% (v/v) TriteK-100 (Fisher Scientific) for 15 minutes. After blocking with
10% (v/v) goat serum for 1 hour, rings were staiwgkd Pfnl polyclonal antibody (1:200;
Abcam, Cambridge, MA) overnight agd, washed extensively, labeled with FFEGnjugated
Goat AntiRabbit (1:100; Jackson Immunoresearch) and 0.05 mg/ml rhodaomegated
lectin for 2 hours at room temperature and further washed several times before image
acquisition.

For in vivo angiog@esis experiments, embryos were collected from Tg(kdrl:gfp)lal16
zebrafish (Danio rerio), grown at & until the 20 somite stage [equivalent to 19 hours-post
fertilization (hpf) at 28.50C]dechlorinated and allocated 20 per well in a swell plate.
Embryos were exposed to 1% DMSO or graded doses of -C423 (0.550 puM) in 30%
Danieau/0.003% phenylthiourea (Sigma, St. Louis, MO) for 22 hr ag28GCG1423 was
added directly in the water. For vessel analysis, each dose was repeated at least twattimes.
the end of the incubation period (41 hpf), embryos were fixed in 4% paraformaldehyde and
imaged via brightfield and fluorescence on an Olympus MVX10 microscope. Selected high

resolution images were obtained using a multiphoton microscope.
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2.3 GENERATION OF EC-SPECIFIC CONDITIONAL PFN1KNOCKOUT MICE

Pfn1"¥"% mice (described i{130) were bred into a Tie€re background (Source: Jackson
Laboratory in this trasgenic C57BL/6 mouse strain, Cre expression is driven undspggific

Tie2 promoter) to generate Egpecific heterozygous Pfnl knockout mouse (Pf{EC]).
Genomic DNA was extracted from either the tails of pups or aortic segments of adult mice
(following sacrifice) using a commercial kit (Promega). For genotyping, the following primers
were used: LoxP (Primer 1 [forward]: TGGAGCGGATCCAGCGAAGG; Primer 2
[reverse].:GTCCCCAGCAGTCGGGACG, Tie2re (forward:
GCGGTCTGGCAGTAAAAACTATC, reverse: GTGAAACAGCATTGOGTCACTT); PCR
positive control (forward: CTAGGCCACAGAATTGAAAGATCT; reverse:
GTAGGTGGAAATTCTAGCATCATCC). The recombinase activity of Cre was confirmed by
the generation of a 700 bp knockout band using Primer 1 (as mentioned above) and Primer 3
[reverse]: GGACACCAACCTCAGCTGGC. All animal experiments were performed in
compliance with an approved protocol by the Institutional Animal Care Committee of the

University of Pittsburgh.

24 CELL MIGRATION AND KYMOGRAPHY ASSAY

HmMVEC were sparsely plated in a-2#ll plate coated with type | collagen (Millipore) and
allowed to attach prior to switching to serirae media overnight with DMSO or CCG. Prior to
taking images, cells were stimulated with 50 ng/ml of VEGBr compound experiments,

HMVEC were sparsely plated m 24well plate coated with type | collagen (Millipore) and
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treated with DMSO, C1, or C2 overnight in cell culture plating media described ekdrer.

MDA experiments, MDA weresparsely plated in a 24ell plate coated with type | collagen
(Millipore) overnight in cell culture plating media described earli€me-lapse images of
randomly migrating E®r MDA were collected using a 10x objective for 120 minutes at a 1
minute time interval using MetaMorph (Universal Imaging). The centroid of the cell nweésus
tracked using ImageJ. For kymography analyses, HmYEGre plated and treated as before

but imaged using a 20x objective at 20 second intervals for 20 minutes, as per procedure

described beforél31).

