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Abstract

The absence of both the EIIIA and EIIIB domains of fibronectin (FN) has been shown to
negatively affect blood vessel formation and maintenance. Vascular defects have been observed
in the yolk sacs of EIIIA/B double-null embryos by as early as embryonic day E9.5, and these
defects are likely due to alterations in the extracellular matrix (ECM). Therefore, I have
conducted this study to investigate the differences in the ECM composition of the yolk sac in the
presence and absence of EIIIA and EIIIB. I first collected yolk sacs at E9.5 from wild type,
EIIIA-null, EIIIB-null, EIIIA/B heterozygous and EIIIA/B double-null mouse embryos, enriched
for ECM content, and used quantitative proteomics to analyze their ECM composition. From
these data, we identified a set of matrisome proteins that had decreased abundance in EIIIA/B
double-null yolk sacs but were relatively unchanged in single-null and heterozygous yolk sacs
compared to wild type. Some of these proteins could play a role in ECM remodeling or directly
affect angiogenesis, and their reduced level in double-null yolk sacs might contribute to the
vascular defects seen in the double-null tissue. Subsequently, I carried out further studies with
tenascin-R (TN-R), one of proteins that was downregulated in the ECM of EIIIA/B double-null
yolk sac. TN-R has been previously described to be restricted to the central nervous system, and
our finding of TN-R in the yolk sac is novel. TN-R is localized to the mesoderm layer of yolk
sacs. TN-R fibers partially overlap with FN, and TN-R area coverage in EIIIA/B double-null
yolk sacs are decreased compared to wild type, suggesting that the presence of EIIIA/B promotes
TN-R assembly in the yolk sac ECM. In addition, TN-R colocalizes with blood vessels in both
the yolk sac and the retina, suggesting that TN-R might participate in vasculogenesis and
angiogenesis at these locations. Together, this study extends our understanding of yolk sac ECM,
provides insight into the role of EIIIA and EIIIB domains, identifies novel expression patterns of
ECM proteins, and opens up the possibility of a novel function for TN-R.

Thesis Supervisor: Richard 0. Hynes

Title: Daniel K. Ludwig Professor for Cancer Research, Professor of Biology
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Chapter 1.

Introduction

This chapter was written by Thao Nguyen, with editing by Richard Hynes and David Benjamin.
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The extracellular matrix and the matrisome

In multicellular organisms, the non-cellular components termed extracellular matrix

(ECM) provide structural support and biochemical and mechanical cues that are important for

many biological processes (Hynes, 2009). A list of ECM proteins and associated factors termed

the matrisome has been constructed bioinformatically. The core ECM components of the

matrisome were defined as proteins that have characteristic ECM domains such as epidermal

growth factor (EGF)-like and fibronectin type III-like domains, and excludes those that have

non-characteristic ECM domains such as kinase and phosphatase domains (Naba et al., 2012a).

Adding ECM-associated factors and with some manual annotation, this resulted in a list of over a

thousand matrisome proteins in humans and mice. The Matrisome was divided into two main

groups: 'core matrisome' and 'matrisome associated' proteins (Hynes and Naba, 2012 for the

full list consult http://matrisomeproject.mit.edu).

'Core matrisome' proteins (~300 proteins) are ECM proteins that are often large and

frequently crosslinked into mostly insoluble structures (Hynes, 2012). This category is further

subdivided into collagens, glycoproteins and proteoglycans. Collagens are the most abundant

proteins in mammals (-30% of total protein mass) (Ricard-Blum, 2011) and also the most

abundant among matrisome proteins. The 28 members of the collagen family share a common

triple-helix structure and the presence of the triplet Gly-X-Y repeats, where X is frequently

proline and Y is frequently 4-hydroxyproline. Collagens can be further subdivided based on their

supramolecular assemblies: fibrillar collagens (such as Col I), fibril-associated with interrupted

triple-helices (such as Col IX) and network-forming collagens (such as Col IV) (Ricard-Blum,

2011; Yurchenco, 2011). The elastic properties of collagens are dependent on different kinds of

crosslinking, which are tissue and collagen-type specific (Eyre and Wu, 2005).

