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SUMMARY

Dedifferentiation (partial reprograming) or the process through which a mature cell can
be converted into a progenitor or primitive cell state, is associated with implantation,
embryogenesis, organ development, the formation of endocardial cushion and heart valves,
wound healing, and cancer via epithelial-mesenchymal transition (EMT) and endothelial-
mesenchymal transition (EnMT) (Archiniegas et al., 2007; Kalluri et al., 2009; Lee et al., 2006;
Masszi et al., 2004; Nawshad et al., 2005). As Wingless (Wnt) pathway activation has the
capacity to induce EMT (Elbert et al., 2006; Kalluri et al., 2009; Kim et al., 2002; Linder et al.,
2001; Nawshad et al., 2005), I postulate that activation of the canonical Wnt pathway promotes
dedifferentiation of venous endothelial cells towards an arterial or more immature phenotype.

Forced expression of NANOG, a transcription factor critical in the maintenance of
pluripotency and self-renewal in embryonic stem cells (ESCs) (Chambers et al., 2009; Hamazaki
et al., 2004; Loh et al., 2006; Mitsui et al., 2003; Takao et al., 2007; Wang et al., 2006; Zhang et
al., 2010), generates induced pluripotent stem cells (iPSCs) in combination with other Yamanaka
factors KLF4, c-MYC, SOX2, and OCT3/4 (Okita et al., 2007; Silva et al, 2009; Takahashi et al.,
2006). The studies performed here confirm NANOG expression in a subset of tumor cell lines,
endothelial cell (EC) lines, and in the developing vasculature of an E14.5 day embryo. Upon
activation of the canonical Wnt signaling pathway in endothelial cells, NANOG levels are
increased, thereby resulting in dedifferentiation.

To promote canonical Wnt signaling, I exposed ECs to 6-bromoindirubin-3’-oxime
(BIO), a competitive inhibitor of Glycogen Synthase Kinase-3 (GSK-3p). BIO binds to the
ATP binding pocket of GSK-38, inhibiting its ability to autophosphorylate and thereby inhibiting

its capacity to phosphorylate B-catenin (Meijer et al., 2003; Sato et al., 2004). Stabilized p-
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SUMMARY (continued)
catenin accumulates in the cytosol, translocates into the nucleus, where we posit that it binds to
and forms a complex with nuclear NANOG. This nuclear -catenin/NANOG complex induces
the transcription of NANOG in a subset of ECs, resulting in the upregulation of NANOG (via an
auto-regulation loop), BRACHYURY, OCT4, CD133, and FLKI. The increase transcription of
the aforementioned genes promotes the transition of endothelial cells towards a more primitive
cell state. However, I did not assess the degree of dedifferentiation, i.e. if these cells acquired
pluripotent stem cell state.

Through the use of microscopy and western blot assays, we demonstrate the upregulation
of NANOG and translocation of B-catenin into the nucleus of BIO treated ECs. Co-
immunoprecipitation assay exhibited increased interaction of B-catenin with NANOG in nuclear
EC lysates. Through far western assay (also called ligand blotting), we verified that the
interaction is direct. Importantly, Chromatin Immunoprecipitation analysis of HUVECs and
HPAEC:s established that upon BIO treatment, NANOG binds to and upregulates the NANOG,
BRACHYURY, OCT4, CD133, and FLKI promoters.

The data provided in this dissertation establish in vitro and in vivo dedifferentiation of a
subset of venous ECs. Through Q-RT-PCR, we show that pluripotency and primitive EC
markers f-catenin, NANOG, OCT4, BRACHURY, CD133, and FLK] are upregulated while
mature EC markers CD3/ and vWF are abrogated in HUVEC:s in response to BIO.
Immunofluorescent staining and western blot experiments using HUVECs and HSaVECs
confirm stabilized B-catenin polypeptide species and nuclear translocation, increase of NANOG,

NOTCH-1 (arterial EC marker), DLL4 (arterial EC marker), and NUMB (marker for asymmetric
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SUMMARY (continued)
cell division), and the reduction of vWF and VE-cadherin. This data demonstrated the BIO-
mediated conversion of venous endothelial cells towards a more primitive phenotype.

The hallmarks of dedifferentiation include the loss of cell-cell adhesion and the reduction
of adhesion molecules VE-cadherin and E-cadherin, augmented proliferation through the re-
entry of quiescent cells into the cell cycle, the formation of cellular aggregates, acquisition of a
migratory phenotype, and asymmetric cell division (ACD) (Archiniegas et al., 2007; Aref et al.,
2013; De Carne Trecesson et al., 2011; Guo et al., 1996; Jopling et al., 2011; Kalluri et al., 2009;
Lee et al., 2006; Matsuzaki, 2000; Nawshad et al., 2005; Nodesa et al., 2004; Nodesa et al.,
2006; Thiery, 2002; Timmins et al., 2007; Tio et al., 2011; Tung et al., 2011; Zhang et al., 2010).
BIO-induced cell proliferation and downregulation of cell cycle inhibitors p21 and p53, the
formation of cellular aggregates, ACD, and the acquisition of a migratory and invasive
phenotype of venous ECs in vitro via a NANOG transcriptional network.

In addition, Matrigel plug and hind limb ischemia (HLI) assays confirmed the ability of
BIO to stimulate increased neovascularization. In response to BIO treatment, Matrigel plugs
comprised of HUVEC and HSaVECs acquired arterial EC markers a-SMA, NOTCH1, HEY?2,
and Ephrin-B2. In HLI, mice receiving intramuscular BIO and BIO-treated water showed
increased neovessel formation and a-SMA" staining compared to control mice. The evidence
presented here, therefore, establish the capacity of the canonical Wnt pathway activation via
BIO-mediated GSK-3f inhibition results in the formation of a B-catenin/NANOG nuclear event,
leading to augmented neovascularization, a process that involves dedifferentiation of a subset of

venous to arterial endothelial cells.
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I. INTRODUCTION

A. Background

Transcription factor NANOG, recognized for its ability to maintain pluripotency and self-
renewal in embryonic stem cells (ESCs)(Chambers et al., 2009; Hamazaki et al., 2004; Loh et
al., 2006; Mitsui et al., 2003; Takao et al., 2007; Wang et al., 2006; Zhang et al., 2010), however
its expression is also detected in the aorta-gonad-mesonephros (AGM) region, tumor cell lines,
and ESCs (Chiou et al., 2010; Ling et al., 2012; Mitsui et al., 2003; Pan et al., 2007; Rodda et al.,
2005; Santagata et al., 2006; Silva et al., 2009; Siu et al., 2013; Wang et al., 2008). NANOG is
critical in the prevention of ESC differentiation into the primitive endoderm, inner cell mass
formation, and the development that takes place during implantation (Ben-Porath et al., 2008;
Loh et al., 2006; Pan et al., 2007; Silva et al., 2009; Yamaguchi et al., 2005). Along with other
Yamanaka factors (KLF4, OCT3/4, SOX2, and C-myc), NANOG is able to produce induced
pluripotent stem cells (iPSCs) through the process of somatic cell reprogramming (OKkita et al.,
2007; Silva et al., 2009; Takahashi et al., 2006). It was previously believed that NANOG is
downregulated after cellular differentiation; however I observed that NANOG is still detectable
in adult cells and plays a role in dedifferentiation and angiogenesis.

Wingless (Wnt) signaling is associated with morphogenesis, epithelial-mesenchymal
transition, the maintenance of self-renewal in pluripotent stem cells, and the activation of genes
involved in cell proliferation, migration, embryogenesis, and wound healing (Archiniegas et al.,
2007; Franco et al., 2009; Goodwin et al., 2002; Goodwin et al., 2006; Gore et al., 2011; Kalluri
et al., 2009; Micalizzi et al., 2010; Samarzija et al., 2009). The canonical Wnt pathway is

activated when the Frizzled (Fz) receptor is bound by a Wnt ligand, resulting in the inhibition of



GSK-3p, the stabilization and nuclear translocation of B-catenin, and the transcription of Wnt
target genes (Rao et al., 2010; Samarzija et al., 2009). In this study, we use 6-bromoindirubin-
3’-oxime (BIO) to inhibit GSK-3f and to induce Wnt pathway signaling. BIO is recognized to
maintain pluripotency and self-renewal in mESCs and hESCs, as well as for its high specificity
and low toxicity compared to other GSK-3 inhibitors (Meijer et al., 2003; Park et al., 2009;
Sato et al., 2004; Wray et al., 2011).

Here I address the hypothesis that GSK-3f inhibition by Wnt3a or BIO stimulation
induces cytosolic B-catenin stabilization and translocation into the nucleus of vascular
endothelial cells (VECs). Accordingly, the nuclear B-catenin binds and forms a complex with
NANOG in the nucleus, upregulating the transcription of NANOG and NANOG regulated genes.
This event induces SCD in a subset of VECs, which remain as differentiated cells, while another
subset undergo ACD and dedifferentiation (Figure 1), ultimately transitioning towards an

arterial phenotype in vivo or a more immature phenotype in vitro.
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Figure 1: Model. The addition of Wnt3a or BIO stimulation inhibits GSK-33 and subsequently
stabilizes cytosolic B-catenin. Stabilized B-catenin accumulates and translocates into the nucleus
of venous endothelial cells where it binds to transcription factor NANOG. This -
catenin/NANOG complex upregulates NANOG and NANOG target gene transcription, giving
rise to a population of cells undergoing symmetric and asymmetric cell division, culminating in a
pool of differentiated and dedifferentiated cells, and the transitioning of venous endothelial cells
towards a dedifferentiated phenotype.



B. Statement of Hypothesis

In this study, we examined the effect of Wnt pathway activation through GSK-38
inhibition on the angiogenic and dedifferentiation potential of vascular endothelial cells. I
analyzed the importance of NANOG and NANOG associated genes in this dedifferentiation
process. I hypothesize that GSK-3f inhibition and subsequent activation of the Wnt pathway
leads to augmented neovascularization and a partial dedifferentiation of venous endothelial cells
via 1) the formation of a f-catenin/NANOG complex in the nucleus of endothelial cells and 2)

the consequent upregulation of NANOG and NANOG transcriptional networks.

C. Significance

Coronary artery disease, including myocardial infarction and cardiac arrest, is presently
the leading cause of death worldwide attributing to seven million deaths each year (Red-Horse et
al., 2010). The current method of treatment is coronary artery bypass graft (CABG) surgery.
Three main sources for the graft are used: saphenous veins, internal mammary arteries, and radial
arteries. Saphenous vein grafts (SVG) are the least invasive and have the fastest recovery time
as the saphenous vein is removed from the leg and grafted from the aorta to the coronary artery.
However, 10-25% of SVG occlude within 1 year post surgery, with approximately 50%
remaining viable after 10 years, half of which exhibit atherosclerosis (Bourassa et al., 1985;
Chesebro et al., 1984; Fitzgibbon et al., 1996; Hillis et al., 2011; Sabik et al., 2005). SVGs are
prone to graft thrombosis after exposure to arterial pressure, as well as smooth muscle cell
migration stimulation, leading to restenosis, hyperplasia and atherosclerosis (Chesebro et al.,

1984; Hillis et al., 2011. As venous endothelial cells contain a thinner basement membrane and



are not surrounded by smooth muscle cells, veins are less capable to resist shear stress and
pulsatile flow required by coronary arteries.

Internal Mammary Arteries (IMA) show the most promise, with 90% patent 10 years
after CABG, and are therefore the most commonly used bypass graft. IMAs are more resistant to
the development of atherosclerosis, mostly likely because the endothelium of IMAs releases
vasodilators and platelet inhibitors prostacyclin and nitric oxide, as well as IMAs internal elastic
lamina which prevents the migration of smooth muscle cells (Hillis et al., 2011; Luscher et al.,
1988; Pearson et al., 1992). However, IMA are more invasive and carry a higher risk of fatality
as well as atrophy (Hillis et al., 2011; Pagni et al., 1997; Sabik et al., 2005).

Radial Arteries are the second most common CABG; however they are better suited for
grafting a left-sided coronary artery, while it is not recommended to bypass the right coronary
artery. Radial artery grafts are prone to atrophy and healing times are substantially longer with
higher risk of complications postoperatively (Hillis et al., 2011; Maniar et al., 2002; Possati et
al., 1998; Royse et al., 2000).

In this study, we address if venous ECs can be converted into arterial ECs, with the hope
to improve upon the current methods of neovascularization of ischemic tissues. High occlusion
rates for SVG and long recovery times and increased fatality rates for IMA and radial artery
grafts leave room for improvement in bypass graft models. The ideal resolution would be low
invasiveness (as with the SVQG) with higher patency (as with the IMA graft). Due to the fact that
canonical Wnt signaling is involved in epithelial-mesenchymal transition and endothelial-
mesenchymal transition, we are examining the capacity of Wnt pathway activation to induce
dedifferentiation of venous endothelial cells to arterial or even more immature ECs. The ability

of BIO to convert saphenous vein cells to an arterial phenotype or towards a progenitor state in



situ could dramatically expand the restorative potential and patency, while reducing thrombosis

and atherosclerosis in coronary artery bypass grafts.



II. LITERATURE REVIEW

A. Canonical Wingless (Wnt) Pathway and Glycogen Synthase Kinase-3 Beta (GSK-3pB)

Inhibitors

The Wingless (Wnt) pathway has been shown to play many critical roles in a variety of
biological processes and the development of many organisms. Wnt is expressed naturally in
endothelial cells, epithelial cells, and undifferentiated mouse embryonic stem cells (mESCs)
(Goodwin et al., 2002; Goodwin et al., 2006; Sato et al., 2004). Wnt signaling has been observed
in the regulation of endothelial cell proliferation, tube formation, migration, and angiogenesis
(Franco et al., 2009; Goodwin et al., 2002; Goodwin et al., 2006; Gore et al., 2011; Samarzija et
al., 2009). Pluripotent embryonic stem cells (ESCs) differentiate into epiblast stem cells
(EpiSCs) during development, however Wnt signaling prevents this transition and maintains the
self-renewal of pluripotent stem cells (Niwa, 2011; Ten Berge et al., 2011; Wray et al., 2011).
Epithelial-mesenchymal transition (EMT) that naturally occurs during embryogenesis,
gastrulation, organ development, tissue injury repair, and cancer is also regulated by Wnt
signaling (Archiniegas et al., 2007; Kalluri et al., 2009; Micalizzi et al., 2010).

There are three distinguishable Wnt signaling pathway systems: the canonical Wnt
pathway, the non-canonical Wnt/calcium pathway, and the non-canonical Wnt/PCP (planer cell
polarity) pathway (Li et al., 2005). For all pathways, an extracellular Wnt signal is translocated
into the cell after binding to a Frizzled receptor. The canonical Wnt pathway is primarily
responsible for gene transcription. The non-canonical Wnt/calcium G-protein dependent
signaling pathway regulates intracellular calcium through endoplasmic reticulum calcium release

while the non-canonical Wnt/PCP pathway controls cytoskeletal organization (Komiya et al.,



2008; Li et al., 2005; Nusse et al., 1992; Nusse et al., 2012). The research and results presented
in this thesis were obtained solely through activation of the canonical Wnt pathway.

The canonical Wnt pathway is activated upon the binding of a glycoprotein Wnt ligand to
the extracellular Wnt-binding domain of the 7-transmembrane Frizzled (Fz) receptor. The Wnt
family is comprised of 19 members, while there are 10 known Frizzled receptors (Rao et al.,
2010). In the absence of a ligand, a destruction complex consisting of axin, axin-adenomatous
polyposis coli (APC), casein kinase 1 (CK1), and GSK-3p targets cytosolic B-catenin. CK1
phosphorylates B-catenin at Ser45, followed by phosphorylation by GSK-3f at Ser33 and Ser37
(Park et al., 2009; Rao et al., 2010). This phosphorylation signals B-catenin for ubiquitination
and degradation in the proteasome (Figure 2) (MacDonald et al., 2009; Rao et al., 2010).

In the presence of a Wnt ligand (such as Wnt3a), Wnt binds to the Fz receptor initiating
an intracellular signaling pathway. Axin translocates and binds to the tail of low-density
lipoprotein receptor-related protein 5/6 (LRP5/6), a co-receptor of Fz, leading to the dissolution
of the destruction complex (Komiya et al., 2008). Dishevelled (Dsh), a cytoplasmic
phosphoprotein, is recruited and inhibits GSK-3f function (Samarzija et al., 2009). Cytoplasmic
B-catenin becomes stabilized and accumulates, after which it translocating into the nucleus and
binds to Tcf3 (a transcriptional repressor of pluripotency factors). When B-catenin binds to Tcf3,
it abrogates Tcf3’s repressor activity, leading to the transcription of Wnt target genes (Figure 2)

(Niwa, 2011; Rao et al., 2010; Samarzija et al., 2009; Wray et al., 2011).
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Figure 2: Schematic of the canonical Wnt pathway. A) Canonical Wnt pathway when Fz
receptor is unbound by a Wnt ligand. B-catenin phosphorylation by the destruction complex
signals it for ubiquitination and degradation by the proteasome. B) Canonical Wnt pathway
when Fz receptor is bound and activated by Wnt ligand. GSK-3f is inactivated, leading to the
stabilization and accumulation of cytoplasmic B-catenin. Stable B-catenin is translocated into the
nucleus where it binds to transcriptional repressor Tcf3, resulting in the transcription of Wnt
target genes. Image modified from Pinto D, et al. Wnt, stem cell sand cancer in the intestine.
Biol Cell. 2005;97(3):185-196.
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The Wnt pathway has many known target genes, including pluripotency factors. Oct3/4,
Sox2, Nanog, KIf4, and c-Myc, known factors that induce the transition of somatic cells into
induced pluripotent stem cells upon upregulation, are all targets of the Wnt pathway (Cole et al.,
2008; Cowan et al., 2010; Kohler et al., 2011; Niwa, 2011; Samarzija, et al., 2009; Takao et al.,
2007; Wray et al., 2011; Ziegler et al., 2005). Transcription factor Brachyury, a mesodermal cell
marker responsible for cell differentiation is also a Wnt target gene (Arnold et al., 2000;
Yamaguchi et al., 1999). Wnt target genes c-Myc and Cyclin-D1 initiate cell proliferation
through regulating G,-S phase transition in the cell cycle (Kaldis et al., 2009; Samarzija et al.,
2009; Sato et al., 2004; Ziegler et al., 2005). Fibronectin, an extracellular matrix (ECM)
glycoprotein involved in cell migration, embryogenesis, differentiation, and wound healing, is
another identified target gene transcribed after Tcf3 repression during activation of the canonical
Wnt pathway (Darribere et al., 2000; De Langhe et al., 2005; George et al., 1993; Grinnell F,
1984; Valenick et al., 2005). The canonical Wnt pathway has several functions and plays a
critical role in numerous biological activities; therefore it is an important pathway of
investigation for future drug discovery and development.