2.5 PROTEIN EXTRACTION AND IMMUNOBLOTTING

Cell lysates were prepared by a modified RIPA buffer (25 mMi R@d pH 7.5, 150
mM NaCl, 1% (v/v) NP40, 5% (v/v) glycergl 1 mM EDTA, 50 mM NaF, 1 mM sodium
pervanadateandprotease inhibitors supplemented with 6x sample buffer diluted to 1x with the
final SDS concentration in the lysis buffer was equivalent to €&#aditions for the various
antibodies were: monoclonal Pfnl (Abcam; 1:3000), monoclonal GAPDH (Biorad, Hercules
CA, 1:3000), monoclonal VASP (BD Biosciences, Frankin Lakes, NJ; 1:2@alyclonal
MKL1 (Santa Cruz, 1:500), pgtlonal SRF (Santa Cruz, 1:500pplyclonal p34 ArpC2
(Arp2/3) (Upstate Biotechnology, Lake Placid, NY; 1:1Q0@)onoclonal GFP (Clontech,
Mountain View, CA, USA, 1:3000)monoclonal actin (BD Biosciences, Frankin Lakes, NJ,
USA. 1:1000), monoclonal myc (Sigma, St. Los , MO, USA, 1: 3tbdie ) ,

(Sigma, St. Louis, MO, USA, 1:3000ynonoclonal Flag (Sigma, St. Louis, MO, USA, 1:3000),
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monoclonal VASP (BD Biosciences, Frankin Lakes, NJ, USA, 1:1000) and monoclofiat p27

(BD Biosciences, Frankin Lakes, NJSA, 1:2000).

2.6 CONDITIONED MEDIA PREPARATION

Conditioned media was collected from the culture disHMVEC or MDA following overnight
incubation of cells in seruftee media. The collected media was filtered (Qu% size) and
concentrated using a 10 k@atoff filter. The concentrate was reconstituted with 2X laemmli

sample buffer and boiled before being analyzed by gel electrophoresis.

2.7 IMMUNOSTAINING

Cells expressing various FIMKL constructs were washed with PBS, fixed with 3.7%

formaldehyde for 15min, and permeabilized with 0.5% Tritof1 100 for 5 min. Following

blocking with 10% goat serum in PBS at room temperature for 30 min, cells were incubated with

a monoclonal Flag antibody (Sigma Aldrich; 1:100) diluted in 5% goat serum for 1 hr at room

temperature. After washing cells two times with 0.02% tw26rand twice with PBS, cells were

incubated withTRITC-conjugated secondary antibody (Jackson Immunoresearch, West Grove,

PA, 1:100 for 1 hr. Cells were again washed with 0.02% tw@rand PBS, twdimes each,
before mounting with the mounting medium with DAPI (Sigma Aldrich). Slides were imaged

using a 20X/0.4 NA objective on an Olympus IX71 inverted microscope.
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2.8 PROXIMITY LIGATION ASSAY (PLA)

PLA was performed using the Duolink kit with antobuseplus and antrabbit minus probes

(Sigma, DU09210). Cells cultured on cover slips were washed with DPBS, fixed with 3.7%
formaldehyde for 15 mins, permeabilized with 0.5% Tritorl00 for 5 minutes and then

blocked with 10% goat serum for 1 hr at room tenagure. In situ proximity ligation was
performed using two primary antibodies of different species targeting either Pfn1 (Abcam, 1:200,
ab124904, rabbit) or actin (BD Biosciences, 1:100, 612656, mouse), both for 1 hr at room
temperature in 10% goat serulmd a pair of oligonucleotidabeled secondary antibodies
targeting each primary antibody from the Duol
probe hybridization, ligation, amplification, and detection were performed according to the
manufacture 6s protocol . To quantify PLA spot s, i ma
624 nm with a 60X oiimmersion objective [N.A. = 1.4] on an Olympus-¥2 inverted
microscope) were first background subtracted using the mean fluorescent intensity rboell

the negative control group. A mask was then created from the images of interest and the
AAnal yze Particleso option was used to count

view.