10



Glycoproteins, proteins that have covalently attached oligosaccharides, make up the

second core matrisome category. Well studied proteins in this group typically have multiple

repeating domain structures and are multimeric. This includes fibronectin (FN) (Schwarzbauer

and DeSimone, 2011), core basement membranes laminins and nidogens (Yurchenco, 2011),

thrombospondins (Adams and Lawler, 2011) and tenascins (Chiquet-Ehrismann and Tucker,

2011). The ECM glycoproteins perform a wide range of roles, including assembling the ECM,

promoting cell adhesion, and binding growth factors (Hynes and Naba, 2012).

The last category of 'core matrisome' proteins comprises proteoglycans, a subgroup of

glycoproteins that have attached glycosaminoglycan (GAG) chains. The GAG chains can be

chondroitin sulfate, dermatan sulfate, keratan sulfate and heparan sulfate (Iozzo and Schaefer,

2015). The addition of GAGs gives proteoglycans a high negative charge, thus they can

sequester both water and divalent cations and function as space fillers or lubricants (Sarrazin et

al., 2011). Proteoglycans can be present in pericellular space such as perlecan and agrin, while

some can regulate activity of growth factors and cytokines by protecting them from proteolysis

(Iozzo and Schaefer, 2015; Sarrazin et al., 2011).

The first category of 'matrisome-associated' proteins are ECM regulators. This group

encompasses crosslinking enzymes such as tissue transglutaminase and factor XIII, which

crosslinks fibrin and fibronectin (Carr et al., 1987), and lysyl oxidase, which is necessary to form

crosslinks in collagens (Eyre and Wu, 2005). Another major group of ECM regulators are

proteases, whose functions include processing proproteins (such as pro-collagens) into their final

forms (Canty and Kadler, 2005) and remodeling the ECM by cleaving ECM proteins (Lu et al.,

2011). Key families of extracellular proteases in this category are: Matrix Metalloproteinases
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(MMPs), A Disintegrin and Metalloproteinases (ADAMs) and cathepsins. The category of ECM

regulators also includes protease inhibitors, such as the Serpine family (Law et al., 2006).

Secreted factors are the next group of matrisome-associated proteins. This group includes

growth factors such as Epidermal Growth Factor (EGF), vascular endothelial growth factor

(VEGF) family, the transforming growth factor (TGF) family, platelet-derived growth factor

(PDGF) family etc., which are known to bind specifically to ECM glycoproteins such as

fibronectin and proteoglycans (Hynes, 2009). Other secreted factors in this group are cytokines

and chemokines, which can be bound and sequestered by the ECM, including to GAGs much

like growth factors (Vaday and Lider, 2000). The list of secreted factors also includes secreted

proteins that might bind to the ECM, even if they have not previously been shown to do so. This

was done to allow this list to reveal novel ECM interactions (Naba et al., 2012b).

The final matrisome protein category is ECM-affiliated proteins, which are miscellaneous

proteins that share some architectural or biochemical similarities with ECM proteins (mucins,

ficolins) or are experimentally observed to be associated with ECM proteins (annexins, galectins

etc.) The ECM-affiliated protein list is purposefully broad and includes an entire protein family

if any members of that family were identified experimentally to bind the ECM (Naba et al.,

2012a). The list includes families of heavily glycosylated mucins, carbohydrate-binding lectins,

semaphorins and their receptors the plexins, transmembrane receptors syndecans, annexins and

galectins.

Vasculogenesis and angiogenesis

One process where the ECM plays a key role is in the formation and maintenance of the

circulatory system. Blood vessel formation is classically divided into 2 categories:
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vasculogenesis, the de novo creation of vessels from precursor cells, and angiogenesis, the

formation of new vessels from preexisting vessels (Patan, 2004). Vasculogenesis occurs early in

development due to the need to distribute oxygen and metabolites throughout the growing

organism. In this process, progenitor cells in the mesoderm (angioblasts) differentiate into

endothelial cells, form lumens and construct a primitive vascular plexus (Goldie et al., 2008).

The first wave of vasculogenesis happens in the yolk sac and allantois, a structure responsible for

placental development and formation of the umbilical vessels. The second wave takes place later

in development in the embryo proper to develop the heart, aorta, veins and coronary vasculature

(Ferguson III et al., 2005). After these initiating events, the extension of the vascular network in

the organism during pre- and postnatal development and throughout life occurs through

angiogenesis. Angiogenesis consists of two distinct processes, sprouting angiogenesis and

intussusceptive angiogenesis. Sprouting angiogenesis, is characterized by sprouts of endothelial

cells from an existing vessel growing towards an angiogenic stimulus. Intussusceptive

angiogenesis, discovered much more recently, happens through the invasion of the interstitial

tissues into existing vessels, which splits an existing vessel into two (Patan, 2004).