Accordingly, multiple compounds have been synthesized and characterized as GSK-3f3
inhibitors in the hopes to find therapeutic treatments for inflammation, Alzheimer’s disease,
diabetes, cancer, and bipolar disorder (Hu et al., 2009; Jope et al., 2007; Marchand B et al., 2012;
Meijer et al., 2003; Park et al., 2009; Rayasam et al., 2009; Wang Z, 2008). A common GSK-3f
inhibitor used in the clinic is lithium chloride (LiCl). Lithium chloride has been used as a mood
stabilizer for bipolar disorder treatments and in cancer therapy (Bowden et al., 2005; Jope, 2003).
LiCl inhibits GSK-3f by phosphorylating it at the Ser9 site and competing with magnesium

(Mg*") that GSK-3p requires to phosphorylate B-catenin (Jope, 2003). LiCl, however, is
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associated with high toxicity and many off-target effects as Li"" competes for endogenous
cations (Jernigan et al., 1978; Tyobeka et al., 1990).

In the search for a more selective and less toxic compound for GSK-3f inhibition,
indirubins were examined for their biological activities. Indirubins are found in bacteria,
mollusks, and plants (Meijer et al., 2003; Sato et al., 2004). 6-Bromoindiruibin-3’-oxime (BIO)
is an indirubin analogue derived from mollusk Tyrian purple. Unlike indirubins, BIO has two
modifications that lead to increased selectivity for GSK-3 over cyclin-dependent kinases (CDKs)
and increased solubility: 6-bromo and 3’-oxime substitutions (Meijer et al., 2003). BIO binds to
the hydrophobic ATP binding pocket of GSK-3p, inhibiting its ability to autophosphorylate and,
therefore, to phosphorylate B-catenin (Meijer et al., 2003; Sato et al., 2004). BIO is effective at
nanomolar concentrations, demonstrates low toxicity, and at low doses BIO is highly selective
for GSK-3B, as compared to the off-target effects and toxic, millimolar concentrations required
by LiCl (Meijer et al., 2003; Park et al., 2009; Sato et al., 2004). Conformation of BIO’s ability
to inhibit GSK-3p in vitro and in vivo has been demonstrated in multiple studies (Meijer et al.,
2003; Park et al., 2009; Sato et al., 2004; Wray et al., 2011). Upon treatment of mESCs and
hESCs, BIO maintained pluripotency and self-renewal while upregulating Nanog, Oct3/4, and
Cyclin-D1 expression (Sato et al., 2004; Wray et al., 2011). In addition to BIO’s ability to
maintain pluripotency in undifferentiated ESCs, BIO is able to initiate the proliferation of
quiescent cardiomyocytes (Tseng et al., 2006). This data suggests that while BIO controls the
pluripotency and self-renewal properties of undifferentiated stem cells, it is possible that BIO
also has the capacity to dedifferentiate previously considered terminally differentiated cells, such
as cardiomyocytes and endothelial cells. In this study, we primarily use BIO in place of Wnt3a

as it is difficult to produce in large quantities of Wnt3a and upon stimulation high concentrations
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of Wnt3a, the frizzled receptor becomes internalized and desensitized, failing to stimulate

sustained signaling.

B. Transcription Factor NANOG

NANOG is a transcription factor known to have a critical regulatory role in embryonic
stem cell self-renewal and pluripotency (Chambers et al., 2009; Hamazaki et al., 2004; Loh et al.,
2006; Mitsui et al., 2003; Takao et al., 2007; Wang et al., 2006; Zhang et al., 2010). NANOG
protein contains three domains: the N-terminal domain, the homeodomain, and the C-terminal
domain (Figure 3). The homeodomain of NANOG binds DNA (Chambers et al., 2009; Chang et
al., 2009; Oh et al., 2005; Pan et al., 2007) at ATTA sequence sites (Kohler et al., 2011; Loh et
al., 2006; Shi et al., 2006). In murine Nanog, both the N-terminal and the C-terminal domains
have trans-activator function, however in human NANOG, transactivation occurs solely in the C-
terminal domain (Chang et al., 2009; Oh et al., 2005; Pan et al., 2007). Within the C-terminal
domain is a region of tryptophan repeats (WR) that is suggested to be involved in nuclear export

and cellular shuttling (Chang et al., 2009).
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Figure 3: Schematic of transcription factor NANOG. A) The functional domains of
NANOG: N-domain, DNA-binding Homeodomain, CD1 and CD2 Transactivator domain
containing region of tryptophan repeats (WR). 2) NANOG promoter/enhancer region containing
binding sites for NANOG, STAT3, OCT4, BRACHYURY, KLF4, SOX2, and c-MYC.



14

After fertilization in mammals, a blastocyst forms that contains an inner cell mass (ICM)
that eventually forms the embryo, and an outer cell layer called the trophoblast that forms the
majority of the placenta. Embryonic stem cells (ESCs) are derived from the inner cell mass.
ESCs self-renew and are pluripotent, or able to differentiate into cells of any of the three germ
layers: endoderm, ectoderm, and mesoderm (Chambers et al., 2009; Loh et al., 2006).

Nanog is first detected in the morula, followed by in the blastocyst during inner cell mass
formation and development. At this point, Nanog plays a role in cell fate as ICM cells that
express Nanog remain pluripotent and those cells that do not express Nanog differentiate to
become the primitive endoderm. Nanog is present in embryonic stem cells, however upon
differentiation Nanog is downregulated. Nanog expression has also been detected in the aorta-
gonad-mesonephros (AGM) region that gives rise to hemangioblastic endothelial cell precursors.
Nanog expression has been found in embryonic carcinomas, lung adenocarcinoma, human breast
cancer, human ovarian cancer, and some central nervous system tumors (Chiou et al., 2010; Ling
et al., 2012; Mitsui et al., 2003; Pan et al., 2007; Rodda et al., 2005; Santagata et al., 2006; Silva
et al., 2009; Siu et al., 2013; Wang et al., 2008).

NANOG is a key transcription factor in the maintenance of ESC pluripotency, self-
renewal, and in the prevention of ESC differentiation in the primitive endoderm. Up-regulation
of NANOG allows ESCs to maintain pluripotency and self-renewal properties in the absence of
leukemia inhibitory factor (LIF) (Hamazaki et al., 2004; Mitsui et al., 2003; Pan et al., 2007; Shi
et al., 2006; Takao et al., 2007; Zhang et al., 2010). For this reason, NANOG was named from
the phrase Tir Na Nog, meaning land of the ever young (Mitsui et al., 2003). Mouse embryos
deficient in Nanog fail to survive past E3.5 - E5.5 in utero due to the lack of epiblast formation

and the failure of developing vasculature, demonstrating that Nanog is crucial for mammalian



15

inner cell mass formation and development during implantation (Ben-Porath et al., 2008; Loh et
al., 2006; Pan et al., 2007; Silva et al., 2009; Yamaguchi et al., 2005). Nanog-deficient
embryonic stem cells lose their ability to maintain pluripotency and undergo differentiation into
extraembryonic endoderm lineage (Chambers et al., 2003; Hamazki et al., 2004; Loh et al., 2006;
Mitsui et al., 2003; Takao et al., 2007; Zhang et al., 2010).

The introduction of induced pluripotent stem cells (iPSCs) cemented Nanog’s role in
cellular pluripotency. IPSCs are cells containing similar properties to pluripotent stem cells;
however they are derived from somatic cells such as fibroblasts through retroviral or lentiviral
transfection of stem genes. In 2006, Shinya Yamanaka produced the first iPSCs using Oct3/4,
Sox2, Klf4, and c-Myc (known as the Yamanaka factors); however, these iPSCs had errors. In
2007, Yamanaka added transcription factor Nanog into the list of previous Yamanaka factors,
and was able to correct for the previous DNA methylation errors and inabilities to produce viable
chimeras (Okita et al., 2007; Silva et al., 2009; Takahashi et al., 2006).

NANOG regulates pluripotency and self-renewal through its ability to interact with other
transcription factors and proteins. The NANOG promoter and enhancer regions contain known
binding sites to the Yamanaka factors OCT4, SOX2, KLF4, and c-MYC that have been
established to induce pluripotency. NANOG also binds to its own promoter/enhancer region to
create an autoregulation feedback loop (Figure 3)(Chen et al., 2008b; Kohler et al., 2011; Pan et
al., 2007; Takahashi et al., 2006; Takao et al., 2007; Zhang et al., 2010). OCT4 and SOX2 are
able to bind and regulate NANOG individually, or form an OCT4/SOX2 heterodimer that binds
NANOG and drives transcription (Figure 3) (Chen et al., 2008a; Pan et al., 2007; Rodda et al.,
2005; Shi et al., 2006). BRACHYURY and STAT3 also bind to the NANOG promoter 5 kb

upstream of the NANOG transcription start site (TSS) (Figure 3) (Chen et al., 2008b; Pan et al.,
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2007; Takahashi et al., 2006; Zhang et al., 2010). Protein 53 (p53) and Tcf3 are negative
regulators of NANOG function. During ESC differentiation, NANOG expression is down-
regulated while Ser315 phosphorylation of p53 is up-regulated, inhibiting entry into the cell
cycle and cellular proliferation. Tcf3 inhibits NANOG transcription by binding to the NANOG
promoter (and promoters of other pluripotency factors and Wnt target genes) until -catenin
enters the nucleus and forms a complex with Tcf3, abrogating its repressive function, leading to
the transcription of NANOG (Chen et al., 2008a; Pan et al., 2007). Without the interaction to
these transcription factors, NANOG would not be able to maintain embryonic stem cell
pluripotency, self-renewal, inhibit the differentiation of ESCs into primitive mesoderm, or be a

viable candidate for induced pluripotent stem cell generation.

C. Vascular Endothelial Growth Factor (VEGF) and Fetal Liver Kinase 1

(Flk1)/Vascular Endothelial Growth Factor Receptor 2 (VEGFR-2)/Kinase Insert

Domain Receptor (KDR)

Vascular endothelial growth factor (VEGF), also known as vascular permeability factor
(VPF), is an angiogenic growth factor specific for vascular endothelial cells. Five isoforms of
the VEGF gene can be made through alternative splicing of VEGF mRNA: VEGF2;, VEGF 45,
VEGF 65, VEGF 39, and VEGF,06 (Neufeld et al., 1999). The VEGF ligand binds to cell surface
receptors, known as vascular endothelial growth factor receptors (VEGFR), initiating a signaling
cascade that induces endothelial cell proliferation, migration, and angiogenesis (Neufeld et al.,
1999). VEGF-B binds only to VEGFR-1, while VEGF-A binds to VEGFR-1 and VEGFR-2, and
VEGF-C and VEGF-D bind to both VEGFR-2 and VEGFR-3 (Figure 4) (Anisimov et al.,

2013).
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Figure 4: VEGF receptors and VEGF ligands. VEGF-B binds to VEGFR-1, VEGF-A binds to
VEGFR-1 and VEGFR-2, and VEGF-C and VEGF-D bind to VEGFR-2 and VEGFR-3. Image
modified from Ellis LM, et al. VEGF-targeted therapy: mechanisms of anti-tumour activity. Nat
Rev Cancer. 2008;8(8):579-591.
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VEGF expression has been identified in lung, kidney, heart, and adrenal gland tissues to
play a role in the induction and maintenance of basal permeability. The VEGF s is the high
affinity ligand for VEGFR2/FLK1, a key ligand receptor system that regulates
neovascularization (Ferrara et al., 2002; Neufeld et al., 1999; Senger et al., 2010). VEGF has a
critical role in embryonic vasculogenesis (as embryos deficient in VEGF die due to defective
development of the cardiovascular system) and tumor angiogenesis, as well as maintaining the
existing EC density in adult tissues. (Ferrara et al., 2002; Neufeld et al., 1999; Senger et al.,
2010). Hypoxia increases the expression of VEGF, leading to VEGF-driven tumor
angiogenesis. Nitric oxide potentiates VEGF expression to regulate blood vessel permeability,
vasodilation, and inhibition of platelet activation and thromboembolism (Neufeld et al., 1999;
Senger et al., 2010). VEGF elicits tyrosine phosphorylation of CD31 (PECAM-1), VE-
Cadherin, and members of the catenin family to stimulate EC permeability, proliferation,

migration, and differentiation (Carmeliet et al., 1999; Ilan et al., 2003; Lampugnani et al., 1997).

Vascular endothelial growth factor receptor-2 (VEGFR-2) is a type III receptor tyrosine
kinase receptor, also known as the Kinase insert domain receptor (KDR) or Fetal Liver Kinase-1
(Flk1). FIkl1 is a membrane-bound receptor expressed predominantly on endothelial cells that
containing seven immunoglobulin (Ig)-like domains, a transmembrane spanning region, and an
intracellular split tyrosine-kinase domain. When FIk1 is bound to VEGF-A, VEGF-C, or VEGF-
D the receptor autophosphorylates, dimerizes, becomes activated by transphosphorylation,
triggering a signaling cascade (Figure 5). Activation of the Flk1 receptor leads to increased
proliferation through Raf/MEK/ERK activation, increased cell survival through PI3K/PKB
activation, increased cell migration and permeability through p38MAPK and FAK/Paxillin

pathway activation (Figure 5)(Feng et al., 1999; Ilan et al., 2003; Neufeld et al., 1999;
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Figure 5: The VEGFR-2/FLK1 activation pathway. VEGF ligand binding activates the Flk1
signaling cascade through autophosphorylation, dimerization, and transphosphorylation. The
activated Flk1 pathway induces cell proliferation, migration, permeability, and survival through
the Raf/MEK/ERK, p38MAPK, FAK/Paxillin, and PI3K/Akt/PKB pathways, respectively.
Image modified from Takahashi H, et al. The vascular endothelial growth factor (VEGF)/VEGF
receptor system and its role under physiological and pathological conditions. Clin Sci (Lond).
2005;109(3):227-241.
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Patterson et al., 1997; Yin et al., 1998).

FlIk1 can also couple to Neuropilin-1 (NRP-1) or Neuropilin-2 (NRP-2) (Figure 5).
Neuropilins are transmembrane glycoproteins with short intracellular domains that act as a co-
receptor to Flk1 (Favier et al., 2006; Neufeld et al., 2002; Shraga-Heled et al., 2007). NRP-1
and NRP-2 are known to bind VEGF 45 and enhance VEGF-induced signaling leading to
increased cell survival, proliferation, and migration through the Flk1 receptor (Favier et al.,

2006; Neufeld et al., 2002; Shraga-Heled et al., 2007).

Flk1 expression first appears between days E7.0 — E7.5 in developing mouse embryos,
while it is expressed in the whole embryo at day E10-E12. Flkl1 has also been detected in the
liver during fetal life, embryoid bodies in culture, hematopoietic precursors, megakaryocytes,
and retinal progenitor cells (Ilan et al., 2003; Kabrun et al., 1997; Neufeld et al., 1999; Patterson
et al., 1997). FIkl1 is also expressed in tumorigenic cell types such as angiosarcomas and
hemangioblastomas (Bo6hling et al., 1996; Hashimoto et al., 1995; Hatya et al., 1996; Neufeld et

al., 1999).

Flk1/VEGFR-2 is the primary VEFGR responsible for the transduction of angiogenic
signals. Flkl has a critical role in endothelial cell proliferation, migration, survival, and
differentiation (Amisimov et al., 2013; Patterson et al., 1997; Shalaby et al., 1995; Yin et al.,
1998). VEGF-activation of the Flk1 receptor results in protease generation essential for the
breakdown of the basement membrane of blood vessels for angiogenesis, cell proliferation, and
migration (Neufeld et al, 1999). In vivo animal models containing mice with fIk/ deletion
through homologous recombination resulted in early embryonic death between E8.5 — E9.5, as

embryos were absent of embryonic endothelial cells and showed impaired blood island formation
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and vasculogenesis, demonstrating that Flk1 is required for the development of endothelial cells
from hemangioblastic precursors, differentiation, vasculogenesis, and angiogenesis (Neufeld et
al, 1999; Patterson et al., 1997; Shalaby et al., 1995; Shalaby et al., 1997; Yin et al., 1998). Flkl
expression has been found to be up-regulated in tumor models such as proliferative retinopathies,
glioblastoma, colorectal cancer, and breast cancer. These results demonstrate that Flk1 has a
critical regulatory role in tumor angiogenesis, making it an ideal target for anti-cancer therapies

(Aiello et al., 1995; Ellis et al., 2000; Liang et al., 2006; Millauer et al., 1994; Smith et al., 2010).