29 ACTIN POLYMERIZATION ASSAY

Bacteria transformed with GSHfnl were grown to OD 0:6.9 and induced with 0.1 mM
isopropyt b-D- thiogalactopyranosiddRTG) (Sigmg for 3 hoursand extracted with lysis buffer

(25 mM Tris pH 7.4, 150 mM NaCl, 1% N#, 1 mM EDTA, 5% glycerol). Following
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clarification by centrifugationat 18000g for 30 minutes, cell lysates were mixed with
reconstituted glutathioragarose beads (Thermo Fisher) for overnight. After washing the resin

with a wash buffer (50 mM Tris, 150 mM NaCl, pH 8.0), GBfhil was eluted using an elution

buffer (50 mMTris, 150 mM NacCl, pH 8.0, 10 mM reduced glutathione). The eluted-&X8T

was then dialyzed in the following buffer: 200 mM Tris pH 7.4, 100 mM NaCl, 0.2 mM ATP,

5% sucrose, and 1% dextran prior to use in the polymerization assay. Actin polymerizdtion wit

or without GSTFPfn1 in the presence of DMSO or compound was performed using a fluorescent
actin pol ymeri zati on Kit (Cytoskeleton, BKO
downscaled to a 9%ell format with a 10:1 ratio (9 uM unlabeled and 1 uM pyremtin)

between unlabeled and pyrene actin. Pyrene fluorescence signal was read using a fluorimeter

with excitation wavelength of 360 nm and emission wavelength of 420 nm.

2.10 CELL PROLIFERATION ASSAY

Five-thousand cells (HMVEC or VSMC) were plated in the svefl a 24well plate in duplicate
on day 0 (D0O) and cultured overnight before being subjected to either compound or vehicle
treatment on Day 1(D1). Cells were trypsinized and counted on Days 2 and 4 (D2 and D4). The

media was replenished on day 3 (D3) vafipropriate treatment.
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2.11 PHARMACOPHORE QUERY CONSTRUCTION

Pharmacophore interaction features were generated for the Pfnl:actin binding pocket by docking
fragments (benzene and water) and manually selecting deeply buried interactions. Altogether,
we identifed two hydrophobic, one aromatic, and five hydrogen bond interaction features in the
vicinity of Y169 residue of actin. As including all these features resulted in an epEtyfic

guery without any matches, we generated all 10 possible pharmacopkass gontaining any

three of the five possible hydrogen bond features. Each query feature was assigned a 1A radius

and directionality was not considered.

2.12 MOLECULAR DYNAMICS FOR PFN1/ACTIN INTERACTION INHIBITORS

In order to account for receptor flexibylitthe Pfn1 component of the Pfn1/Actin 2BTF complex

was simulated by itself using Amberl4 and the ff14SB force {i#82) with TIP3P explicit

water in a truncaid octahedral box with a 12A buffer, periodic boundary conditions, and particle
mesh Ewald electrostatics with a 10A cutoff. After two rounds of minimization and a 100ps
equilibration run, the protein was simulated for 139ns. A greedy algorithm was teértaus

extract 10 diverse snhapshots as measured by backbone RMSD. These snapshots were then

aligned to the 2BTF structure used to define the pharmacophore queries.
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2.13 CONSENSUSSCORING AND RANKING

As the hits identified through pharmacophore search are al@ahed with respect to the
receptor according to the desired interaction features, there is no need to perform full molecular
docking. However, in order to refine the compound structures and generate a ranking, we
performed local energy minimization ogi smina (133 with the AutoDock Vina scoring
function (134). We minimized the pharmacophore aligned pdsesy searching the ZINC
database (210,802 poses total) with respect to each of the 10 receptor structures generated
through molecular dynamics simulation. Poses that moved by more than 2A RMSD during
minimization were filtered out to retain the desirddupnacophore interactions and only the top
scoring pose for each compound was retained. The top 100 scoring poses for each of the 10
receptor structures were then merged and the top 300 unique compounds of this combined set
(which included all 39 compousdhat were tofd00 ranked for at least 5 of the 10 receptors)
were evaluated for acquisition. These compounds were clustered using OpenBabel FP2
fingerprints(135 and at most two compounds per a cluster were selected for screening, subject

to commercial availability, up to a total of 20 compounds.