Growth factors and cytokines are key regulators of vascular development. Some

examples are VEGF, platelet-derived growth factor (PDGF), fibroblast growth factors (FGF),

TGF-f, and the angiopoietins (Ang). Sources of these growth factors include endothelial cells,

fibroblasts, smooth muscle cells, platelets, inflammatory cells, and cancer cells (Kubis and Levy,

2003; Ucuzian et al., 2010). Genetic deletion studies have provided an understanding of the roles

and timing of many factors in vessel development (Heinke et al., 2012). VEGF and its receptors

are perhaps the most well studied, and they play a pivotal role in vessel formation (Shibuya,

2011). Haploinsufficiency of VEGF-A is enough to cause embryonic lethality (Carmeliet et al.,
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1996), and knocking-out its receptors VEGFR-l and VEGFR-2 also causes lethality by E8.5-9.5

(Fong et al., 1995; Shalaby et al., 1997). The angiopoietins and their receptors, Tiel and Tie-2,

seem to play a role later in the maturation and expansion of the vasculature. Tie2-null and AngI-

null mice manage to form early blood vessels but die between E9.5 and E12.5 because of

multiple cardiovascular defects (Dumont et al., 1994; Suri et al., 1996). The PDGFs are

important for recruitment of pericytes to stabilize blood vessels. Deficiency of PDGF-B chain

leads to lack of pericytes, overproliferation of endothelial cells and an increase in vessel

leakiness (Leveen et al., 1994; Lindahl et al., 1997). TGF- can stimulate progenitor cell

differentiation into pericytes and smooth muscle cells as well as the synthesis of ECM (Roberts

et al., 1992; Armulik et al., 2005), and, therefore, is thought to play a role in vessel stabilization

(Heinke et al., 2012). However, the absence of a primitive vessel network in TGF-$ null mice

suggests that it is also important for differentiation of endothelial cells (Dickson et al., 1995). In

summary, a number of soluble signaling factors act concertedly in collaboration with ECM to

control the initiation and development of blood vessel networks.

The extracellular matrix in angiogenesis and vasculogenesis

In quiescent vessels, directly underneath the monolayer of endothelial cells is the

basement membrane. The primary constituents of this basement membrane are Col IV, laminins,

nidogens and perlecan (Yurchenco, 2011). Endothelial basement membrane also contains von

Willebrand factor (Knittel et al., 1995), and low levels of fibronectin are seen in angiogenic

vessels (Astrof and Hynes, 2009). Beneath the intimal endothelial layer are smooth muscle cells

(in large vessels) or pericytes (in small vessels). Pericytes share the same basement membrane

with endothelial cells, but smooth muscle cells in larger vessels form their own ECM including
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elastin, collagens and fibrillin microfibrils (Wagenseil and Mecham, 2009). Outside the smooth

muscle cell layer is an adventitial layer containing fibroblasts, fibrillar collagens, FN, among

other ECM proteins (Fig. 1, Bergmeier and Hynes, 2012).

Smooth muscle
Collagens, elastin,

Endothelial microfibrils, FN etc.

Basement membrane
vWF, laminin, Col IV,
nidogen, perlecan, FN Adventitium

Fibrillar Col, FN

Plasma Interstitium

vWF, FN, fibrinogen, Fibrillar Col, FN
vitronectin etc.

Figure 1: Extracellular matrix proteins abundant in different layers of blood vessels
(Bergmeier and Hynes, 2012). The monolayer of endothelial cells (pale green) resides above a
basement membrane (green) consisting primarily of laminins, Col IV, von Willebrand factor
(vWF), nidogens and perlecans, and some FN. The layer beneath varies depending on vessel
types. In small vessels, pericytes surround the endothelial layer and contribute ECM to the
basement membrane. In large vessels, surrounding the endothelial and basement membrane layer
are smooth muscle cells and a matrix (red) rich in collagens, elastin and fibrillins, and FN; the
surrounding connective tissue adventitium (black) contains fibrillar collagens, FN and other
ECM proteins. The interstitium (grey) typically consists of fibrillar collagens, FN and diverse
other ECM proteins. Plasma, another source of matrix proteins, has abundant amounts of vWF,
FN and fibrinogen. When vessels become leaky (stimulated by growth factors or injury), plasma
proteins can leak into the vessel wall and become part of the vessel's provisional matrix.