D. Vasculogenesis, Angiogenesis, and Lymphangiogenesis

The development and maintenance of the circulatory system is crucial for mammalian
tissue growth, oxygen and nutrient delivery, removal of waste, wound repair, and survival
(Folkman et al., 1992; Jakobsson et al., 2007; Jones et al., 1999). Circulatory system
development occurs before any other organ development in the body. Vessel growth begins in
the embryo with the formation of new blood vessels, a process known as vasculogenesis. During
vasculogenesis, hemangioblasts commit to endothelial precursors angioblasts (a process that
requires transcription factor Etv2/ER71), which then migrate and differentiate into mature
endothelial cells that express Flk1, CD31, and VE-cadherin (Jakobsson et al., 2007; Marcelo et
al., 2013; Park et al., 2013; Potente et al., 2011). At this point angiogenesis begins, in which new
veins and arteries are formed by remodeling and sprouting of the preexisting vasculature (i.e.,
dorsal aorta). Proangiogenic signals, such as VEGF, Fibroblast growth factor 1 (FGF1) and
Fibroblast growth factor 2 (FGF2/bFGF), stimulates the formation of sprouts containing stalk
cells that are guided by tip cells containing filopodia. The stalk cells proliferate and elongate

while tip cells fuse with neighboring vessels, leading to vascular network and lumen formation,
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until proangiogenic signals subside (Folkman et al., 1992; Jakobsson et al., 2007; Marcelo et al.,
2013; Potente et al., 2011; Stegmann, 1998). Stalk and tip cell specification is controlled by
Notchl/Delta-like ligand 4 (DLL4) expression. VEGF/Flk1 signaling up-regulates Notch1
expression in the stalk cells and DLL4, a receptor for Notchl, expression in the tip cells. Upon
DLL4-mediated activation of Notch1, the Notch1/DLL4 feedback loop is triggered for an
angiogenic “off” switch, making neighboring ECs unresponsive to VEGF stimulation. The
Notch1/DLL4 feedback loop maintains balance, causing angiogenesis to be a highly regulated
process, as unregulated angiogenesis contributes to numerous cardiovascular diseases and
cancers (Folkman et al., 1992; Leslie et al., 2007; Lobov et al., 2007; Marcelo et al., 2013;
Potente et al., 2011). After the vascular network has been established, endothelial cell-cell

junctions are established by VE-cadherin and N-cadherin (Potente et al., 2011).

While all blood vessels are lined with endothelium containing endothelial cells and
covered by connective tissue, blood vessels exhibit different functions and morphology based on
their identity as arteries, veins, and capillaries. Hemodynamic factors were thought to determine
the identity of endothelial cells; however control over arterial, venous, and lymphatic identity is
now thought to have a genetic component. Arteries are surrounded by vascular smooth muscle
actin necessary for resisting shear stress from high-pressure blood flow. Arterial endothelial
cells express a-SMA, Ephrin-B2, HEY2, Notchl, DLL4, Flk1, and FOXC1/2 (Jakobsson et al.,
2007; Leslie et al., 2007; Marcelo et al., 2013; Park et al., 2013; Potente et al., 2011). Veins are
thinner than arteries and do not contain smooth muscle cells, as they encounter lower-pressure
blood flow. Venous endothelial cells express Ephrin-B4, Flk1, and COUP-TFII (Jakobsson et
al., 2007; Marcelo et al., 2013; Potente et al., 2011). Lymphatic endothelial cells are derived

from venous endothelial cells that underwent further differentiation. Lymphatic endothelial cells
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express Flt4, Prospero homeodomain transcription factor (Prox1), and lymphatic vessel
endothelial hyaluronan receptor-1 (LY VE-1) (Jackson, 2003; Marcelo et al., 2013). Thus, it

appears that arterial cells are more plastic than venous and lymphatic endothelial cells.

Excessive angiogenesis can result in several diseases including atherosclerosis and
cancer. Inadequate angiogenesis can lead to stroke, myocardial infarction, neurodegenerative
disorders, and obesity-associated ailments (Potente et al., 2011); while excessive angiogenesis is
associated with arthritis where new blood vessels destroy cartilage and diabetes-associated
blindness caused excess proliferation and migration of optic nerve blood vessels into the vitreous
gel of the eye (Arroyo et al., 2010; Folkman et al., 1992; Potente et al., 2011). Cancer and tumor
progression is the result of uncontrolled angiogenesis and neovascularization. Tumor cells
release angiogenic signals such as VEGF to stimulate vessel growth to provide oxygen and
nutrients, however without VEGF endothelial cells die of apoptosis (Cao et al., 2011; Folkman et
al., 1992; Potente et al., 2011). Therefore, anti-angiogenic approaches have been a major focus
of study for disease treatment and prevention, such as diabetic retinopathy, psoriasis, and
advanced solid tumors.

Recently, VEGF receptor inhibitors have been approved for clinical use towards cancer,
inflammatory ailments, and ocular disorders. VEGF inhibitors, such as Avastin, have been
shown to induce regression of tumor growth, prompt the deterioration of existing tumor vessels,
and to increase the sensitivity of endothelial cells to chemotherapy and irradiation treatments
(Cao et al.,, 2011; Potente et al., 2011). Proangiogenic therapies, or therapeutic angiogenesis, are
also being explored for new blood vessel growth and treatments for ischemia associated with

cardiovascular disease (Al Sabti, 2007; Simons et al., 2003; Stegmann, 1998).
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E. Dedifferentiation

As mammalian development proceeds, pluripotent stem cells give rise to multipotent
stem cells, which eventually develop into numerous progenitor cells, and a subset of these cells
become terminally differentiated cells that make up the body’s organs and tissues. It was
previously believed that these differentiated cells such as cardiomyocytes and endothelial cells,
remained in their terminal state after differentiation, never able to transition backwards towards a
progenitor or immature cell state. However, recently this long held view has been challenged as
more evidence has come to light that dedifferentiation occurs naturally during development, in
response to injury, and in the development and spread of cancer (Jopling et al., 2011; Lee, 2006;

Pauly et al., 1992; Red-Horse et al., 2010; Zhang et al, 2010).

More recently, cardiomyocyte dedifferentiation has been demonstrated in small animals.
For example, mouse and rat cardiomyocytes appear to retain a level of plasticity, as
demonstrated by in vitro and in vivo dedifferentiation, proliferation, and the expression of c-kit.
Zebrafish cardiomyocytes undergo dedifferentiation to regenerate cardiac muscle and tissue after
ventricular amputation (Jopling et al., 2011; Zhang e al., 2010). Coronary arteries, previous
thought to be derived from the proepicardium, are instead derived from the venous endothelial
cells of the sinus venosus (Red-Horse et al., 2010). These endothelial cells undergo
dedifferentiation, proliferation, and redifferentation to develop new coronary arteries, capillaries,
and veins (Red-Horse et al., 2010). The limb regeneration that occurs in amphibians after
amputation, Schwann cell repair following nerve damage, and endothelial and smooth muscle
cell repair in response to vascular injury are further examples of the cellular dedifferentiation that

occurs in nature (Jopling et al., 2011; Pauly et al., 1992).
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Figure 6: Epithelial-mesenchymal transition (EMT) and endothelial-mesenchymal
transition (EnMT). Upon stimulation by Wnt or growth factors (TGF-3, bFGF, or PDGF),
epithelial/endothelial cells undergo EMT/EnMT to play a role in embryogenesis, organ
development, wound healing, fibrosis and cancer.
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Epithelial-mesenchymal transition (EMT) (Figure 6) is a method of dedifferentiation that
plays a role in embryogenesis, organ development, injury repair, and adverse pathways that lead
to cancer and fibrosis (Archiniegas et al., 2007; Kalluri et al., 2009; Lee et al, 2006; Masszi et
al., 2004; Nawshad et al., 2005). EMT is divided into three types: Type 1, Type 2, and Type 3.
Type 1 EMT occurs during implantation, embryo formation, and organ development. Type 2
EMT is associated with injury repair, regeneration of damaged tissue, and fibrosis. Upon
inflammatory stimuli, growth factors such as bFGF, TGF-f3, and PDGF are released and initiate
EMT activation. Type 3 EMT leads to the transition of benign tumor cells to convert towards a
mesenchymal phenotype, becoming invasive and resulting in tumor growth and progressive
cancer (Kalluri et al., 2003; Kalluri et al., 2009, Lee et al., 2006; Masszi et al., 2004; Neilson,
2005). Many studies have demonstrated the capacity of TGF-f and the Wnt pathway activation,
and consequentially -catenin stabilization and Tcf3 inhibition, in the initiation of EMT (Elbert

et al., 2006; Kalluri et al., 2009; Kim et al., 2002; Linder et al., 2001; Nawshad et al., 2005).

While epithelial-mesenchymal transition (EMT) has become a well-known process, less
is known about endothelial-mesenchymal transition (EnMT) (Figure 6). However, evidence has
shown that EnMT is also involved in embryogenesis, cardiovascular development, wound
healing, and fibrosis (Archiniegas et al., 2007; Kalluri et al., 2009). EnMT is critical in the
formation of the endocardial cushion, the cardiac septa (the interatrial septum and
intraventricular septum), and the heart valves. Endothelial cells generate mesenchymal-like and
smooth muscle-like cells during the formation of pulmonary arteries and veins and are critical in
the development of new fibroblasts. After tissue or vascular damage, adult capillaries undergo

EnMT to repair the wound (Archiniegas et al., 2007; Kalluri et al., 2009).
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The first essential step for dedifferentiation to proceed is the loss of cell-cell adhesion.
The Wnt and Notch pathways have been suggested to initiate dedifferentiation, leading to the
repression of adhesion molecules VE-cadherin and E-cadherin (Archiniegas et al., 2007;
Brabletz et al., 2005; Kalluri et al., 2009; Lee et al., 2006; Nawshad et al., 2005; Nodesa et al.,
2004; Nodesa et al., 2006). After the loss of cell-cell adhesion, dedifferentiated cells acquire a
migratory and invasion phenotype (Archiniegas et al., 2007; Lee et al., 2006; Thiery, 2002).

This is most evident in the processes of solid tumor progression.

Another characteristic of dedifferentiation re-entry of quiescent cells into the cell cycle
producing increased proliferation. Differentiated cells such as endothelial cells, cardiomyocytes,
and somatic cells undergo re-entry into the cell cycle to achieve an increase in cellular
proliferation. Cardiomyocytes require downregulation of cell cycle inhibitors p21 and p53 to
obtain a proliferative phenotype (De Carne Trecesson et al., 2011; Jopling et al., 2011;
Molchadesky et al., 2010; Zhang et al., 2010). P53 expression is crucial in the suppression of
somatic cell reprogramming. Previous reports have published that a reduction in p53 is
accompanied by cell dedifferentiation and in the generation of induced pluripotent stem cells (De

Carne Trecesson et al., 2011; Molchadesky et al., 2010).

The formation of cellular aggregates has been observed during cellular dedifferentiation,
especially in tumor formation and progression by epithelial-mesenchymal transition. An
increasingly popular in vitro assay used to study EMT in cultured cells is to use the hanging drop
method. The hanging drop assay, an in vitro correlate of EMT, is an easy and effective way to
induce the formation of 3-dimensional cellular aggregates (Aref et al., 2013; Timmins et al.,
2007; Tung et al., 2011). In this study, I employ the hanging drop assay for the purpose of

generating EnMT-induced cellular aggregates.
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The final hallmark of cellular dedifferentiation is asymmetric cell division (ACD).
During normal cell division, the parent cell divides to produce two identical daughters of itself in
a process known as symmetric cell division (SCD). However, through ACD the parent stem cell
divides to generate two daughter cells with different cellular fates: one daughter cell remains a
self-renewing stem cell, while the other is poised for differentiation. After ACD, the daughter
cells contain different genetic marker expressions (most notably Numb in the self-renewing stem
cell daughter and Notch1 in the daughter signaled for differentiation) (Guo et al., 1996;
Matsuzaki, 2000; Tio et al., 2011), morphologies, and sizes. ACD occurs through an intrinsic or
an extrinsic mechanism. During intrinsic ACD, the parent cell is polarized with the mitotic
spindle aligned on the same axis of polarity to give rise to asymmetric protein and RNA
distribution in the daughter cells (Hawkins et al., 1998; Horvitz et al., 1992; Knoblich, 2008).
Extrinsic ACD is controlled by the stem cell niche, which only signals one daughter cell for self-
renewal (Hawkins et al., 1998; Horvitz et al., 1992; Knoblich, 2008). However, the underlying

molecular mechanisms of these processes are not well known.



III. MATERIALS AND METHODS
*Portions of this text were reprinted from: Kohler EE, et al. NANOG induction of Fetal
Liver Kinase-1 (FLK1) transcription regulates endothelial cell proliferation and angiogenesis.
Blood. 2011;117:1761-1769. Permission for the reuse of this material towards dissertation was
provided by the American Society of Hematology. Copyright 2011 by The American Society of

Hemotology; all rights reserved.

A. Antibodies and Reagents

Rabbit anti-FLK1 (C-1158), rabbit anti-FLK1 (N-931), mouse anti-human p-catenin (E-
5), rabbit anti-human B-catenin (H-102), mouse anti-human NANOG (J29), goat anti-human
Glutl (C-20), mouse anti-human GAPDH (4G5), rabbit anti-human JAM-A (1H2A9), rabbit
anti-Delta 4 (H-70), goat anti-VE-Cadherin (C-19), donkey anti-mouse IgG-horseradish
peroxidase (HRP), and donkey anti-rabbit I[gG-horseradish peroxidase (HRP) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-vWF, mouse anti-CD31, and goat
anti-mouse FITC were purchased from Chemicon (Billerica, MA). Rabbit anti-NANOG
antibody was purchased from Cell Signaling Technology (Beverly, MA). Mouse anti-human
NANOG and mouse anti-human KLF4 antibodies were purchased from Novus/Abnova
(Littleton, CO). Rat anti-mouse CD31 and Matrigel were purchased from BD
Biosciences/Pharmingen (San Jose, CA). Rabbit anti-mouse Nanog and goat anti-rat IgG2a
FITC were purchased from Bethyl Laboratories (Montgomery, TX). Mouse anti-NOTCH-1
antibody was purchased from Affinity BioReagents (Golden, CO). Mouse and human CD133/1
(W6B3C1) was purchased from MACS (Cambridge, MA). Mouse anti-mouse o-smooth muscle

actin (a-SMA; clone A2547) and Bovine Serum Albumin (BSA) were purchased from Sigma
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Aldrich (St. Louis, MO). Mouse anti-NUMB and HuSH 29mer shRNA constructs against
NANOG and PPAP2B in pGFP-V-RS vectors were purchased from Origene (Rockville, MD).
Donkey anti-rabbit Alexa Fluor 594, donkey anti-mouse Alexa Fluor 594, donkey anti-goat
Alexa Fluor 488, goat anti-rabbit Alexa Fluor 647, goat anti-mouse Alexa Fluor 647, donkey-anti
mouse FITC, LipofectamineTM 2000, Opti-MEM 1 Reduced Serum Medium, Dulbecco’s
Modified Eagle Medium (DMEM), NANOG siRNA (modified 25-mer duplexes), and Negative
Universal Control (scrambled sequence) siRNA (modified 25-mer duplexes) and type I collagen
gel were purchased from Invitrogen (Carlsbad, CA). Goat anti-mouse IgG-horseradish
peroxidase (HRP) and goat anti-rabbit [gG-horseradish peroxidase were purchased from Bio-Rad
(Hercules, CA). Control non-silencing and NANOG shRNAs retroviral particles were purchased
from Open Biosystems Inc. (Huntsville, AL). Human recombinant Wnt3a was purchased from
R&D Systems (Minneapolis, MN). 6-bromoindirubin-3’-oxime (BIO) was purchased from
Stemgent (San Diego, CA). Endothelial cell culture Human umbilical vein endothelial cells
(HUVECSs) and EndoGRO-VEGF Complete Media Kit were purchased from Millipore
(Billercia, MA). Human pulmonary arterial endothelial cells (HPAECs) and human lung
microvascular endothelial cells (HLMECs), cultured in EndoGRO-VEGF Complete Media, were
purchased from Lonza (Walkersville, MD). Human saphenous vein endothelial cells
(HSaVECs) and Endothelial Cell Growth Medium were purchased from PromoCell (Heidelberg,
Germany). All endothelial cells were cultured up to 6/7 passages. Glioblastoma cell line was
purchased from American Type Culture Collection (ATCC) (Manassas, VA). Human embryonic
stem cells (H1 line) (hESCs) were purchased from WiCell Institute USA (Madison, WI)
(experiments were conducted according to University of Illinois at Chicago ESCRO Committee

guidelines and regulations).
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B. Western Blot Analysis

For total cell lysate protein extraction, endothelial cells were washed twice in cold 1 X
PBS (Invitrogen) and lysed using TNT buffer (20 mM Tris [pH 7.5], 150 mM NacCl, 1.0% Triton
X, 0.25% NP-40, I mM EDTA, and protease inhibitors). TNT buffer was added to washed ECs
and cells were scraped with the TNT/EC mixture being placed into Eppendorf tubes. Cells were
nutated for 15 minutes in 4° C. ECs were microcentrifuged at 4° C for 20 minutes at 12000 rpm.
The supernatant was collected for the final whole cell protein lysate. For the nuclear protein
extraction, endothelial cells were washed twice in cold 1 X TBS and lysed in cold Buffer A
mixture containing 10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM EDTA, 1 mM DTT, 0.5 mM
PMSF, and protease inhibitors. Buffer A was added onto the ECs, which were then scraped and
placed into Eppendorf tubes. ECs were incubated on ice for 15 minutes. After incubation, 50
uL of 10% NP-40 was added and mixed by pipetting every 10 minutes on ice for 30 minutes.
ECs were microcentrifuged at 4° C for 1 minute at 1500 rcf. The supernatant containing the
cytoplasm and RNA was discarded. The pellet was resuspended in cold Buffer C mixture (20
mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and protease
inhibitors) and nutated for 15 minutes at 4° C. ECs were microcentrifuged at 4°C for 5 minutes
at 1500 rcf. The supernatant was collected for the final nuclear protein lysate. Protein
concentrations were determined using BCA Protein Assay Kit (Pierce, Waltham, MA). Lysates
were boiled for 5 minutes in 2 X Reducing Sample Buffer (pH 6.8) and loaded into a NuPage
Bis-Tris Gel (Invitrogen) with 1 X Tris/Tricine/SDS buffer (Bio-Rad). After gel finished
running, proteins were transferred onto a nitrocellulose membrane (Bio-Rad) using 1 X Transfer
Buffer ([10 X transfer buffer: 29 g Tris and 145 g glycine in 1L H,O] diluted to 1 X Transfer

Buffer: 100 mL 10 X Transfer Buffer, 200 mL methanol, and 700 mL H,O). Protein transfer
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was verified using Ponceau S Stain (0.2% [w/v] Ponceau S in 3% [v/v] acetic acid), washed in 1
X TBS, and incubated in blocking buffer (5% carnation milk solution) for 1 hour at room
temperature. Membrane was rinsed twice in 1 X TBS and was incubated in the primary antibody
solution (made in a solution containing 3% BSA in 1 X TBS and 0.02% sodium azide with
phenol red) for either 1 hour at room temperature or overnight at 4° C. The membrane was
washed 3 times 1 X TBST for 10 minutes per wash. The membrane was then incubated in the
secondary HRP-conjugated antibody in blocking buffer for 1 hour at room temperature. The
membrane was washed 3 times in 1 X TBST for 15 minutes per wash. SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce) was used for detection on Blue Biofilm (Denville,

South Plainfield, NJ).