2.14 IN VITRO KINASE ASSAY

His-tagged Pfnl (1.5 pg) was added to kinase Buffer [20 mM BES (Sigma, St. Louis, MO, USA)
pH 7, 20 mM EGTA (Fisher Scientific, Waltham, MA, USA), 6 mM MgCI2 (Fisher Scientific,
Waltham, MA, USA), 5 mM ATP (Sigma, St. Louis, MO, USA), 10 mM Phosphocreatine

(Sigma, St. Louis, MO, USA), 1 mM DTT] and incubated with or without 0.5 Ulpudatalytic
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subunit of bovine PKA (Sigma, St. Louis, MO, USA) a&30for 1 hour with gentle mixing
every 15 minutes. The reaction was stopped by boiling the products for 5 minutes in the presence
of 2-mercaptoethanol. Reaction products were run on-BBGE and visualized by silver

staining.

2.15 IN GEL TRYPSIN DIGESTION

In gd trypsin digestion was carried out as previously descr{idd). PKA treated higagged

Pfnl was first subjected to SEFSAGE. The gels ere washed twice with MilliQ water for 5
minutes each and then stained with Coomassie Stain [0.1% (w/v) R250 (Fisher Scientific,
Waltham, MA, USA), 40% (v/v) Ethanol (Decon, King of Prussia, PA, USA), 10% (v/v) Acetic
Acid (Fisher Scientific, Waltham, MAJSA)]. After destaining gels with a destaining solution
[10% (v/v) Ethanol, 7.5% (v/v) Acetic Acid], regions containing-taigged Pfnl were excised,
washed with HPLC water and destained with 50% acetonitrile (ACN)/25mM ammonium
bicarbonate until no visiblstaining. Gel pieces were dehydrated with 100% ACN, reduced with
10mM dithiothreitol (DTT) at 56°C for 1 hour, followed by alkylation with 55mM
iodoacetamide (IAA) at room temperature for 45 min in the dark. Gel pieces were then again
dehydrated with 10% ACN to remove excess DTT and IAA, and rehydrated witng@qQul
trypsin/25mM ammonium bicarbonate and digested overnight at 37°C. The resultant tryptic
peptides were extracted with 70% ACN/5% formic acid, vacuum dried acohstituted in 18

pl 0.1% formc acid.
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2.16 TANDEM MASSSPECTROMETRY ANALYSIS

Proteolytic peptides from in gel trypsin digestion were analyzed by a nanoflow rebhersed
liquid chromatography tandem mass spectrometry-M®IMS). Tryptic peptides were loaded
onto a C18 col ulonm pdckd withA6.5cm Reprosii C18 18n 120A
chromatography media with a 75um ID column and a 15um tip, New Objective, Inc., Woburn,
MA, USA) using a Dionex HPLC system (Dionex Ultimate 3000, ThermoFisher Scientific,
Waltham, MA, USA) operated with a dolg-split system (Personal communication with Dr.
Steve Gygi from Department of Cell Biology, Harvard Medical School) to provide-eolumn
nancaflow rate (~300nl/min). Mobile phases used were 0.1% formic acid for A and 0.1% formic
acid in acetonitriledr B. Peptides were eluted off the column using a 52 minute gradidGe42
B in 42 min, 4895% B in 1 min, 95% B for 1 min, 2% B for 8 min) and injected into a linear ion
trap MS (LTQXL, ThermoFisher Scientific, Waltham, MA, USA) through electrospraye Th
LTQ XL was operated in a dateependent MS/MS mode in which each full MS spectrum
[acquired at 30000 automatic gain control (AGC) target, 50ms maximum ion accumulation time,
precursor ion selection range of m/z 300 to 1800] was followed by MS/MS scéres ®fmost
abundant molecular ions determined from full MS scan (acquired based on the setting of 1000
signal threshold, 10000 AGC target, 100ms maximum accumulation time, 2.0 Da isolation
width, 30ms activation time and 35% normalized collision ene@ypamic exclusion was
enabled to minimize redundant selection of peptides previously selected for CID.