15



In addition to soluble cues, the ECM surrounding blood vessels is another important

modulator of vascular development. The role of the ECM is best understood in sprouting

angiogenesis in adult animals. Angiogenesis is generally believed to begin with stimulatory

signals from angiogenic factors to activate endothelial cells and degrade the basement membrane

(Chang et al., 2009). Subsequently, vessels become leaky and proteins from blood flush into the

interstitial layer and form a provisional, proangiogenic matrix including interstitial collagen,

fibrin, fibronectin and vitronectin (Senger, 1996). Endothelial cells need attachment to the ECM

through integrin receptors to proliferate (Giancotti and Ruoslahti, 1999; Meredith and Schwartz,

1997). Endothelial cells also use ECM proteins such as fibrin and Col I to migrate in response to

cytokine signals (van Hinsbergh et al., 2001; Senger et al., 2002). Furthermore, the ECM

provides a scaffold for endothelial cells to undergo morphogenesis, cluster together and form

cord-like structures (Davis and Camarillo, 1995). These cords can mature to form tubes with

hollow lumens in an integrin-dependent manner within Col I gel and fibrin matrix (which are

major components of the provisional matrix) (Bayless et al., 2000; Davis and Camarillo, 1996).

To prevent regression of the endothelial cell tubes and stabilize the new vessels, pericytes are

recruited to the new vessels and begin making a new basement membrane with the endothelial

cells (Saunders et al., 2006; Stratman et al., 2009).

ECM proteins can bind soluble factors and affect their availability. For example, the

matrix protein thrombospondin-1, which itself is anti-angiogenic (Armstrong and Bornstein,

2003), binds various angiogenic cytokines including VEGF, HGF and FGF-2 and might interfere

with their activities. Another example is the sequestration of the TGF-$/latency-associated

peptide (TGF- p/LAP) complex by latent TGF-P binding proteins (LTBPs). Inactive TGF-p is

stored in the ECM through binding of LTBPs with fibrillins or FN. (Dallas et al., 2005; Isogai et
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al., 2003). Mutation in the fibrillin-1 leads to excessive activity of TGF-, leading to many

vascular abnormalities (Ramirez and Dietz, 2009). Therefore, the ECM not only acts to provide

proliferation signals and physical scaffolds for the morphogenesis of endothelial cells but also

can regulate activity of cytokines and enzymes.

We have gained much of our understandings of angiogenesis in the adult thanks to a

plethora of powerful in vitro and in vivo assays (Tahergorabi and Khazaei, 2012). However, the

role of the ECM in vasculogenesis is not well understood due to the lack of in vitro models that

mimic the embryonic ECM (Vailh6 et al., 2001). As a result, knockout mice have been the

primary tool to study vasculogenesis. Knockouts of basement membrane proteins nidogens,

perlecan, vitronectin and von Willebrand factor show no obvious defects in angiogenesis (Hynes,

2007). Knockout of basement membrane laminins and Col IV leads to lethality due to

mechanical forces and stress exerted on the vasculature after a nascent vasculature is formed

(Senger and Davis, 2011). Knockout of FN leads to early and clear cardiovascular defects

(George et al., 1993; Astrof and Hynes, 2009), suggesting that it is an essential gene for initiation

and development of early vessels. I will discuss more about the FN in the next section. One

reason that it has been difficult to establish in vitro models of the embryonic ECM is that its

composition is markedly different from the adult ECM. In contrast to the adult ECM, the

embryonic ECM is known to have less fibrillar collagen but more tenascins, hyaluronan,

proteoglycans and fibronectin (Senger and Davis, 2011). We currently do not have a full account

of embryonic ECM. Given that vasculogenesis occurs exclusively in the context of the

embryonic ECM, a better understanding of the composition of the embryonic ECM will facilitate

future studies of vasculogenesis and developmental angiogenesis.