C. Co-Immunoprecipitation and Far Western/Ligand Blotting Assays

Nuclear protein lysates were incubated with Glutl, $-catenin, or NANOG antibodies and
Protein A & G Agarose Beads (Millipore) rotating at 4°C overnight. Beads were washed 3 times
in cold Buffer C, boiled for 5 minutes in 2 X Reducing Sample Buffer (pH 6.8) and resolved in a
NuPage Bis-Tris Gel (Invitrogen) with 1 X Tris/Tricine/SDS buffer (Bio-Rad). Proteins were
transferred onto a nitrocellulose membrane (Bio-Rad) using 1 X Transfer Buffer. Co-
immunoprecipitation nitrocellulose membranes were probed with anti-B-catenin and anti-
NANOG antibodies as described in Western Blot Analysis protocol above. Far Western
nitrocellulose blot was incubated in NANOG protein mixture (2 pg/ml recombinately expressed
full-length purified human NANOG protein (Abcam, Cambridge, MA), 0.1% Tween-20, 2 mM
DTT in 1 X TBS). Membrane was probed with anti--catenin and anti-NANOG antibodies as

described above.
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D. RNA Extraction, RT-PCR, and Q-RT-PCR

Endothelial cells were extracted using trizol (Invitrogen) and placed into Eppendorf
tubes. After 5 minutes of incubation at 30° C, 200 puL of chloroform (Sigma Aldrich) was added
and the Eppendorf tubes were shaken and incubated for another 3 minutes at 30° C. Tubes were
microcentrifuged for 15 minutes at 12000 rpm in 4° C. The supernatant was collected and 500
pL 2-propanol (ThermoFisher Scientific, Waltham, MA) was added. The tubes were incubated
for 10 minutes at 30° C and then microcentrifuged for 10 minutes at 12000 rpm in 4° C. The
supernatant was discarded. To the pellet, 1 mL of 75% ethanol (ThermoFisher Scientific) was
added, the tube vortexed, and microcentrifuged for 5 minutes at 7500 rpm in 4° C. The ethanol
was aspirated and the pellet allowed to air-dry for 10 minutes. RNAse free H,O was added to
each tube and incubated at 55° C for 10 minutes. Reverse transcription polymerase chain
reaction (RT-PCR) assays were performed using SuperScript One-Step RT-PCR with Platinum®
Tagq DNA Polymerase Kit (Invitrogen) according to manufacturer’s protocol. Primers were
purchased from IDT DNA Technologies (Skokie, IL): NANOG (NM_024865), forward primer:
5'CCAGCCTTTACTCTTCCTACCA-3'; Reverse Primer: 5'-
GCTGATTAGGCTCCAACCATAC-3' (product size 570 bp); FLKI (NM_002253), forward
primer: 5'-TTCTGGACTCTCTCTGCCTACC-3'; reverse primer: 5'-
AGAACCATACCACTGTCCGTCT-3' (product size 225 bp); and GAPDH (NM_002046),
forward primer: 5'-AGAACATCATCCCTGCCTCTACT-3'; reverse primer: 5'-
TCTCTCTTCCTCTTGTGCTCTTG-3' (product size 444). Quantitative reverse transcription
polymerase chain reaction (Q-RT-PCR) assays were performed using Power SYBR Green RNA-
to-Cr' ™ 1-Step Kit (Applied Biosystems, Foster City, CA) according to manufacturer’s protocol.

Primers were purchased from IDT DNA Technologies: NANOG (NM_024865.2), forward
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primer 5’-CCTGAAGACGTGTGAAGATGAG-3’, and reverse primer 5’-
CCAGTGTCCAGACTGAAATTGA-3’ (product size 60 bp); OCT4 (NM_002701.4), forward
primer 5’-GGAGATATGCAAAGCAGAAACC-3’, and reverse primer 5’-
CCTCTCACTCGGTTCTCGATAC-3’ (product size 75 bp); SOX2 (-NM_003106.2), forward
primer 5’-TGGTTACCTCTTCCTCCCACT-3’, and reverse primer 5’-
TAGTGCTGGGACATGTGAAGTC-3’ (product size 134 bp); FLK1 (NM_002253.2), forward
primer 5’-GCTACCAGTCCGGATATCACTC-3’, and reverse primer 5’-
TCTGCTTCCTCACTGGAGTACA-3’ (product size 64 bp); VE-Cadherin (NM_001795.3),
forward primer 5’-GCTGTACTGAGCACTGAACCAC-3’, and reverse primer 5’-
CTGTCACTCCTGATCTCCACTG-3’ (product size 100 bp); GAPDH (NM_002046.3), forward
primer 5’-TTGCCATCAATGACCCCTTCA-3’, and reverse primer 5’-
CGCCCCACTTGATTTTGGA-3’ (product size 174 bp); BRACHYURY (NM_080646.1),
forward primer 5’-AAGGACAAGGAAGTGAAAGCTG-3’, and reverse primer 5’-
GCTCCACTTCTCTCTCTGGTGT-3’ (product size 58 bp); CDI133 (NM_001145852.1),
forward primer 5’-TTGGAGTGCAGCTAACATGAGT-3", and reverse primer 5’-
TGCTGGACACCAGATCTAAGAA-3’ (product size 100 bp); p-Catenin (NM_001098209.1),
forward primer 5’-ACAAATGGATTTTGGGAGTGAC-3’, and reverse primer 5’-
CTTGTGATCCATTCTTGTGAC-3’ (product size 58 bp); CD31 (NM_000442.4), forward
primer 5’-AGCCCTAGAAGCCAATTAGTCC-3’, and reverse primer 5°-
GCAATTCTTAGGGGACAGTGAC-3’ (product size 57 bp); von Willebrand Factor (vWF)
(NM_000552.3), forward primer 5’~AGGAGGAGTGCAAAAGAGTGTC-3’, and reverse
primer 5’-TACTCATCACAGCACTGGGTCT-3’ (product size 85 bp). qRT-PCR was run using

ABI Prism 7000 Sequence Detection System with cycle information as outlined in
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manufacturer’s protocol and results read using ABI Prism 7000 SDS software.

E. siRNA and shRNA Transfection

Endothelial cells were plated to 50% confluency to prepare for transfection with NANOG
siRNA. For a 24 well plate, per well: 6 pmol RNAi duplex was added to 50 uL. Opti-MEM 1
Reduced Serum Medium and mixed gently. In another Eppendorf Tube, 1 uL of
Lipofectamine™ 2000 was added to 50 uL of Opti-MEM 1 Reduced Serum Medium and gently
mixed to make the Lipofectamine RNAIMAX. The RNAi duplex and the Lipofectamine
RNAiIMAX solutions were gently mixed together and incubated for 20 minutes at room
temperature. This 100 uL. RNA1 duplex-Lipofectamine RNAIMAX solution was added to 500
pL of Opti-MEM 1 Reduced Serum Medium already in the well, giving the final volume of 600
pL media per well with a final RNA concentration of 10 nM. The plate was rocked gently to
mix. Endothelial cells were incubated in the NANOG siRNA for 4-6 hours at 37° C in a CO,
incubator. The NANOG siRNA was aspirated and replaced with EndoGRO Media (without
VEGF) or the FLKI cDNA solution. To prepare the FLK! cDNA solution 650 pL EndoGRO
Media (without VEGF) was incubated with 1 pL Lipofectamine™ 2000, 0.25 pg FLKI cDNA,
and 5 pg of DNA construct and incubated at room temperature for 20 minutes before adding to
the endothelial cells. The ECs were incubated overnight in either the EndoGRO Media (without

VEGF) or the FLK1 cDNA solution.

F. BrdU Incorporation Assay

5-bromo-2’-deoxyuridine (BrdU) assays were performed using the 5-Bromo-2’-deoxy-

uridine Labeling and Detection Kit II (Roche, Indianapolis, IN). Endothelial cells were grown to
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60% confluency on coverslips, a subset were treated with control or NANOG siRNA for 6 hours,
and then all were treated overnight with 1:1000 BrdU labeling medium with or without BIO (0.2
uM). The next morning, the BrdU labeling medium was aspirated and ECs were washed 3 times
in 1 X Washing Buffer. ECs were fixed in ethanol fixative (50 mM glycine in 70 mL ethanol at
pH 2.0) for 20 minutes at -20° C. Coverslips were washed 3 times in 1 X Washing Buffer and
incubated for 30 minutes in Anti-BrdU working solution (diluted in Incubation Buffer) at 37° C.
Coverslips were washed 3 times in 1 X Washing Buffer and incubated for 30 minutes Anti-
mouse-Ig-AP solution at 37° C. Coverslips were washed 3 times with 1 X Washing Buffer and
incubated for 30 minutes in Color-substrate solution (13 pL. NBT-solution and 10 uL. BCIP-
solution are added to 3 mL Substrate Buffer (100 mM Tris HCl-buffer, 100 mM NaCl, 40 mM
MgCl,, [pH 9.5]) at 25° C. Coverslips were washed in H,O and incubated 3 minutes in Eosin
(Polysciences Inc, Warrington, PA). ECs were washed once more in H,O and mounted using
ProLong® Gold Antifade Reagent (Invitrogen). Photographs were taken using Zeiss Axiovert

40C microscope and Zoom Browser Ex software.

G. Immunofluorescent, Immunohistochemistry Paraffin Sections, and Whole Mount

Immunohistochemistry Staining

HUVECs and HSaVECs were grown on coverslips with or without BIO (0.2 pM).
Coverslips were washed 4 times in 1 X HBSS (Invitrogen) at 37° C. ECs were fixed using 4%
paraformaldehyde (PFA) on ice for 20 minutes. Paraformaldehyde was aspirated and the
coverslips were washed 4 times with 1 X HBSS on ice. ECs were permeabilized using 0.5%
Triton X-100 on ice for 10 minutes, then washed 4 times with 1 X HBSS. Coverslips were

incubated in a blocker solution containing 0.5% ovalbumin (Millipore) and 1:200 donkey serum
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(Sigma Aldrich) in 1 X HBSS for 1 hour at room temperature. Endothelial cells were then
incubated in a primary antibody diluted in the blocker solution for 1 hour at room temperature.
Coverslips were washed 4 times in 1 X HBSS for 5 minutes per wash, followed by another 1
hour incubation in a secondary antibody diluted in the blocker solution at room temperature.
Coverslips underwent one final wash 4 times in 1 X HBSS for 5 minutes per wash and were
mounted using ProLong® Gold Antifade Reagent with DAPI (Invitrogen).

For immunohistochemistry of paraffin sections, sectioned slides were immersed in xylene
for 30 minutes and ethanol (100%, 95%, and 70%) to remove the paraffin. To permeabilize the
slides, they were incubated in 0.5% Triton X-100 for 15 minutes then washed in 1 X PBS.
Antigen retrieval was achieved by submerging plugs in citrate buffer (10 mM citric acid, 0.05%
Tween 20, pH 6.0 in distilled H,O) at 95°C for 60 minutes. After cooling and washing in 1 X
PBS for 10 minutes, peroxidase activity was inhibited by incubating slides in 3% H,O, for 20
minutes. Slides were then washed with 1 X PBS 3 times for 5 minutes per wash. Slides were
blocked for 30 minutes in a 3% BSA blocker solution. Slides were covered in primary antibody
diluted in 3% BSA blocker for 1 hour then washed 3 times in 1 X PBS for 5 minutes per wash.
Slides were incubated in secondary antibody diluted in 3% BSA blocker and finally washed 3
times in 1 X PBS for 5 minutes per wash. Coverslips were mounted using ProLong® Gold
Antifade Reagent with DAPI (Invitrogen) and images captured by Zeiss Axiovert Apotome
microscope and AxioVision Rel 4.8 software.

For whole mount immunohistochemistry staining, E14.5 day mouse embryos were
collected and fixed for 1 hour in 4% PFA. Embryos were washed in 1 X PBS, incubated for 4
hours in 5% H,0, at room temperature, and permeabilized overnight in 0.5% Triton X-100 at 4°

C. After permeabilization, embryos were submerged in PBS-MT Blocking Solution (2% milk
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and 0.1% Triton X-100 in 1 X PBS) for 2 hours at room temperature. Embryos were incubated
for 2 days in anti-mouse Nanog Alexa Fluor 488 (eBiosciences) in PBS-MT at 4° C. Embryos
were mounted using 50% glycerol and images captured by Zeiss Axiovert Apotome microscope

and AxioVision Rel 4.8 software.

H. Formation of Branching Point Structures and Tube Formation Assay

For branching point structures assay, an in vitro bioassay for angiogenesis, HMLECs
were cultured in EBM-2 medium (Lonza) + Wnt3a and VEGF and left untreated as a control or
transfected with control shRNA, NANOG shRNA, or NANOG shRNA + FLK1 cDNA for 16
hours in a 37° C CO; incubator. HLMECs were detached using 2 mM EDTA (pH 7.4), washed
with 1 X PBS (pH 7.4), and plated onto three-dimensional type I collagen gel. After 12 hours of
incubation at 37° C, unattached HLMECs were aspirated and a second layer of type I collagen
gel was added. After 36 additional hours of incubation in a CO, incubator at 37° C, photographs
were taken using Zeiss Axiovert 40C microscope and Zoom Browser Ex software and the
number of branching point structures were quantified.

For tube formation assay, growth factor reduced Matrigel was added into wells of a 24
well plate and placed into a CO; incubator at 37° C for 90 minutes to harden. HUVECs were
detached from T75 flasks using 0.05% Trypsin-EDTA (1X) Phenol Red (Invitrogen), washed
with 1 X PBS (pH 7.4), and resuspended in control or treated (+ BIO [0.1 uM or 0.2 uM])
EndoGRO-VEGF medium. Plates were incubated for 18 hours at 37° C in a CO, incubator.

Photographs were taken using Zeiss Axiovert 40C microscope and Zoom Browser Ex software.
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I. Cell Migration Assay

Human umbilical vein endothelial cells were grown to confluency in 24 well plates in
EndoGRO-VEGF media. A wound was induced using a sterile pipette tip. Cells were washed
with 1 X PBS (pH 7.4) and covered with EndoGRO-VEGF medium with and without BIO (0.2
uM). Photographs were taken of wounded area at indicated time points using the Zeiss Axiovert
40C microscope and Zoom Browser Ex software. Percent wound closure was measured and

calculated using ImagelJ software.

J. Hanging Drop Assay

Human umbilical vein endothelial cells were plated on 10 cm dishes and cultured in
EndoGRO-VEGF medium in the absence or presence of BIO (0.2 uM) for 24 hours at 37° C in a
CO; incubator. After incubation, dishes were inverted and the lid filled with 6 mL 1 X PBS (pH
7.4). After 7 or 14 days of incubation in a CO, incubator at 37° C, dishes were returned up-right
and cells were incubated in 6 mL EndoGRO-VEGF medium for 10 minutes. Medium was
aspirated, HUVECs were washed with 1 X PBS (pH 7.4), and fixed using 4% PFA. Cellular
aggregates were H&E stained, images were taken using the Zeiss Axiovert 40C microscope and

Zoom Browser Ex software, and the number of colonies were quantified.