The MS raw files have been deposited to Chorus

(https:// chorusproject.org/ pages/index. ht ml)
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2.17 PEPTIDE IDENTIFICATION BY DATABASE SEARCH

MS/MS spectra were searched using the SEQUEST search engine implemented in Proteome
DiscovererE software (v. 1.4.0, Ther moFi sher
UniProt human proteome database (January 2013 release)tHfeouropean Bioinformatics

Institute  (http://www.ebi.ac.uk/integr8). The following modifications were used: static
modification of cysteine (carboxyamidomethylation, +57.05 Da), variable modification of
methionine (oxidation, +15.99Da) and variable madifion of serine/threonine/tyrosine
(phosphorylation, +79.97Da). The mass tolerance was set at 1.4Da for the precursor ions and 0.5
Da for the fragment I ons. Peptide identifice
ProteinProphet® algorithms withpotein threshold cutoff of 99% and peptide threshold cutoff

of 95% i mplemented in ScaffoldE (Proteome Sof

2.18 TWO-DIMENSIONAL GEL ELECTROPHORESES (2D-GE)

Cells were scraped in the presence of 2D lysis Buffer [2 M Urea (Fishemtci Waltham,

MA, USA), 7 M Thiourea (Life Technologies, Carlsbad, PA, USA), 4% (w/v) CHAPS (Sigma,

St. Louis, MO, USA), 50 mM DTT (Roche, Basel, Switzerland)] and collected into a Bead

beater tube (Biospec, Bartlesville, OK, USA) containing 50 mg3esads (Sigma, St. Louis,

MO, USA). Isoelectric focusing was performed using the Zoom IPGRunner System (Life
Technol ogi es, Carl sbad, PA, USA) according to
Briefly, lysates were reconstituted in rehydratiorffé@u[final concentrations: 2 M Urea, 7 M

Thiourea, 4% (w/v) CHAPS, 50 mM DTT, 0.5% (v/v) Carrier Ampholytes (Life Technologies,

38



Carlsbad, PA, USA), 0.005% (w/v) Bromophenol Blue (Fisher Scientific, Waltham, MA, USA),
50-150 pg Proteins]. IPG strips undeent isoelectric focusing using the following program:
175 V for 30 minutes; linear ramp 12000 V over 45 minutes; 2000 V for 495 minutes
depending on the pH range. IPG strips were briefly washed with running buffer [25 mM Tris pH
8.3, 192 mM Glycing 0.1% (w/v) SDS] and sealed on TFHKCI polyacrylamide gels with
running buffer containing 0.5% Agarose (Life Technologies, Carlsbad, PA, USA) and 0.005%
(w/v) Bromophenol Blue before performing electrophoresis in the second dimension followed by

immunobotting.

2.19 PHALLOIDIN STAINING

Cells were washed with DPBS, fixed with 3.7% formaldehyde for 15 min, permeabilized with
0.5% Triton X100 for 5 min and then blocked with 10% gseatum for 1 h at room
temperature. Cells were incubated with rhodarpihalloidin (Life Technologies, Carlsbad, PA,
USA) for an hour at room temperature. Stained cells were washed two times with PBS
containing 0.02% tween, two times with PBS, and then once with distilled water before
mounting on slides for imaging using a 60x-iolimersion objective on an Olympus IX71

inverted microscope.
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2.20 MOLECULAR DYNAMICS SIMULATION FOR PFN1PHOSPHORYLATION