17



Fibronectin

Fibronectin (FN) is a ubiquitous glycoprotein that is found in blood plasma and in the

ECM of most tissues. A single FN monomer has a molecular weight ranging from 230 kDa to

270 kDa with this size difference mostly due to the inclusion or exclusion of alternatively spliced

domains (Hynes 1990). FN is secreted as a dimer with the two monomers linked by disulfide

bonds at the C-terminal end in an antiparallel fashion (An et al., 1992). Plasma FN exists as

soluble dimers and is made by hepatocytes in the liver (Owens and Cimino, 1982; Tamkun and

Hynes, 1983), while tissue FN (also called cellular FN) is found primarily in complexes

containing multiple FN and other matrix proteins that are bound together by both covalent and

non-covalent interactions (Barry and Mosher, 1988; Schwarzbauer and DeSimone, 2011).

FN consists of three different types of modules with distinctive structures called

fibronectin type I, type II and type III domains (Fig. 2). Type I and II repeats have intra-domain

disulfide bonds to maintain their conformations. Meanwhile, type III repeats lack disulfide bonds

and therefore are flexible and can undergo conformational changes. Besides 12 type I repeats, 2

type II repeats and 15 type III repeats that are constitutively expressed, FN has three alternatively

spliced domains: EIIIA, EIIIB, which are both type III, and a variable region called the V

domain (or IIICS) that can be excluded (VO) or included completely (V120) or partially (V95,

V64 and V89) (Schwarzbauer, 1991a). At least one FN monomer must have the V domain for

the dimer to be secreted, which is likely why the V domain is widely expressed in plasma FN

(Schwarzbauer et al., 1989) and essentially all tissues (Ffrench-Constant and Hynes, 1989;

Oyama et al., 1989). On the other hand, the EIIIA and EIIIB domains are only rarely found in

plasma FN. They are widely expressed in early embryogenesis but their inclusion becomes
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restricted to specific locations in adult animals (Ffrench-Constant and Hynes, 1989; Oyama et

al., 1989; Peters and Hynes, 1996; Peters et al., 1996).

Fibrin
FN/Assembly Gelatin FN Integrins Hepil Fibrin

70-kDa fragment V

Type I EIIIB- EIII A V95

ypel1 A A v 64

Type11 0A
AV89

Figure 2: Overview of domain organization of fibronectin (Schwarzbauer and DeSimone,
2011). FN is made up of 12 type I (cylinders), 2 type II (diamonds), 15 type III (hexagons)
domains and 3 alternatively spliced domains EIIIA, EIIIB and V (green). The V region can be
completely included (V120), or partially included (V95, V64 and V89). Two disulfide bonds at
the C-terminus link FN together as dimers. RGD in IIIio and the synergistic 1119 domain interact
with integrins. Fibrin, gelatin/collagen I, FN and heparin-binding domains are depicted. In red
are domains important for FN fibrillogenesis.

FN interacts with several cell surface receptors and matrix molecules and some of these

interaction sites have been identified (Pankov and Yamada, 2002). There are two well-defined

integrin binding sites in FN: the RGD sequence in the IIIio domain (Pierschbacher and Ruoslahti,

1984) or the LDV motif in CS1 segment of the V region (Guan and Hynes, 1990; Humphries et

al., 1987). Some integrins require the 1119 repeat for their maximal interaction with FN (Aota et

al., 1991). There are two heparin-binding sites on FN, one at the N-terminal and one in theIII2.

14domains. The high-affinity HepII domain binds to heparin, heparin sulfate, and chondroitin
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sulfate glycosaminoglycans (Barkalow and Schwarzbauer, 1994; Hynes, 1990). Collagen/gelatin

binding occurs at 16-9 and111,2(Owens and Baralle, 1986), and binding to fibrin happens at the

first type I repeats and the C-terminal region (Hynes, 1990).

Many proteins, including FN, are crosslinked and form fibrillar structures in the ECM.

The current model for the assembly of FN into fibrils indicates that the FN dimer is assembled

into a stable matrix via a multi-step process that depends on cell binding, FN-FN intermolecular

interactions and crosslinking (Mao and Schwarzbauer, 2005). The secreted FN dimer is soluble

and compact partly due to binding between type III modules III12-14 of one monomer to type III

modules 1112-3 of the other monomer (Johnson et al., 1999). When integrin receptors bind to

soluble FN at the RGD and synergy sites in modules 1119-10 (Aota et al., 1994; Pierschbacher and

Ruoslahti, 1984), the receptors cluster, firstly bringing bound FN molecules closer together and,

due to cytoskeletal forces acting through the integrins extending the FN into an open

conformation to expose cryptic binding sites. Deletion mutations and antibody blockade

experiments have shown that the 70-kDa N-terminal fragment (McDonald et al., 1987;

Schwarzbauer, 1991b) and the type III1-2 domains (Chernousov et al., 1987; Sechler et al., 2001)

are critical for the assembly of FN. It is also evident that heparan sulfate, which binds to FN at

the HeplI domain within type 11112-14, also assists in bringing multiple FNs together and promote-

ing assembly (Raitman et al., 2018).