K. Electrophoretic Mobility Shift Assay (EMSA)

Oligonucleotide probes of the FLKI promoter were synthesized (IDT DNA
Technologies) and biotinylated with the Biotin 3> End DNA Labeling Kit (Pierce).
Oligonucleotides were reconstituted to a 100 M stock solution and a 1 uM working solution

was prepared. TdT stock solutions and 50 pL Labeling Reactions were prepared according to
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manufacturer’s protocol. After Labeling Reaction incubated for 30 minutes at 37° C, 0.2 M
EDTA was used to quench the reaction. Chloroform:isoamyl alcohol was added before
microcentrifugation at 16000 rcf for 2 minutes. The top phase was collected and diluted for final
10 nM Biotin labeled probe. Nuclear extracts were prepared using the NE-PER Nuclear and
Cytoplasmic Extract Kit (Pierce) as instructed by manufacturer’s protocol. Cells were washed in
1 X PBS and pelleted by microcentrifugation. To the pellet, 10 X volume of cold cytoplasmic
extraction reagent [ (CER1) was added and the tubes incubated on ice for 10 minutes. Next, 0.55
X cold cytoplasmic extraction reagent II (CER II) was added and incubated on ice for 1 minute.
After tube was microcentrifuged at 16000 rcf for 5 minutes at 4° C, the supernatant (cytoplasmic
extract) was removed and stored. To the pellet, 5 X nuclear extraction reagent (NER) was
added, vortexed, and incubated on ice for 30 minutes. After microcentrifugation at 16000 rcf for
10 minutes at 4° C, the supernatant was collect for the final nuclear extract. The nuclear extracts
were combined with biotin labeled oligonucleotides and other reagents to form the binding
reactions as directed by manufacturer’s protocol. Protein-DNA complexes were resolved by 4-
12% TBE Gel (Invitrogen) in 0.5 X TBE buffer (Bio-Rad). Protein-DNA complexes were
transferred to Biodyne B Nylon Membranes (Pierce) and UV light was used to crosslink the
protein-DNA-biotin complexes. The membranes were soaked in 0.5 X TBE and blocked in
blocking buffer from Pierce’s Lightshift EMSA Optimization and Control Kit at 37° C.
Conjugate blocking solution (streptavidin-horseradish peroxidase in blocking buffer) was added
to membrane for a 15 minute incubation, followed by 4 washes in 1 X washing buffer. Substrate
equilibrium buffer and luminal/peroxide solutions were used for signal detection and membrane

was developed on Blue Biofilm (Denville).
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L. Chromatin Immunoprecipitation (ChIP)

For ChIP assays, endothelial cells were cultured in EndoGRO-VEGF Complete Media.
Cells were left untreated as controls, treated with Wnt3a (50 ng/mL for 72 hours), or treated with
BIO (0.2 uM for 6 hours). ChIP assay was performed using the EZ-Magna ChIP™ G Chromatin
Immunoprecipitation Kit (Millipore). The cells were incubated for 10 minutes in a 1%
formaldehyde solution in EndoGRO-VEGF Complete Media in 35° C at 50 rpm to reversibly
cross-link the protein/DNA interactions. Plates were washed twice in 1 X PBS and cells were
detached using a 1 X PBS/protease cocktail inhibitor II solution. Eppendorf tubes were
centrifuged at 2000 rpm in 4° C for 5 minutes. To the supernatant, 400 uL of SDS lysis buffer
and 2 pL protease cocktail inhibitor II was added. The endothelial cells were sonicated (20
seconds sonicated, 30 seconds off) for 10 rounds on ice to generate 300-1000 bp length DNA
segments. Sonicated ECs were centrifuged at 15,000 rcf in 4° C for 10 minutes to clear the
sheared cellular debris. The supernatant was removed and aliquoted to 100 pL in fresh tubes, at
which point 900 pL of dilution buffer solution was added to each tube. The indicated IP
antibodies were added to each tube and incubated at 4° C rotating overnight. The next day, 60
uL packed agarose G protein was pipetted into each tube and incubated at 4° C rotating for 1
hour to bind to the DNA-protein-Ab complexes. After 1 hour, the protein G agarose was
pelleted by centrifuging at 5000 rcf for one minute. The beads were washed using Low Salt
Immune Complex Wash Buffer, High Salt Immune Complex Wash Buffer, LiCl Immune
Complex Wash Buffer, and TE Buffer to remove unbound, non-specific chromatin. To remove
the antibody from the histone complex, Elution Buffer (10 uL 20% SDS, 20 uL 1 M NaHCO;3,
and 170 pL distilled H>O) was added to each tube and incubated at room temperature for 15

minutes. After centrifugation, supernatant was collected and incubated in 5 M NaCl for 5 hours
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or overnight at 65° C to reverse the protein-DNA cross-link. The next day, the samples were
incubated with 1 uL. RNAse A at 37° C for 30 minutes. To remove and digest the protein, 4 pL.
of 0.5 M EDTA, 8 pL of 1M Tris-HCI, and 1 pL of Proteinase K was pipetted into the tubes and
the samples were incubated at 45° C for 2 hours. To purify the DNA, washes were performed
with Binding Reagent A, Wash Buffer B, and Elution Buffer C using spin filters and collection
tubes. The resulting DNA was analyzed with PCR using primers for the NANOG, FLKI,

BRACHYURY, OCT4, and CD133 promoters.

M. Luciferase Reporter Assay

For Luciferase Reporter Assay, we purchased the pGL4.84 promoter-less vector encoding
the ARIucCP (Renilla reniformis) Luciferase gene from Promega (Madison, WI). We subcloned
a -2.1 kb genomic fragment of the human NANOG promoter/enhancer region into the Xhol and
Sfil restriction enzyme sites of the pGL4.84 plasmid (referred to as pGL4.84(-2.1-NANOG-
Luc)). HeLa cells (2 x 10°) were transfected with pGL4.84 (control) and pGL4.84(-2.1-NANOG-
Luc) luciferase report plasmid DNA (1.5 pg) using Lipofectamine™ 2000. HeLa cells were
incubated in Puromycin (3.5 pg/mL) (Invitrogen) in DMEM media for 14 days after transfection
to select for stable clones. The surviving stable clones were termed HeLa-pGL4.84(-Luc)
(control) and HeLa-pG4.84(-2.1-NANOG-Luc). For treatment, stable clones were incubated in
either Puromycin (3.5 pg/mL) DMEM media or Puromycin (3.5 pg/mL) DMEM media
containing BIO (0.2 pM) for 6 hours. For luciferase detection, the Dual-Luciferase® Reporter
Assay (Promega) was used. HeLa cells were rinsed in 1 X PBS, Passive Lysis Buffer (PLB) was
pipetted onto the cells, and cells were detached by scraping and placed into Eppendorf tubes.

Each tube underwent 2 freeze-thaw cycles to accomplish complete cell lysis. Renilla luciferase
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activity was measured by pipetting 20 pL of HeLa lysate in PLB into a luminometer tube, adding
100 pL of Stop & Glo® Reagent, mixing, and reading the luciferase activity with a TD 20/20
Luminometer (Turner Designs). Note: in this particular experiment it was not necessary to
measure firefly luciferase activity using Luciferase Assay Reagent II (LAR II) due to known
100% transfection efficiency as transfected HeLa cells were subject to Puromycin stable clone

selection.

N. Enzyme-linked Immunosorbent Assay (ELISA)

HUVECs were cultured in EndoGRO-VEGF media to 70% confluency on a 12 well
plate. Once 70% confluency was reach, media was changed to OPTI-MEM 1 media and
incubated for 2.5 hours in at 37° C in a CO, incubator. After serum and growth factor starvation,
HUVECs were washed with 1 X PBS (pH 7.4) and DMEM media (without phenol red, growth
factors, or serum) in the presence or absence of BIO (0.2 pM) was added onto the cells.
HUVECs were incubated for the indicated time periods at 37° C in a CO; incubator, after which
the supernatant was collect and analyzed for the indicated angiogenesis markers by Quansys

Biosciences (Logan, UT).

O. Matrigel Plug and Hind Limb Ischemia Assays

For Matrigel Plug Assays, 3 month old asthymic nude mice (The Jackson Laboratory,
Bar Harbor, ME) were used. All mice were treated according to the UIC Protocol for Animal
Use and housed in the University of Illinois Animal Care Vivarium under pathogen-free
conditions. Matrigel and hind limb ischemia protocols were approved by the University of

Illinois at Chicago Animal Care Committee (ACC). Growth factor reduced Matrigel containing
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(Wnt3a [50 ng/ml] with control shRNA transfected HUVECs, Wnt3a [50 ng/ml] with NANOG
shRNA transfected HUVECs, Wnt3a [50 ng/ml] with NANOG shRNA and FLKI cDNA
transfected HUVECSs) or containing (only Matrigel, BIO [0.2 uM], untreated HUVECs, or BIO
[0.2 uM] treated HUVECs) were injected subcutaneously into the midventral abdomen. Nude
mice were monitored and assessed 24 and 48 hours after injection to monitor the wound. After
7-9 days the plugs were removed, washed with 1 X PBS (pH 7.4), fixed in 4% PFA, and
embedded in paraffin. Five um serial sections were prepared by the UIC Research Histology and
Tissue Imaging Core. Sections were underwent hematoxylin and eosin (H&E) and
immunohistochemistry staining. Images were captured by Zeiss Axiovert Apotome microscope
and AxioVision Rel 4.8 software.

Hind limb ischemia assay was performed with the help of Dr. Norifumi Urao, Dr.
Masuko Ushio-Fukai, and Dr. Tohru Fukai. Ten week old male C57BL mice were injected with
ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia. Left femoral arteries and vein were
ligated at the distal end of the branching point for the profunda femoris and the proximal end of
the saphenous artery. Both the artery and vein segments between the ligations were removed and
the branches eliminated by electrical coagulation. For pain management, buprenorphine (0.1
mg/kg) was administered twice a day for 3 days post-surgery. Immediately following surgery,
mice received 0.6 uM BIO intramuscular injections of 25 pL at 8 sites in the adductor,
gastrocnemius, and tibialis anterior muscles. For the remainder of the experiment, mice were
also fed water containing 0.6 uM BIO changed every other day and protected from light
exposure with aluminum foil. After 4 weeks, mice were euthanized; the ischemic and non-
ischemic muscles were harvested, fixed in 4% PFA, and embedded in paraffin. Five um serial

sections were prepared by the UIC Research Histology and Tissue Imaging Core. Sections were



45

underwent hematoxylin and eosin (H&E) and immunohistochemistry staining. Images were

captured by Zeiss Axiovert Apotome microscope and AxioVision Rel 4.8 software.

P. Statistics
Data calculation and statistical analysis was expressed as mean + S.E.M. using Microsoft
Excel and GraphPad Prism 5.0 software. All experiments and assays were carried out 3-4 times.
Statistical significance was determined using Student’s ¢ test and analysis of variance (ANOVA),

with P < 0.05 considered statistically significant.



IV. RESULTS

*Portions of this text and figures were reprinted from: Kohler EE, et al. NANOG
induction of Fetal Liver Kinase-1 (FLK1) transcription regulates endothelial cell proliferation
and angiogenesis. Blood. 2011;117:1761-1769. Permission for the reuse of this material towards
dissertation was provided by the American Society of Hematology. Copyright 2011 by The

American Society of Hematology; all rights reserved.

A. Nanog Expression

To examine if NANOG is expressed after cellular differentiation, an E14.5 day embryo
was subjected to whole-mount immunohistochemistry staining and anti-Nanog antibody.
Surprisingly, the developing vasculature in the head and intersomitic vessels stained positive for
Nanog expression (Figure 7A). Nanog+ sprouting endothelial cells (ECs) and developing
capillaries were visible in the head region of the mouse embryo (Figure 7B-D), while the
intersomitic vessels also display anti-Nanog staining (Figure 7E).

To address NANOG expression in differentiated cell lines and its relationship to the Wnt
pathway, we investigated human tumor lines and HUVECs. NANOG was expressed in Jurkat (T
lymphocyte) and MCF7 (breast carcinoma) cell lines, but it was not detectable in A431
(epidermoid carcinoma), HeLa (cervical carcinoma), or SW480 (colon carcinoma) cell lines
(Figure 8A right panel). Serum starved human umbilical vein endothelial cell (HUVECs) with
increasing levels of WNT3A stimulation (10, 20, and 30 ng/mL) demonstrated that NANOG is
present in ECs and NANOG’s expression is amplified with increasing WNT3A concentrations
(Figure 8A left panel). To confirm these results we performed further western blot analysis on

HUVEC:s in the presence of serum and growth factors with stimulation by two glycogen synthase

46
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kinase-33 (GSK-3p) inhibitors: LiCl and WNT3A. As expected, NANOG and non-
phosphorylated B-catenin protein expression was upregulated by LiCl and WNT3A treatment
(Figure 8B). The discrepancy in NANOG and non-phosphorylated -catenin levels of increase
with these treatments can be attributed to the different mechanisms in which LiCl and WNT3A
inhibit GSK-3f. Fetal liver kinase-1 (FLK1) (also referred to ask VEGFR2 or KDR) protein
levels were also augmented after incubation in media containing LiCl and WNT3A (Figure 8B).
RT-PCR experiments with untreated HUVECs and HUVECs treated with WNT3A (50 ng/mL)
corroborated these western blot results, exhibiting an increase in NANOG and FLK]I transcripts
after WNT3A (Figure 8C). These results reveal that NANOG is not downregulated after
differentiation as previously reported, as it is present in E14.5 embryos, tumor cell lines, and
differentiated endothelial cells. NANOG also responds to and is upregulated by Wnt pathway

activation.
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E14.5 day E14.5day %

Figure 7: Evidence that Nanog is expressed in developing blood vessels of embryo at E14.5
days. A) Whole-mount stain of an E14.5 day embryo with Nanog. The head and brain (solid
boxed area) and intersomitic vessels (dotted boxed area) are amplified further in B-E. B-D)
Nanog is expressed in the vasculature of the head and brain at increased magnifications. E)
Nanog is expressed in the intersomitic vessels at higher magnifications. Capillaries (ca),
intersomitic vessels (iv), sprouting endothelial cells (asterisks), and neovessels (arrowheads) are
indicated. Scale bar, 20 um. This research was originally published in Blood. Kohler EE, et al.
NANOG induction of Fetal Liver Kinase-1 (FLK1) transcription regulates endothelial cell
proliferation and angiogenesis. Blood. 2011;117:1761-1769. © the American Society of
Hematology.
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Figure 8: Evidence that NANOG is expressed in endothelial and tumor cell lines. A)
HUVECs were cultured in serum and growth factor free media for 14 hours, then treated with
increasing concentrations of WNT3A (0, 10, 20, or 30 ng/mL) for 6 hours. Tumor cell lines
were cultured as recommended without WNT3A treatment. B) Total protein lysates were
prepared from control and LiCl (20 ng/mL) or WNT3A (50 ng/mL) treated HUVEC and
examined by WB analysis with the indicated antibodies. C) RNA extracted from untreated
HUVECs and WNT3A (50 ng/mL) treated HUVECs was subjected to RT-PCR analysis for
NANOG, FLK1, and GAPDH. This research was originally published in Blood. Kohler EE, et al.
NANOG induction of Fetal Liver Kinase-1 (FLK1) transcription regulates endothelial cell
proliferation and angiogenesis. Blood. 2011;117:1761-1769. © the American Society of
Hematology.
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B. Determination of the Optimal Concentration of BIO

Before using 6-bromoindirubin-3’-oxime, we needed to determine the optimal
concentration for the HUVEC line for effectiveness without toxic or off-target effects. A
proliferation assay was carried out using HUVECs. HUVECs were plated for 24 hours in
EndoGRO-VEGF media, after which BIO (increasing concentrations) was added to the ECs for
another 24 hours of incubation. The following day, the treated HUVECs were fixed, H&E
stained, and the number of HUVECs were calculated. HUVECSs treated with 0.2 uM BIO
demonstrated the highest proliferation (Figure 9B,D), while HUVECs treated with 0.5 and 1.0
uM BIO still showed an increase in proliferation compared to basal level (Figure 9B,E-F).
HUVEC: treated with 1.5 or 2.0 uM BIO resulted in a decreased number of adherent ECs on the
dishes (Figure 9B,G-H). The dose-response curve established the half maximal inhibitor
concentration (ICsp) was 2.0 pM BIO. Growth inhibition of HUVECs required 2.0 uM BIO or
higher (data not shown). As 0.2 uM BIO resulted in the highest EC proliferative activity with no
evidence of apoptosis, we determined that 0.2 uM BIO was the optimal dose for EC stimulation

for this study.
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Figure 9: HUVEC viability/dose-dependent response to BIO stimulation. A) Timeline of
plating HUVECs, BIO treatment, fixing, H&E staining, and quantification. B) Quantification of
the number of cells per 20X field after BIO stimulation with the indicated concentrations. C-H)
Representative images of H&E stained HUVECS in control media or media containing BIO (0.2
uM, 0.5 puM, 1.0 uM, 1.5 pM, and 2.0 uM). Scale bar, 20 uM.
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C. Nanog Binds to B-catenin inside the Nucleus following GSK-3B Inhibition

We hypothesized that the increase in NANOG levels after WNT3A stimulation was due
to the formation of a B-catenin NANOG complex inside the nucleus of endothelial cells. After
GSK-3p inhibition, stabilized B-catenin translocates into the nucleus where we postulate that it
binds to and activates NANOG, which resulting NANOG upregulation.