A homology model of Mus musculus Pfnl was created from a crystal structure of bovine Pfnl
bound to actin (PDB 2BTF). The model was createdmayually performing the following
mutations using Pymol: N9S, N41S, 149V, 1100V, and M122L. All mutations could be
performed without introducing significant steric clashes. Additional Pfn1 models were created by
mutating T89 to either alanine or aspagad to mimic phosphdead and phosphorylated states

as well as to phosphothreonine. All simulations were performed with GPU accelerated Amber
version14 with the ff14sb force fiel37). Parameters for phosphothreonine were taken from a
previously published studfd38). The homology modules were solvated to form an octahedral
TIP3P water box that extends 12 A beyond the protein. The system was neutralized with Na+ or
Cl- ions as needed. Thsystem then underwent two rounds of minimization. A 100 ps constant
volume run was performed with weak positional restraints on the protein during which the
temperature was warmed from 0 K to 300 K followed by an unrestrained constant temperature
and pressgre equilibration run of 100 pS. Simulations were performed using the particle mesh
Ewald (PME) method with a nemonded cutoff of 10 A. Constant pressure periodic boundaries
and isotropic position scaling were used to maintain a pressure of 1 atm. ibadgeamics

were used for temperature control. Three separate simulations of each model were run with
different random seeds and every simulation was run for 300ns, resulting in 900ns of simulation

per a model. Analysis of the simulations was performetyudDAnalysis(139).
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2.21 STATISTICS

Statistical tests were performed with eitherenay ANOVA f ol | owehdctdsty Tuke

or st u-wswhendappropriate, and p < 0.05 was considered to be statisticafigamn
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3.0 PHARMACOLOGICAL INTERVENTION OF MKL /SRFSIGNALING BY CCG-

14231MPEDES ENDOTHELIAL CELL MIGRATION AND ANGIOGENESIS

3.1 INTRODUCTION

The contents of this sectiane mostly published (section unpublished will be noted in text)
ReferenceGau D, Veon W,Capasso T, Bottcher R, Shroff S, Roman B, Roy P
Pharmacological Intervention of MKL/SRF signaling by GC&23 impedes endothelial cell
migration and angiogenesisngiogenesis. 20120(4):663672 Joy M,Gau D, Castellucci N,
Prywes R, Roy P. The myochn-related transcription factor MKL eregulates the cellular
levels of two profilin isoforms. Journal of Biological Chemistry. 20492(28):1177711791.

Specific Aim 1: Determine the effect of CG®423, a small molecule inhibitor of MKL, on EC
migration and angiogenesis.

Angiogenesis is an important physiological process that occurs during expansion of the vascular
network during development. However, excessive angiogenesis promotes a wide range of human
pathologies such as diabetic retinopathy, canatiterosclerosis, and arthritis, thus providing
justification of antiangiogenic therapies in various disease contexts. Endothelial cell (EC)
migration is a fundamental aspect of angiogenesis. EC activation {angiagenic cues allows

a selective poputeon of EC (known as tip cells) to extendaEtinrich filopodial protrusions,
migrate toward guidance cues, and initiate the vessel sprouting, while EC trailing behind the tip
cells (known as stalk cells) proliferate to elongate the sprouts. A propedircaioon of
continued migration of tip cells and proliferation of stalk cells is crucial for angioge@d3is

Dynamic remodeling of the actin cytoskeleton igp@nse to angiogenic stimuli lies at the heart
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of tip cell migration, which, in part, is thought to rely de novosynthesis of important
structural and regulatory components of the actin cytoskeletal system by the action of
transcription factor SRF [semuresponse factor]. SRF target genes include SRF itself and those
involved in regulating actin cytoskeletal, adhesion, and contractility functions (e.g., actin,
myosin, vinculin, filamin, integrin, calponin)(30,354345140). Myocardin family
transcriptional ceactivators (include myocardin and myocarditated transcription factors
(MRTF; also known as MKL (megakaryoblastic leukemia))) play an important role in
stimulating transcriptional actiyitof SRF. ECGselective disruption of either SRF or MKL genes
(MKL1 and MKL2) when conditionally induced in neonatal and adult mice causes prominent
reduction in developmental (physiological) and tumor (pathological) angiogenesis. In line with
thesein vivo findings, knockdown of either SRF or MKL inhibits migration and angiogenic
ability of both human and rodent EGs vitro (18,82-85). While these findings provide
compelling genetic evidence of an essential role of MKL/SRF signaling in EC migration and
angiogenesis, pharmacological targeting of MKL/SRF pathway as a potentiangiigenic
strategy has not be@xplored to date.