Untreated control HUVEC cells immunofluorescently stained demonstrated a basal level
of NANOG expression with -catenin located primarily within the cytosol (Figure 10A). Upon
BIO treatment (0.2 pM) for 6 hours, a subset of B-catenin translocates into the nucleus and
colocalizes with NANOG (Figure 10B). BIO treated HUVECs immunostained for NANOG and
VE-cadherin demonstrated no colocalization of the two proteins inside of the nucleus (Figure
10C). However after 36 hours of BIO treatment, NANOG expression increased inside the
nucleus while VE-cadherin expression was downregulated (Figure 10D-F). Western blot
analysis verified that non-phosphorylated B-catenin and NANOG proteins are amplified after
treatment with BIO (Figure 10G). As phosphorylation of GSK-3p on its Ser9 site results in
GSK-3p inhibition, western blot demonstrated BIO’s specificity to and inhibition of GSK-3f3
(Figurel0G). To examine whether B-catenin binds to NANOG, HUVECs were serum and
growth factor starved overnight, nuclear protein extracts were prepared, and co-
immunoprecipitation (co-IP) assays were performed. Control HUVECs exhibited a basal level
of B-catenin and NANOG interaction with reciprocal co-IP; while BIO treated HUVECs
displayed an increased level of B-catenin and NANOG colocalization (Figure 10H). To
ascertain whether this 3-catenin and NANOG complex occurs through direct or indirect binding,
far-western (also referred to as ligand blotting) assays were completed. For the far-Western
assay, nuclear extracts were prepared and subjected to immunoprecipitation with a -catenin

antibody. After transfer, the nitrocellulose membrane was incubated in recombinant NANOG



53

protein and probed with anti-NANOG antibody. NANOG protein bound to the 85 kDa B-catenin
polypeptide species but not to the negative control Glut-1 species, indicating direct binding
(Figure 101, top panel). To verify the B-catenin polypeptide identity, the membrane was
reprobed with anti-B-catenin antibody (Figure 101, bottom panel). These data indicate that BIO
treatment in HUVEC:s leads to increased non-phosphorylated B-catenin, which translocates into

the nucleus and directly binds to NANOG.
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Figure 10: BIO stimulates NANOG and B-catenin complex formation in the nucleus of
HUVECGs. A) Sparsely plated untreated control HUVECs and BIO treated HUVECs IF stained
(A-B) B-catenin (green) and NANOG (red). C) HUVECs with BIO treatment IF stained for VE-
cadherin (green) and NANOG (red). D-F) HUVECs with BIO (36 hrs) treatment IF stained for
VE-cadherin (green), NANOG (red), and DAPI. Scale bar, 100 uM. G) Untreated control
HUVECs and BIO treated HUVECs subjected to WB analysis with the indicated antibodies. H)
Co-IP analysis of NANOG and B-catenin. I) Far-Western demonstrates NANOG and -catenin
interaction is direct.
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D. NANOG Binds to the NANOG, BRACHYURY, OCT4, CD133, and FLK1 Promoters

in Response to BIO-Mediated Wnt Pathway Activation

Our lab recently demonstrated that NANOG binds to ATTA sequences in its own
promoter region, to auto-regulate itself, and in the FLK/ promoter region to induce expression of
FLKI1 (Kohler et al., 2011). To determine BIO’s effect on the ability of NANOG to bind its own
promoter/enhancer and the promoter of other genes, ChlIP assays were performed. The NANOG-
, BRACHYURY-, OCT4-, CD133-, and FLKI- promoters all contained ATTA binding sites
upstream of their transcription start sites (TSS), therefore primers synthesized to amplify these
regions (Figure 11A). HUVEC and HPAEC lines were left as either control or treated with BIO
(0.2 uM) and subjected to IP with anti-Glutl (control) or anti-NANOG antibodies. ChIP
revealed that upon BIO stimulation, NANOG bound to the endogenous NANOG-, BRACHYURY-
, OCT4-, CD133-, and FLKI- promoters in both lines of endothelial cells (Figure 11B).

To examine BIO-mediated NANOG upregulation, a -2.1 kb-NANOG promoter/enhancer
fragment was subcloned into the Xhol and Sfil restriction enzyme sites of a pGL4.84 promoter-
less vector encoding the ARIucCP (Renilla reniformis) Luciferase gene, generating a pGL4.84-(-
2.1 kb-NANOG-Luc) construct (Figure 11C). HeLa cells were stably transfected with either a
pGL4.84-Luc construct (control) the pGL4.84-(-2.1 kb-NANOG-Luc) construct. To monitor the
effect of BIO on NANOG transcription, the HeLa-pGL4.84-Luc and HeLa-pGL4.84-(-2.1 kb-
NANOG-Luc) were incubated in Puromycin (3.5 pg/mL) DMEM media or Puromycin (3.5
pg/mL) DMEM media containing BIO (0.2 pM) for 6 hours. After stimulation, luciferase
activity was detected verifying that without BIO treatment HeLa-pGL4.84-(-2.1 kb-NANOG-
Luc) expressed approximately 50 fold higher luciferase levels than HeLa-pGL4.84-Luc (Figure

11D). However, BIO treatment induced a > 350 fold increase in luciferase activity of HeLa-
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pGLA4.84-(-2.1 kb-NANOG-Luc) compared to HeLa-pGL4.84-Luc (Figure 11D). The ChIP and
luciferase assays confirm that BIO has the capacity to activate NANOG transcription, at which
point NANOG can bind to its own promoter for auto-regulation as well as the NANOG-,

BRACHYURY-, OCT4-, CD133-, and FLKI- promoters.
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Figure 11: NANOG binds to the NANOG, BRACHYURY, OCT4, CD133, and FLK1
promoters. A) Primers of the indicated promoters that were used for amplification of ChIP
assay. B) Results of HUVEC and HPAEC ChIP assays. C) NANOG promoter/enhancer region
demonstrating NANOG binding sites relative to the TSS. D) HeLa cells were stably transfected
with pGL4.84(control) and pGL4.84-(-2.1-NANOG) promoters with and without BIO stimulation
and subjected to renilla luciferase assay.
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E. BIO Mediates the Acquisition of a Dedifferentiated Phenotype of HUVECs and

HSaVECGCs in vitro

Next, to evaluate the capacity of BIO to induce a dedifferentiated phenotype of venous
endothelial cells, HUVECs and HSaVECs were analyzed before and after BIO treatment. RNA
prepared from the HUVECs with and without BIO stimulation underwent Q-RT-PCR analysis.
The levels of pluripotency and EC progenitor markers S-catenin, NANOG, OCT4, BRACHYURY,
CD133, and FLK] transcripts were increased in HUVECs incubated in BIO, while the levels of
mature EC markers CD31 and vIWF were decreased (Figure 12A). Immunofluorescent staining
of HUVEC:s displayed augmented levels of NANOG and nuclear -catenin but reduced levels of
VE-cadherin and vWF with BIO treatment (Figure 12B-G). HSaVECs stimulated with BIO also
demonstrated and increase in nuclear B-catenin, NANOG, and NOTCHI1 expression and
decreased vWF expression (Figure 12H-M). Western blot analysis of HUVECs showed
amplified non-phosphorylated -catenin, NANOG, NOTCH1, NOTCH intracellular cleaved
domain (NICD), DLL4, and NUMB protein levels (Figure 12N). VE-cadherin protein
expression was reduced, corroborating the immunofluorescent staining data (Figure 12N). The
induction of stemness and progenitor genes and proteins suggest the capacity for venous
endothelial cells to undergo a phenotypic switch towards a dedifferentiated phenotype in vitro

when treated with BIO.
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Figure 12: BIO-mediated acquisition of a dedifferentiated phenotype in HUVECs and
HSaVECs in vitro. A) Q-RT-PCR analysis of HUVECSs after BIO treatment expressed in fold
increase/decrease compared to untreated control HUVECs. B-C) IF staining of untreated control
HUVECs and BIO treated HUVECs with B-catenin (green) and NANOG (red). D-E) IF staining
of untreated control HUVECs and BIO treated HUVECs with VE-cadherin (green). F-G) IF
staining of untreated control HUVECs and BIO treated HUVECs with vWF (red). H-I) IF
staining of untreated control HSaVECs and BIO treated HSaVECs with -catenin (green) and
NANOG (red). J-K) IF staining of untreated control HSaVECs and BIO treated HSaVECs with
vWF (red). L-M) IF staining of untreated control HSaVECs and BIO treated HSaVECs with
NOTCHI (red). Scale bar, 100 pM. Magnification 40X. N) WB analysis of untreated control
HUVECs and BIO treated HUVECs with indicated antibodies.
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F. BIO Mediates the Formation of Cellular Aggregates

A hallmark of dedifferentiation is the formation of cellular aggregates. Here I employed a
hanging drop assay, an in vitro correlate of epithelial-mesenchymal transition (EMT), we
determined BIO’s ability to induce the formation of cellular aggregates in HUVECs.
Quantification of the number of colonies viewed after 1 and 2 weeks reveals HUVECs incubated
in medium containing BIO were able to survive and form cellular aggregates at higher rates than
control HUVECs (Figure 13B). Representative unstained and H&E stained images of the
hanging drop assay show visible colonies in BIO treated HUVECsS, indicated by arrows (Figure
13E-H), while the majority of control HUVEC: fail to survive and do not form aggregates
(Figure 13C-D). As the formation of cellular aggregates is a hallmark of dedifferentiation, these

data suggest BIO has the potential for induction of EnMT in vascular endothelial cell lines.
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Figure 13: BIO induces the formation of cellular aggregates. A) Timeline of the hanging
drop assay. B) Quantification of the number of colonies present per 10X field after 1and 2
weeks. C-D) Representative images of H&E stained HUVEC hanging drop colonies after 1 and
2 weeks. E-F) Representative images of H&E stained untreated control HUVEC and BIO
treated HUVEC hanging drop colonies after 1 and 2 weeks. Scale bar, 20 pM. Magnification
20X. G-H) Representative images of unstained untreated control HUVEC and BIO treated
HUVEC hanging drop aggregates after 1 and 2 weeks. Scale bar, 20 pM.
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G. Activation of the Wnt Pathway Induces Increased Cell Proliferation and Re-entry

into the Cell-Cycle via NANOG

Rapid re-entry of quiescent cells into the cell cycle is an indicator of cellular
dedifferentiation. To examine BIO-mediated proliferation and S-phase cell cycle entry in
HUVEC:s, I performed a BrdU assay. HUVECs were prepared under 5 conditions: control
untreated HUVECs, HUVECs transfected with control (scrambled sequence negative universal
control) siRNA, HUVECs: transfected with NANOG siRNA, HUVEC:s transfected with NANOG
siRNA and treated with BIO (0.2 uM), and HUVEC:s treated with BIO (0.2 uM). Control
HUVECs and HUVEC:s treated with control siRNA had approximately 50% BrdU incorporation,
while NANOG knockdown drastically reduces proliferation down towards approximately 14%
BrdU incorporation (Figure 14B-D & G). BIO is not able to rescue NANOG knockdown,
merely raising BrdU uptake towards 16% (Figure 14E & G). On the other hand, HUVECs
treated with only BIO induced increased proliferation to approximately 85% (Figure 14F & G).
Therefore, BIO induces proliferation of HUVECs; however NANOG plays a critical role in this
proliferative activity. Western blot analysis indicates that HUVECs re-enter the cell cycle upon
stimulation with BIO. P21 and p53 proteins, cell cycle inhibitors that control entry into the G;
and S phase, are downregulated while Cyclin-D1 (a cell cycle activator that regulates transition
from G to S phase) protein is upregulated in response to BIO (Figure 14H). These data
demonstrate that BIO induces proliferation by means of cell cycle re-entry of HUVECs, through

a NANOG transcriptional network.
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Figure 14: BIO induces proliferation of HUVECs via NANOG. A) Timeline of siRNA
transfection, BIO stimulation, and BrdU assay. B-F) Representative images of BrdU stain in
control untreated HUVECs, HUVECs transfected with control siRNA, HUVECs transfected with
NANOG siRNA, HUVECs transfected with NANOG siRNA and stimulated with BIO, and
HUVEC:s stimulated with BIO. Scale bar, 20 uM. Magnification 20X. G) Quantification of
percent BrdU incorporation of control untreated HUVECs, HUVECs transfected with control
siRNA, HUVECs transfected with NANOG siRNA, HUVECs transfected with NANOG siRNA
and stimulated with BIO, and HUVECsS stimulated with BIO. H) WB analysis of HUVECs with

and without BIO with the indicated antibodies.
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H. BIO-Mediated NANOG Upregulation Plays a Role in Asymmetric Cell Division

(ACD)

Asymmetric cell division (ACD), the unequal distribution of cellular components, is
another characteristic of dedifferentiation that was assayed. The previous BrdU proliferation
assays showed evidence of ACD in HUVEC:s after BIO stimulation. ACD can be
morphologically monitored through BrdU and immunofluorescent staining, because as the parent
cell divides, the daughter cells receive unequal distributions of cellular components, resulting in
morphologically distinguishable progeny. HUVECs were cultured in EndoGRO-VEGF medium
with and without BIO (0.2 uM). To determine if NANOG contributes to ACD, BIO treated
HUVECs were then incubated with NANOG siRNA to induce NANOG knockdown. The
percentage of ACD was calculated from the total number of cells undergoing cell division.
Approximately 7% of the dividing control HUVECs were undergoing ACD, while the addition
of BIO amplified the percent asymmetrically dividing cells to 28% (Figure 15A). NANOG
knockdown in BIO-treated HUVEC:s significantly reduced ACD towards basal levels to
approximately 10% (Figure 15A). Western blot analysis validates the increase in NANOG
protein in BIO treated HUVEC:s, followed by NANOG protein knockdown in BIO transfected
with NANOG siRNA treated HUVECs (Figure 15B). Further western blot examination also
demonstrated an increase in NOTCHI1 levels with the addition of BIO, preceded by a drop in
NOTCHI protein in NANOG knockdown cells (Figure 15B). Representative images of SCD
and ACD are shown in control and BIO stimulated HUVECs (Figure 15C-F).
Immunofluorescent staining was performed with ACD genetic markers NOTCH1, DLL4, and
NUMB, along with hemangioblastic (an endothelial cell precursor) cell marker CD133. Control

HUVECSs do not demonstrate detectable levels of CD133 and NOTCHI1, while HUVECs
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receiving BIO stain positive for CD133 and NOTCHI1 (Figure 15G-J). Cells displaying SCD
are represented by white arrows, while ACD is indicated by white arrowheads. As DLL4 is a
known ligand and activator of NOTCH1 which plays a role in signaling for differentiation, BIO
treated HUVECs were examined for NOTCHI1 and DLL4 activity. DLL4 and NOTCH1 were
present at high intensities in HUVECsS receiving BIO (Figure 15K). BIO treated HUVEC cells
exhibit morphologically asymmetric nuclei in which the smaller of the two daughter cells stains
positive for NUMB (a NOTCHI1 inhibitor) and the larger of the two daughter cells stains positive
for NOTCHI1 (Figure 15L). These data indicate that BIO is able to induce both SCD and ACD
via NANOG and that during this ACD the smaller daughter is poised for self-renewal (i.e. high
NUMB, low NOTCH1), while the larger daughter cell is signaled for differentiation (i.e. high

NOTCHI, low NUMB).
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Figure 15: BIO-mediated upregulation of NANOG plays a role in ACD. A) Quantification
of the percent of ACD of the total dividing cell population in a BrdU assay. B) WB analysis of
untreated control HUVECs, HUVECs transfected with control siRNA and treated with BIO, and
HUVEC:s transfected with NANOG siRNA and treated with BIO with the indicated antibodies.
C-F) Representative images of BrdU incorporation in control HUVECs and BIO treated
HUVECs. G-H) IF staining of control HUVECs and BIO treated HUVECs with CD133 (red). I-
J) IF staining of control HUVECs and BIO treated HUVECs with NOTCHI1 (green). K) IF
staining of control HUVECs and BIO treated HUVECs with NOTCHI1 (green) and DLL4 (red).
L) IF staining of control HUVECs and BIO treated HUVECs with NUMB (green) and NOTCH1
(red). The arrows indicate SCD, while the arrowheads indicate ACD. Scale bar, 100 uM.
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I. Canonical Wnt Pathway Activation Amplifies The Formation of Branching Point