A small molecule screen of inhibitors of Rhmluced SRFmediated transcription
initially identified CCG1423 as an inhibitor of MKL/SRF signalir{§6). The molecular targets
of CCG1423 have been more recently uncovered. It has been shown thet423®inds to the
nuclear localization signal (NLS) region of RREbmain containing proteins, such as those
belonging to the MKL family of protein@87). By virtue of this interaction, CC&423 prevents
MKL 6 s interactiUdm, wictausi mgori tnihn bi ti on o f
MKL/SRF-mediated gene transcription. C&@23 can also indirectly reduce nuclear

accumulation of MKL and suppress SRRiation by targeting MICAL2 (an atypical actin
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binding protein) and regulating MICALRatalyzed redoxnodification and depolymerization of
nuclear actin (an inhibitor of MKL: SRF interactio(§8). Although these studies suggest that
CCG-1423 has more than one cellular target, attenuation of MKL/SRF signaling is clearly one of
the main downstream effects of CA@23.

We herein demonstrate that pharmacologio&érvention of MKL/SRF axis by CCG
1423 dramatically inhibits EC migration and angiogengsistro, ex vivq andin vivo. Our data
suggest cellular depletion of actinding protein profilinl (Pfnl), an important regulator of
actin cytoskeletal dynamicsnay be one of the mechanisms of the-angiogenic action of
CCG1423. These findings set the stage for further preclinical evaluation ofX4@& as a

potentially novel antangiogenic agent.

3.2 RESULTS

3.2.1 Pharmacological intervention of MKL/SRF signaling by CCG-1423 inhibits

angiogenesis

First, to determine whether CCL323 affects the angiogenic potential of EC in vitro, we
performed matrigeinduced cord formation assay with HmVEC at different concentrations (0.5,

1, 2.5, a n d-1423 og DM SO ¢véicle Cadtdl). In these experiments, CAG23

significantly reduced the coidor mi ng abi l ity of HMVEC starti ng
found a doselependent inhibition in coffbrming ability of HmMVEC (as judged by the
measurements of total cord lengwith mean inhibition equaling to 45 and 80%, at 1 and 2.5

eM concentrations, respect i ve-14¢3, theAcordotmmg 5 & M
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ability of HmMVEC was almost completely abolishdeigure 5ai b). By livei dead stainig, we
confirmed no significant cytotoxicity effect of CECB123 on HmVEC Figure S1). Immunoblot
analyses of parallel culture showed that GCAz3 not only caused a prominent reduction in the
expression level of SRF (this is expectadce inhibition of nuclear import of MKL by CGG
1423 should reduce SRF activation, thus diminishing transcription of SRF itself), but
interestingly, it also downregulated the expression level of MKEhure 5¢). CCG 1423
induced inlbition of cord formation of HMVEC was also consistent with similar effects elicited

by treatment of these cells with siRNAs targeting either MKL1 or SRfu(e5di €).
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Figure 5. CCG-1423 inhibits angiogen&sboth in vitro and ex vivo. a Representative images of HmVEC cord
formation after treatment with either DMSO or C@@&23 at increasing concentrations. b Quantification of
angiogenesis readouts (measured by total cord length) of HmMVEC inl@2&versus DISO treatment groups
summarized from 3 independent experiments with 3 replicates/experiment (**p < 0.01). ¢ Immunoblots of HmMVEC
extracts prepared at the same tipmint as the engoint of cord formation assays showing the effect of increasing

doses of CG-1423 on the expression level of MKL1 and SRF (GARDIdading control). de Representative

46



images (panel D) and quantification (panel E) showing the effect of either MKL1 or SRF knockdown on the cord
forming ability of HmMVEC (data summarized from 3 indegent experiments with 3 replicates/experiment; p <
0.01). g Representative images [panel F; magnified regions of the lower right corner of the rings below show
sprouts (arrows)] and quantification (panel G) of endothelial sprouts from aortic segmenitaganl matrix under

either DMSO or CC@El423 treatment (sprouts were identified by FITC lectin staining; data summarized from aortic

segments pooled from 4 mice; **p < 0.01)

Although cord formation assay is widely used to study the morphogenetity &biid
angiogenic potential) of EC, it fails to recapitulate the sprouting behavior of EC from the
preexisting blood vessels and represent the complexities of multicellular interactions that occur
doing angiogenesim vivo. Therefore, we next assessed §ffouting from mouse aortic rings
explanted in ECM in r-248300DMS® (vahicle cerntrol)hGomsistént ¢ M C
with its effect on human EC line in vitro, CEG423 at 5 €M concentratio
abrogated EC sprouting from the mousertia segments ex vivoF(gure 5fig), further
confirming the antangiogenic effect of CCG423ex vivo

We next examined the effect of CE€kd23 on sprouting angiogenesis invel®ping
zebrafish Tg(kdrl:gfg}"'® embryos. These zebisii express GFP driven by the Bpecific
kdrl/flk1/vegfr2 promoter, enabling visualization of blood vessels by fluorescence microscopy
(141). Embryos were exposdd CCG1423 at 19 hpf (20 somites), just prior to the onset of
intersegmental vessel (ISV) sprouting from the dorsal aorta, which initiates at EABpfWwe
initially performed a qualitative assessment of the effect of various doses 6fl&Z33anging
from 0.5 to 50 €M on overal/l devel opment and
displayed in aabular form inFigure 6a . At concentrations 10 &M ¢

exhibited a complete developmental arrest. Although vascular sprouting was dramatically
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inhibited in the concentration range of 55 ¢ M -T2Z3Gdata not shav, there was also a

prominent developmental delay of the embryos, and therefore we excluded these concentrations
for the 1SV analyses. Since no gross developnm
CCG-1423 Figure 6b), we ewaluated ISV development specifically at these two doses of the
compound. With DMSO treatment, ISVs sprouted normally from the dorsal aorta, and rostral and
caudal branches from these primary ISVs interconnected to form the dorsal longitudinal
anastomotic &ssel (DLAV) Figure6ci e). These features were not adversely affected a 045
CCG1423. Ho we v er-1423a +70%lemisryds ekhibiged defects in ISV sprouting

which was marked by lower number of initiated sprouts and/or incomplete extension of ISVs. In
many of those cases, DLAV formation was not apparent likely resultimg the initiation

and/or extension defects. On average, there was a 25% reduction in the number of ISV and 41%
decrease in the total | e n g t-123 oelativd t8 the viemcler e s p o
control, and this difference was statistically sigrfit (p < 0.01Figure6fi g). Taken together

with foregoingin vitro and ex vivo angiogenesis data, thegse vivo data demonstrate anti

angiogenic effect of CCG423.
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Figure 6. CCG-1423 inhibits developmentangiogenesis in zebrafish embryos. a Summary of phenotypes of
To(flk1:gfp)lall6 zebrafish embryos at 22 h after treatment with the indicated doses of eitherd@8Gr DMSO

(control); N indicates the number of embryos in each treatment grodBrightfield (panel B; scale bdr5 0 0 & m)

and fluorescence images [panels C (scale bar 500 &m) a

of zebrafish embryos at the indicated doses of A@E&3 relative to DMSO (ISV: intersegmental vessel; DA dorsal
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