Structures through a NANOG Transcriptional Network, as well as Migration and

the Secretion of Pro-Angiogenic Factors

After confirmation that Wnt pathway activation induced proliferation through NANOG,
experiments were conducted to examine if the same was true for migration and tube formation.
First, a 3D type I collagen branching point assay was performed to assess the role of the Wnt
pathway and NANOG in angiogenesis in vitro. Human lung microvascular endothelial cells
(HLMECs) were grown to confluency, after which cells were subjected to incubation in control
or NANOG shRNA. A subset of NANOG depleted ECs were treated with human VEGFR-2
(FLK1) cDNA as a rescue experiment. The HLMECs were plated on top of 3D type I collagen
and incubated with WNT3A (50 ng/mL). Untreated HLMECs provided a basal level of
branching points at 90% (there was no statistically significant difference compared to control
shRNA HLMECs), while NANOG knockdown abrogates branching point formation to 20%
(Figure 16B-E). Rescue of FLKI partially restores branching point formation to approximately
55% (Figure 16B,F). Western blot analysis verified NANOG depletion, accompanied by FLK 1
and Cyclin-D1 reduction, as well as re-expression of FLK1 protein levels after FLKI cDNA
transfection that also upregulated the expression of Cyclin-D1 (Figure 16G). Matrigel tube
formation assays completed with another GSK-3f inhibitor, BIO, corroborated that Wnt pathway
activation augments the formation of branching points in ECs. HUVECs were plated on
Matrigel in EndoGRO-VEGF medium with and without BIO and the number of branching points
were quantified. The number of branching points increase in conjunction with the concentration
of BIO present in the media (Figure 161-L). This data shows that Wnt pathway activation

induces the formation of branching point structures that are subject to regulation by NANOG.
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Boyden chamber and wound healing scratch assays were carried out to address the effect
of BIO on EC migration. For the Boyden chamber assay, HUVECs passed through Boyden
chamber transfilters towards media containing increasing concentrations of BIO (0, 0.05, 0.2,
and 0.5 uM). Control HUVECs provide a basal migration of 2% across the transfilter, while 9%
of HUVECs migrated towards 0.05 uM BIO and 16% migrate towards 0.2 and 0.5 uM BIO
(Figure 17B-F). HUVECs migration response to BIO appears to be directly related to BIO
concentration up to 0.2 pM where a threshold occurs. To determine if BIO enhances EC wound
healing a scratch assay was completed using HUVECs. A wound was induced with a sterile
pipette tip on a confluent HUVEC monolayer, detached cells were washed away using 1 X PBS,
and EndoGRO-VEGF media with and without BIO (0.2 uM) was added. Images were taken at
0, 3, and 6 hours and the percent wound closure was quantified. After 6 hours, control cells
displayed ~15% total wound closure while BIO treated ECs exhibited ~60% total wound closure
(Figure 17G-M). To examine if BIO-mediated induction of tube formation and migration is due
to the increased secretion of angiogenic factors, HUVECs were cultured in serum and growth
factor free media containing BIO (0.2 uM). The media was collected at 0, 3, and 6 hours and
subjected to enzyme-linked immunosorbent assay (ELISA) for pro-angiogenic markers.
Angiopoietin-2 (ANG-2), basic fibroblast growth factor (bFGF), Interleukin 8 (IL-8), and tissue
inhibitor of metalloproteinase 1 (TIMP1) secretion was upregulated in conjunction with BIO
stimulation (Figure 17N). Altogether, these data indicate that Wnt/BIO induces NANOG-
mediated branching point formation, cell migration, wound healing, and the secretion of

angiogenic factors.
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Figure 16: Wnt Pathway activation augments the formation of branching point structures
through NANOG. A) Timeline of 3D type I collagen assay. B) Quantification of the
percentage of branching points in HLMECs treated with WNT3A (50 ng/mL), HLMECs treated
with WNT3A and transfected with control siRNA, HLMECs treated with WNT3A transfected
with NANOG siRNA, and HLMECs treated with WNT3A and transfected with NANOG shRNA
and FLKI cDNA. C-F) Representative images of branching point structures in the 3D type |
collagen. Arrows indicate branching point structures. Scale bar, 200 uM. G) Western blot
analysis with the indicated antibodies. H) Timeline of tube formation assay in Matrigel. I)
Quantification of the number of branching points in untreated control HUVECs and BIO (0.1 or
0.2 uM) treated HUVECs per 10X field. J-L) Representative images of HUVEC branching
points in Matrigel. Arrows indicate branching points. Scale bar, 20 uM. This research was
originally published in Blood. Kohler EE, et al. NANOG induction of Fetal Liver Kinase-1
(FLK1) transcription regulates endothelial cell proliferation and angiogenesis. Blood.
2011;117:1761-1769. © the American Society of Hematology.
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Figure 17: BIO increases migration and the secretion of pro-angiogenic factors. A)
Timeline of cell scratch migration assay. B) Quantification of the percentage of cell migration in
Boyden chamber assay. C-F) Representative images of cell migration through Boyden chamber
filters towards media containing the indicated concentrations BIO. G-I) Representative images
of wound healing assay with control HUVECs. After 6 hours there is approximately 15% wound
closure. J-L) Representative images of wound healing assay with BIO (0.2 uM) treated
HUVECs. Scale bar, 20 uM. M) Quantification of wound healing scratch assay. N) ELISA

assay results.
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J. BIO Upregulates Angiogenesis of Matrigel in vivo, while NANOG Knockdown

Abrogates Matrigel Neovascularization

As in vitro experiments demonstrated that Wnt Pathway mediated NANOG expression
regulated proliferation, migration, and tube formation, therefore, we next studied the contribution
of NANOG on angiogenesis in vivo through Matrigel plug assays. Matrigel plugs containing
HUVEC: transfected with control shRNA provided a basal level of neovascularization of
approximately 13 neovessels per 100X field (Figure 18H). However, Matrigel plugs containing
NANOG deficient HUVEC: resulted in a drastic reduction of neovascularization at
approximately 4.5 neovessels per 100X field (Figure 18H). The addition of FLK7 cDNA after
NANOG knockout in HUVEC: partially restored Matrigel plug angiogenesis to approximately 9
capillaries per 100X field (Figure 18H). To determine whether the vessels present were host- or
donor-derived immunofluorescent staining was performed with anti-mouse CD31 (green) and
anti-human vWF (red) with autofluorescent leukocytes indicating functional neovessels. Control
shRNA Matrigel plugs showed vessels comprised of both CD31" migrated mouse endothelial
cells (mECs) and vWF " human cells (Figure 18I), while the NANOG shRNA Matrigel plug
neovessels contained primarily CD31" mECs (Figure 18J). The rescue of FLK1 in NANOG
depleted ECs produced CD31" and vWF" neovessel as well as HUVECs that had no formed fully
functional capillaries (green arrows) (Figure 18K). This assay establishes that NANOG
regulates angiogenesis, most likely through binding to and activating FLK1 proliferative
signaling.

Further, Matrigel plug assays were carried out to examine the effect of Wnt Pathway
activation on neovascularization. Matrigel with and without BIO (0.2 uM) and Matrigel

containing untreated control HUVECs or BIO (0.2 uM) treated HUVECs were injected
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subcutaneously into nude mice. After seven days the plugs were removed and subjected to
immunohistochemical analysis and microscopy. Matrigel plugs containing BIO induced >5 fold
increase in the number of vascular structures compared to plain Matrigel determined through
H&E staining (Figure 19F, G-H). The addition of HUVECsS in the Matrigel plugs produced a
slight increase compared to plain Matrigel; however BIO treated HUVEC Matrigel plugs
similarly increased neovascularization to roughly 4 fold higher than untreated control HUVEC
Matrigel plugs (Figure 19F, I-J). Immunofluorescent staining coupled with microscopy was
used once more to determine the identity of the ECs comprising each vessel. Anti-mouse CD31
(green) and anti-human vWF (red) were used for this assay, once again with functional neovessel
demonstrated by autofluorescent leukocytes. Matrigel with and without BIO plugs stained
positive for CD31 mouse-derived vessels, with an increase in CD31" vessels in the plugs
containing BIO (Figure 19L-M). As expected, the vessels in the Matrigel plugs containing
control HUVECs or BIO treated HUVECs stained positive for both CD31 mouse-derived ECs
and vWF human-derived ECs (Figure 19N-O). Matrigel plugs containing control HUVECs or
BIO treated HUVECs were also subjected to immunofluorescent staining with an anti-a-SMA
antibody (Figure 20A-B) and quantified, displaying an increase in a-SMA" cells after BIO
stimulation (Figure 20K). This data confirms the capacity of Wnt pathway activation to play a

role in angiogenesis, most likely through a process of dedifferentiation.
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Figure 18: NANOG knockdown decreases neovascularization of Matrigel implants in vivo.
A) Timeline of Matrigel plug assay. B-D) Representative images of Matrigel plugs immediately
after removal from nude mice on day 7. E-G) Representative images of H&E stained Matrigel
sections containing HUVECs transfected with control shRNA, HUVECs transfected with
NANOG shRNA, or HUVECs transfected with NANOG shRNA and FLKI cDNA. Scale bar, 40
puM. H) Quantification of the number of capillaries per 100X field in the Matrigel sections. 1-K)
Representative images of immunofluorescent staining of Matrigel plug sections containing
HUVEC:s transfected with control ShARNA, HUVECs transfected with NANOG shRNA, or
HUVEC:s transfected with NANOG shRNA and FLK with anti-mouse CD31 (green) and anti-
human vWF (red). This research was originally published in Blood. Kohler EE, et al. NANOG
induction of Fetal Liver Kinase-1 (FLK1) transcription regulates endothelial cell proliferation
and angiogenesis. Blood. 2011;117:1761-1769. © the American Society of Hematology.
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Figure 19: Evidence that BIO upregulates neovascularization of Matrigel in vivo. A)
Timeline of Matrigel plug assay. B-E) Representative images of Matrigel plugs immediately
after removal from nude mice on day 7. F) Quantification of the number of vascular structures
per 10X field for each condition of Matrigel plug. G-J) Representative images of H&E stained
Matrigel sections. K) Quantification of the number of anti-a-SMA" vascular structures per 40X
field in sections of Matrigel containing untreated control HUVECsS or BIO (0.2 uM) treated
HUVECs. L-M) Representative images of immunofluorescent staining of Matrigel with and
without BIO (0.2 uM) with anti-mouse CD31 (green) and anti-human vWF (red). N-O)
Representative images of immunofluorescent staining of Matrigel containing untreated control
HUVEC:s or BIO (0.2 uM) treated HUVECs with anti-mouse CD31 (green) and anti-human
vWF (red). Scale bar, 20 uM.



75

K. BIO Induces a Dedifferentiated Phenotype of Vascular Endothelial Cells in vivo

As in vitro experiments suggested BIO’s potential to induce a dedifferentiated phenotype
in venous endothelial cell lines, i.e. HUVECs and HSaVECs, further experiments were
performed to investigate if this dedifferentiation process also occurs in vivo. Matrigel plugs
containing untreated control HUVECs or BIO (0.2 uM) treated HUVECs and Matrigel plugs
containing untreated control HSaVECs or BIO (0.2 uM) treated HSaVECs were used as our in
vivo model. Matrigel plug analysis was accomplished using immunofluorescent staining for a-
SMA and NOTCHI (markers expressed in arterial ECs but not associated with vascular ECs)
and vWF used to identify the presence all endothelial cells. Autofluorescent leukocytes (green)
indicate functional neovessel. Matrigel plugs containing BIO treated HUVECs demonstrated
increased 0-SMA " and NOTCH]1" vessels compared to plugs containing untreated HUVECs
(Figure 20A-D). Matrigel plugs consisting of BIO treated HSaVECs showed similar results
with an escalated amount of a-SMA"™ and NOTCH1" vessels in comparison to the control
HSaVEC plugs. Matrigel plugs consisting of untreated control HSaVECs or BIO treated
HSaVECs were also examined for HEY2 and Ephrin-B2 (arterial EC markers) expression. In
control HSaVEC plugs, HEY2 and Ephrin-B2 levels were not detectable, only DAPI staining
and autofluorescent leukocytes were visible (Figure 20I-J). Matrigel plugs with BIO stimulated
HSaVEC:s stained positive for HEY?2 and Ephrin-B2 (Figure 20K-L). This data demonstrates
that BIO induces the expression of arterial markers a-SMA, NOTCHI1, HEY?2, and Ephrin-B2 in
venous endothelial cells. Combined with the in vitro studies, this evidence supports BIO’s

capacity to promote a phenotypic switch of venous ECs towards a dedifferentiated state.
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Figure 20: BIO-mediated acquisition of a dedifferentiated phenotype in HUVECs and
HSaVECs in vivo. A-B) IF staining of Matrigel plugs containing untreated control HUVECs or
BIO treated HUVECs with a-SMA (green) and vWF (red). C-D) IF staining of Matrigel plugs
containing untreated control HUVECs or BIO treated HUVECs with NOTCHI1 (red),
autofluorescent leukocytes (green). E-F) IF staining of Matrigel plugs containing untreated
control HSaVECs or BIO treated HSaVECs with a-SMA (green) and vWF (red). G-H) IF
staining of Matrigel plugs containing untreated control HSaVECs or BIO treated HSaVECs with
NOTCHI (red), autofluorescent leukocytes (green). I-J) IF staining of Matrigel plugs containing
untreated control HSaVECs or BIO treated HSaVECs with Ephrin-B2 (green) and HEY?2 (red)
with and without DAPI. K-L) IF staining of Matrigel plugs containing untreated control
HSaVECs or BIO treated HSaVECs with Ephrin-B2 (green) and HEY?2 (red) with and without
DAPI. Scale bar, 20 uM.
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L. BIO Augments Arteriogenesis in a Mouse Model of HLI

In order to determine the efficacy of BIO for neovascularization in a wound healing in
vivo model, we performed femoral artery ligation to induce hind limb ischemia (HLI). Unilateral
HLI was performed on each mouse, at which point a group of mice (n=4) received BIO (0.6 pM)
intramuscular injections while another group (n=4) received PBS injections as a control group.
The mice were monitored for 28 days while the control mice were given control water and the
BIO mice were given water containing BIO (0.6 uM). All mice appeared healthy with no
indications of toxicity or death associated with BIO administration. Q-RT-PCR analysis of the
Tibialis anterior (TA) muscle of the ligated leg revealed nearly ten times the levels of Nanog
expression in the BIO treated mice compared to the control mice (Figure 21B).
Immunofluorescent staining was performed to examine the vasculature of the TA muscles in the
unligated and ligated limbs. Anti-vWF (red) and anti-a-SMA (green) were used and the total
positive cells were quantified. The unligated limb provided a basal level of vWF+ staining with
no discernible change between the control and the BIO treated groups. However, upon ligation,
the amount of VWF " vascular structures increased 2-3 fold, while the vVWF expression in the BIO
treated mice rose to approximately 7 fold compared to the unligated limbs (Figure 21C-E). We
found similar results with the a-SMA screening. There was a 2-3 fold increase in a-SMA
expression in the ischemic limb of control mice and roughly a 7 fold increase of 0-SMA"
vascular structures in the BIO treated mice (Figure 21F-H). These experiments corroborate
previous Matrigel plug data, indicating that BIO induces the formation of neovessels and

angiogenesis in vivo.
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Figure 21: BIO induces increased arteriogenesis in HLI mouse model. A) Timeline of HLI
assay and BIO treatment. B) Q-RT-PCR analysis for Nanog and Gapdh expression of mice
receiving PBS or BIO. C) Quantification of the vVWF+ vascular structures in the ischemic TA
muscles per of mice receiving PBS or BIO per 20X field. D-E) IF staining of the ischemic TA
muscles of PBS and BIO treated mice with vWF (red) and DAPI. F) Quantification of the a-
SMA " vascular structures in the ischemic TA muscles per of mice receiving PBS or BIO per 20X
field. G-H) IF staining of the ischemic TA muscles of PBS and BIO treated mice with a-SMA
(green) and DAPI. Scale bar, 20 puM.



V. DISCUSSION

One of the major goals of cardiovascular regenerative medicine is to generate functional
progenitor cells to replace critical mature cells that have been damaged or lost. Although great
advances have been made in the generation of myocardial and endothelial progenitor cells for the
treatment of ischemic cardiovascular tissue, little is known about how to promote
dedifferentiation of resident cells in situ. In adult tissue, endothelial cells make up the innermost
lining of the vascular wall and are usually quiescent; however, these cells can be activated to
repair wounds and induce neovessel formation. Our published studies (Cowan et al., 2010;
Kohler et al., 2011), and data presented in this dissertation demonstrate that BIO mediates
activation of the Wnt/B-catenin pathway to induce expression of NANOG to promote
neovascularization, which I propose involves partial dedifferentiation of mature ECs into
immature cells. I will attempt to discuss all the results that I have collected over last two years,
and I will propose what should be done in the future.

In this study, I demonstrate the ability of BIO to: (i) induce the interaction of f-catenin
and NANOG and the formation of a f-catenin/NANOG complex in the nucleus of venous
endothelial cells; (ii) increase the transcription of NANOG and NANOG target genes
BRACHYURY, OCT4, CD133, and FLKI inducing a partial dedifferentiation of venous ECs to
arterial ECs in vivo or a more immature phenotype in vitro; (iil) augment neovascularization and
angiogenesis via Matrigel plug and hind limb ischemia assays.

We determined the optimal concentration of BIO for HUVEC proliferation to be 0.2 uM.
Increased proliferation occurred with 0.2 and 0.5 pM BIO stimulation, while concentrations 1.0

uM and above reduced EC proliferation. This is the first report of BIO’s capacity to induce
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proliferation at 0.2 uM concentrations with no signs of toxicity or off-target effects. In
Zebrafish, BIO rescued Rspol deficiency in angiogenesis at 0.5 mM concentration with no
detectable toxic effects (Gore et al., 2011), while 100 uM BIO inhibits JAK/STAT3 signaling
resulting in the apoptosis of tumor cells (Liu et al., 2010). As the concentrations of BIO for
these processes vary, we believe cells of different origins have different sensitivity to BIO.

Transcription factor NANOG, a known inhibitor of ESC differentiation and its ability to
maintain ESC pluripotency and self-renewal (even in the absence of LIF), was previously
thought to be downregulated after cellular differentiation (Chambers et al., 2009; Hamazaki et
al., 2004; Loh et al., 2006; Mitsui et al., 2003; Takao et al., 2007; Wang et al., 2006; Zhang et al.,
2010). However, we demonstrate that NANOG is expressed at low levels in mature ECs, with
augmented levels upon Wnt3a or BIO stimulation. NANOG is also expressed in a subset of
tumor cells lines. NANOG expression was confirmed by several complimentary techniques.
NANOG was also expressed in the developing vasculature, sprouting ECs, and hematopoietic
cells of the head and intersomitic region of an E14.5 day mouse embryo. As NANOG was
detected in mature ECs (HUVECs, HPMECs, HSaVECs, and HLMECs), tumor cell lines Jurkat
(human T-cell leukemia) and MCF7 (human breast carcinoma), and in sprouting vasculature in
vivo, we show that NANOG transcription is not silenced after cell differentiation.

Through immunofluorescent staining, co-immunoprecipitation, and far western analysis
we observe direct B-catenin and NANOG interaction in the nucleus of endothelial cells.
Immunofluorescent staining demonstrated cytosolic f-catenin and low levels of NANOG in
control ECs, however BIO stimulation induced nuclear translocation of B-catenin and
upregulated NANOG expression. Western blot verified the stabilization of non-phosphorylated

B-catenin and augmented NANOG protein levels after BIO treatment. Concurrent with IF
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results, co-immunoprecipitation of nuclear protein lysates established basal interaction between
B-catenin and NANOG, with increased colocalization in the nucleus of ECs stimulated with BIO.
While we view augmented colocalization, anti-NANOG co-precipitated a higher quantity of -
catenin polypeptide at an unequal level than anti-f-catenin co-IP of NANOG polypeptide. We
hypothesize that this discrepancy is due to un-equivalent concentrations of B-catenin and
NANOG polypeptides in the EC nuclei or the notion that f-catenin may bind to other molecules
besides NANOG in the nucleus, such as TCF3. Further analysis was performed to determine if
this interaction is direct or indirect. Far western assay verified B-catenin and NANOG direct
interaction as the purified NANOG protein bound to the B-catenin polypeptide.

To address the mechanism of NANOG in the activation of primitive EC associated gene
activation, chromatin immunoprecipitation (ChIP) assay was performed in HPAECs and
HUVECs. Primers were designed to amplify putative NANOG binding sites on the NANOG,
BRACHYURY, OCT4, CD133, and FLKI promoters. ChIP revealed that NANOG binds to and
upregulates its own promoter, creating an auto-regulatory loop, as well as the BRACHYURY,
OCT4, CD133, and FLKI promoters in ECs following BIO stimulation. Luciferase assay also
confirmed NANOG transcription in BIO stimulated cells.

In vitro studies confirmed BIO’s capacity to induce the acquisition of a dedifferentiated
phenotype in HUVECs and HSaVECs. A hallmark of dedifferentiation is the formation of
cellular aggregates. EMT, a known process of cellular dedifferentiation associated with
embryogenesis, implantation, wound healing, and cancer growth (Archiniegas et al., 2007;
Kalluri et al., 2009; Lee et al., 2006; Masszi et al., 2004; Nawshad et al., 2005), has been studied
in vitro through the use of hanging drop assays, an in vitro correlate of EMT (Aref et al., 2013;

Timmins et al., 2007; Tung et al., 2011). We employ the hanging drop assay to examine BIO-
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induced EnMT in HUVECs. ECs stimulated with BIO formed colonies, or cellular aggregates,
while the untreated ECs were unable to form cellular aggregates after 2 weeks of suspension
upside down. As the colonies formed in the BIO treated HUVECs resembled EnMT (i.e.
dedifferentiation), these cells were collected and subjected to Q-RT-PCR analysis. Q-RT-PCR
indicates the BIO-mediated transition of HUVECs towards a more primitive cell state. BIO
upregulates pluripotency genes NANOG and OCT4, mesenchymal cell marker BRACHYURY,
and hemangioblast cell marker CD133 in ECs, while it downregulates the expression of mature
EC genes CD31 and vIWF. Evidence of dedifferentiation is clear, however it is not known what
the identity of these cells are (i.e. mesenchymal, hemangioblast, angioblasts) with BIO
stimulation. It is likely that dedifferentiated cells are likely heterogeneous. Further examination
through methods such as fluorescence-activated cell sorting (FACS) must be performed in future
studies. Immunohistochemistry and western blot studies substantiate the decrease in VE-
cadherin expression at cell-cell junctions and vWF in HUVECs, as well as reduction of vWF and
the rise in NOTCHI levels in HSaVECs after the addition of BIO. The loss of cell-cell adhesion
molecule VE-cadherin, as well as the augmentation of arterial EC markers NOTCH1 and DLL4
and asymmetric cell division marker NUMB protein levels indicates the BIO-mediated
phenotypic switch occurring from a mature EC to an immature EC state, or dedifferentiation, in
Vitro.

Another characteristic of dedifferentiation is the re-entry of quiescent cells into the cell
cycle and increased cell proliferation. Bromodeoxyuridine (BrdU) staining is used to detect
proliferation as BrdU integrate into the DNA of replicating cells at the S-phase of the cell cycle.
BrdU staining of control HUVECsS, control siRNA transfected HUVECs, NANOG siRNA

transfected HUVECs, BIO treated NANOG siRNA transfected HUVECs, and BIO treated



83

HUVECs showed that BIO induces increased BrdU uptake, or cell proliferation, while NANOG
knockdown decreases proliferation, even in the presence of BIO. In response to BIO, protein
levels of cell cycle inhibitors p21 (inhibits cell advancement from G; to S-phase in the cell cycle)
and p53 (arrests cell at G1/S phase) decreased, while upregulating levels of Cyclin-D1 (cell cycle
activator that initiates progression of cell in G; into the S phase of the cell cycle). We show that
BIO enhances cell proliferation through re-entry of ECs from the G, phase into the S-phase of
the cell cycle; however this proliferation is controlled through NANOG and NANOG
transcriptional networks.

During this BrdU assay, we found evidence of uneven distribution of cellular contents to
daughter cells during cellular division, indicating the occurrence of ACD. ACD is a known
biological process that occurs when parent cells divide with uneven cytoplasmic and RNA
distribution, giving rise to 2 daughter cells with different cellular fates, morphologies, and sizes
(Guo et al., 1996; Matsuzaki, 2000; Tio et al., 2011). As ACD is an indicator of
dedifferentiation, we further examined the occurrence of this process in response to BIO and
NANOG. Additional BrdU staining demonstrated increased ACD in HUVECs from ~7% to
28% in response to BIO, however NANOG knockdown of BIO treated ECs abrogated ACD
towards basal levels at ~10%. Western blot corroborated increased NANOG protein levels upon
BIO treatment and the NANOG knockdown in BIO treated HUVECs. NOTCHI1, a marker of
arterial ECs, expression was also upregulated after the addition of BIO, but decreased with
NANOG knockdown. Immunofluorescent staining showed undetectable levels of mesenchymal
cell marker CD133 and arterial EC marker NOTCH]1 in control cells; conversely, BIO
stimulation increased CD133 and NOTCHI staining. Importantly, NOTCH1 was expressed in

the larger of the asymmetrically dividing daughter cells while the smaller daughter cell exhibited
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NUMB, a known inhibitor of NOTCH]1 and marker of ACD, staining. Through this data, we
surmise that BIO induces ACD in ECs, controlled by a NANOG gene network. The daughter
cell with the larger nucleus (high NOTCH1, low NUMB) is poised to under-go differentiation,
while the daughter cell with the smaller nucleus (high NUMB, low NOTCH1) remains connected
to a stem cell niche and continues to remain in a self-renewal and/or dedifferentiation cell state.

One crucial step of dedifferentiation is the loss of cell-cell adhesion and repression of
VE-cadherin and E-cadherin, resulting in the acquisition of a migratory and invasive phenotype
(Archiniegas et al., 2007; Brabletz et al., 2005; Kalluri et al., 2009; Lee et al., 2006; Nawshad et
al., 2005; Nodesa et al., 2004; Nodesa et al., 2006; Thiery, 2002). In the results above, we
established reduction in VE-cadherin expression upon BIO treatment. Therefore, we further
examined the role of the canonical Wnt pathway and NANOG transcriptional networks on
invasion and migration through tube formation, Boyden Chamber, and wound healing scratch
assays. Branching point structure assays using Wnt treated HLMECs demonstrated NANOG’s
role in regulating the formation of endothelial cell branching points. NANOG knockout through
the use of ShRNA depleted tube growth, while FLK1 rescue with FLKI cDNA partially restored
this effect. Tube formation assays of HUVECs treated with increasing concentrations of BIO
also provided evidence that activating of the canonical Wnt signaling pathway augments tube
formation and invasion. Thus, BIO-mediated chemotactic migration and closure of a wound in
scratch assays results establish the aforementioned reduction in VE-cadherin expression upon
induction of the canonical Wnt signaling is preceded by the acquisition of a migratory and
invasive phenotype, regulated through NANOG.

Next, ELISA validated that BIO results in the secretion of Angiopoietin-2 (Ang2), basic

fibroblast growth factor (bFGF) (low level), Interleukin 8 (IL-8) (low level), and TIMP1 in vitro.
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Ang-2, expressed at locations of vascular remodeling, binds to Tie-2 cell surface receptors to
induce neovessel maturation and cell survival signaling. Basic FGF is a potent angiogenic factor
for neovascularization that occurs during wound healing and in the development of tumors. IL-8
is a chemoattractant produced in ECs to promote angiogenesis, while TIMP1 promotes cellular
proliferation and blocks apoptosis. We postulate that the chemotactic migration and invasion
acquired by ECs after activation of the Wnt signaling pathway and NANOG transcriptional
networks is due to the secretion of these pro-angiogenic factors.

As proliferation, migration, and tube formation are hallmarks of angiogenesis, the in vitro
results provided the impetus to carry out in vivo angiogenesis assays. Matrigel is commonly
used to study in vivo angiogenesis as it contains collagen, fibronectin, laminin-1, laminin-4,
cytokines and growth factors that provide a rich environment for cells to migrate to, divide, and
form tube. We performed Matrigel plug assays using reduced growth factor Matrigel. Our data
shows that BIO augments neovascularization and neovessel density in Matrigel plugs, while
NANOG knockdown reduces angiogenesis.

To test the hypothesis that BIO induces the dedifferentiation of venous endothelial cells
to arterial endothelial cells or a more primitive cell state, we performed immunohistochemistry
analysis on Matrigel plugs containing control and BIO treated HUVECs and HSaVECs. These
plugs were stained for arterial markers a-SMA, NOTCH]1, Ephrin-B2, and HEY2. HUVEC and
HSaVEC Matrigel plugs exhibited increased vessel density and o-SMA" and NOTCH1 " staining
in response to BIO stimulation. Notably, Matrigel plugs comprised of BIO treated HSaVECs
stained positive for Ephrin-B2 and HEY2 expression. This data, in combination with our in vitro

studies, substantiates the hypothesis that induction of the canonical Wnt signaling pathway
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results in the dedifferentiation of venous endothelial cells to an arterial endothelial cell
phenotype in vivo and an immature phenotype in vitro.

A mouse model of hind limb ischemia (HLI) supports Matrigel plug evidence of BIO-
mediated neovascularization and possible dedifferentiation. BIO treated mice demonstrate a ~10
fold increase in Nanog transcription level in the Tibialis anterior (TA) muscle of the ligated limb.
Anti-vWF and anti-a-SMA immunohistochemistry staining of sectioned TA muscle showed a ~7
fold increase in VWF " and 0-SMA " vascular structures of ligated limbs in response to BIO
treatment versus the control mouse. It remains unclear as to whether this neovascularization is
due to BIO-mediated dedifferentiation or the migration of endothelial cells from the neighboring
vessels; further studies are required to address this question. Importantly, the BIO treated mice
exhibit no signs of toxicity. While it is difficult to affirm this induced neovascularization is
mediated solely by Nanog, we can infer that BIO has the ability to augment neovessel formation
and angiogenesis in vivo.

The capacity of Wnt3a and BIO to induce NANOG transcription and activation of
pluripotency and primitive EC-associated gene promoters (BRACHYURY, OCT4, CD133, and
FLK]1), proliferation, ACD, the formation of cellular aggregates, migration, tube formation, and
angiogenesis provided us with the evidence to posit a mechanism for dedifferentiation. After
stimulation with Wnt3a or BIO, GSK-3f is inactivated, resulting in the stabilization and
accumulation of B-catenin in the cytosol. This stabilized B-catenin translocates to the nucleus of
venous endothelial cells where it binds to and forms a complex with NANOG. NANOG
transcription is augmented in a subset of these cells, activating an auto-regulatory loop, further
increasing NANOG transcription. NANOG then binds to and upregulates the BRACHYURY,

OCT4, CD133, and FLKI promoter regions. Increased BRACHYURY, OCT4, and CD133
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promote ACD, the formation of cellular aggregates, cellular proliferation through re-entry into
the cell cycle, and the loss of cell-cell adhesion molecules at the cell junctions. Upregulated
FLK1 results in increased proliferation, migration, and angiogenesis (Figures 22&23).
Together, these processes indicate dedifferentiation and the transition of a subset of venous

endothelial cells to a more primitive phenotype.
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Figure 22: Summary model. Wnt3a or BIO inhibition of GSK-3f leads to the stabilization of
cytosolic B-catenin. Stabilized B-catenin translocates into the nucleus of venous endothelial cells
and binds to NANOG, forming a B-catenin/NANOG complex. This complex induces
upregulation of NANOG and NANOG target genes (BRACHYURY, OCT4, CD133, and FLKI) in
a subset of stimulated cells, resulting in dedifferentiation: ACD, formation of cellular aggregates,
re-entry into the cell cycle, loss of cell-cell adhesion, proliferation, migration, angiogenesis, and

increased arterialization.
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Figure 23: Proposed model of dedifferentiation of venous ECs to arterial ECs. In the adult,
venous ECs are dormant and do not express detectable levels of NANOG or NOTCHI1. Upon
injury, ischemia, or BIO/Wnt3a stimulation and stabilization of B-catenin, there is formation of
B-catenin/NANOG complex in the nucleus of ECs and the induction of NANOG transcription,
resulting in the upregulation of NANOG, BRACHYURY, CD133, and NOTCH1 while VE-
cadherin, vWF, and CD31 expression is decreased. As NANOG levels increase in the nucleus,
both symmetric and asymmetric cell division occurs, as characterized by increased NOTCH1 and
NUMB expression. Upregulation of NOTCH1 and DLL4 activates stalk and tip cell formation,
augmenting neovascularization. Cell cycle inhibitor proteins p21 and p53 are reduced, resulting
in increased EC proliferation. Finally, smooth muscle cells migrate to the walls of the blood
vessels, completing a phenotypic transition of venous to an arterial phenotype. However, in vivo
lineage tracing experiment will be required to address this interesting model.
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Future Directions

The process of dedifferentiation is likely an intrinsic mechanism. While I believe data
presented here provides a step forward in the understanding of dedifferentiation and regenerative
medicine, there are many unanswered questions that I would like to see addressed. First, I
believe it is of key importance to determine why a subset, and not all, endothelial cells appear to
respond to Wnt pathway activation and exhibit upregulated NANOG, BRACHYURY, CD133,
OCT4, and FLK1 expression. This could be due to endothelial cells being a heterogeneous
population and, therefore, existing in different stages of the cell cycle or phases of maturation,
however I feel it is important to understand this variance between cells. If all ECs can be
induced to respond and transition, a larger number of dedifferentiated cells could be useful for
therapeutic angiogenesis. Thus, robust animal experiments will be required to test these
possibilities.

Here, I attempted to demonstrate the dedifferentiation of a subset of venous endothelial
cells to arterial cells, however further studies are needed to determine the identity of BIO treated
ECs. Q-RT-PCR analysis revealed the induced transcription of pluripotency genes NANOG and
OCT4, mesenchymal marker BRACHYURY, hemangioblast marker CD/33, and the
downregulation of mature EC markers vIWF and CD31 in vitro. In vivo analysis also
demonstrated the transition of a subset of venous ECs into an arterial EC phenotype.
Nevertheless, we do not have a clear definition as to what these cells become. FACS-aided
phenotyping using a panel of cell surface markers of these cells should be carried-out in the
future studies to determine the extent of BIO-induced dedifferentiation. In addition, to identity
each BIO treated endothelial cell, it could be useful to perform lineage tracing models to

examine the identity of the BIO treated ECs in vitro and in vivo. Endothelial cells stimulated
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with BIO can be transfected with a genetic marker such as a fluorescent protein (for example
GFP, mTomato, or mCherry) and the extent of dedifferentiation determined. In this regard, any
progeny of the original cell would be detectable through fluorescent microscopy. However, if
the dedifferentiated cells lose GFP-expression, lineage tracing experiment may not be
meaningful. Thus, genetic experiments will be required to determine if venous endothelial cells
can be re-programmed into arterial cells.

Although previous studies as well as our own results suggest BIO’s specificity for and
inhibition of GSK-3p, thereby activation of canonical Wnt signaling, GSK-3/ knockdown studies
were inconclusive (data not shown). Thus, the issue of specificity of BIO remains unresolved. A
non-ATP competitive inhibitor of GSK-3 of the thiadiazolidindione family, called Tideglusib
(ZentylorTM) has been approved by FDA for the treatment of Progressive Supranuclear Palsy.
Tideglusib is currently undergoing clinical trial at Phase II for Alzheimer’s disease patients

(http://clinicaltrials.gov/show/NCT01350362). In vitro, studies showed that Tideglusib it can

induce neurogenesis, therefore, it will be interesting to examine if Tideglusib is indeed a GSK-3f3
specific inhibitor and whether it has the ability to induce the expression of Nanog in vivo.

It would also be important to examine whether the transition of vascular endothelial cells
to arterial endothelial cells occurs through dedifferentiation or through other mechanisms such as
changes in epigenetic states. Accordingly, it could be useful to address if processes such as
DNA methylation, acetylation, and metabolic changes are taking place after dedifferentiation.
Finally, it would be interesting to assess if GSK-3f inhibition could be a useful approach to

induce wound healing, reprogramming of cells in vivo, and revascularization of ischemic tissues.
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