In vitro, the assembly of a number of other matrix proteins is dependent on the assembly

of FN. For example, collagen I fibers align with FN fibers early in their assembly (Li et al.,

2003). Collagen I fibrillogenesis is also abrogated when its binding to FN is disrupted by

blocking antibodies (McDonald et al., 1982) or when a FN matrix fails to form in cultures of

FN-deficient embryonic fibroblasts (Velling et al., 2002). Fibrinogen (Pereira et al., 2002),
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thrombospondin-1 (Sottile and Hocking, 2002), fibrillin-1 (Kinsey et al., 2008), fibulin-1

(Godyna et al., 1995), and latent TGF-p binding protein (LTBP)-1 (Dallas et al., 2005) are other

proteins that need a pre-formed FN matrix to support their assembly. From these data, it has

become apparent that FN is a matrix organizer required for the deposition of many ECM

proteins.

FN has multiple important biological functions. In adults, FN participates in multiple

steps during wound healing (Clark, 1990; Grinnell, 1984). When injuries occur, the first response

is forming blood clots consisting of platelets and fibrin to prevent hemorrhage. When the level of

plasma FN is reduced in heterozygous FN+/- mice or by conditionally knocking out FN in the

liver, the initiation and growth of blood clots induced by arterial injury is delayed (Matuskova

Jana et al., 2006; Ni et al., 2003). A detailed survey of the coagulation process showed that when

blood vessels are damaged and the subendothelial matrix is exposed, plasma FN (pFN) is among

the first molecules to adhere to the site of injury and is then followed by the accumulation of

platelets (Wang et al., 2014). In addition, pFN can also be crosslinked to fibrin by factor XIIIa

(Mosher, 1975) and the incorporation of FN increases the mechanical strength of the fibrin clot

(Wang et al., 2014). After the wound is sealed by a blood clot, additional FN is deposited by

platelets (Sakai et al., 2001), macrophages, fibroblasts (Brown et al., 1993), and endothelial cells

(Takamiya et al., 2006) to support tissue repair. Plasma FN is neuroprotective following transient

cerebral ischemia and traumatic insult but is not required for skin wound healing (Sakai et al.,

2001; Tate et al., 2007), suggesting that plasma FN likely plays an important role in diminishing

acute damage, while FN deposited by cells is responsible for reconstructing the injured tissue.

21



Fibronectin and splice variants in vessel formation and maintenance

Current in vivo data implicate FN in vascular morphogenesis. During postnatal

development, FN regulates angiogenesis, as shown by the fact that inducible knockout of FN in

the retina significantly hinders growth, branching and coverage of the vessel network (Turner et

al., 2017). Embryos with FN gene inactivation rapidly develop abnormalities in the mesoderm,

neural tube and vasculature from embryonic day E8 and die in gestation. By E8.5, the dorsal

aortae either are not present, or form but are abnormal and bloated (George et al., 1993). These

defects are more severe in the 129S4 background than in the C57BL/6J strain (Astrof et al.,

2007a). The yolk sac vasculature is also abnormal in knockout animals; the two layers of the

yolk sac (endoderm and mesoderm) appear to split apart, and blood floats in between the two

layers instead of being confined to blood islands or vessels (George et al., 1993). In addition,

knockout of FN decreased capillary plexus formation in embryoid bodies and this phenomenon

is rescued by addition of FN to the culture system (Francis et al., 2002). These observations

suggest that FN is essential to and plays a direct role in vascular formation and development.

Fibronectin has two type III domains that are alternatively spliced, EIIIA and EIIIB (Fig.

1). The EIIIA and EIIIB domains of FN are expressed during embryonic development (Peters

and Hynes, 1996; Peters et al., 1996), in injury (Brown et al., 1993; Ffrench-Constant et al.,

1989; Kilian et al., 2008), and in tumors (D'Ovidio et al., 1998; Kaczmarek et al., 1994;

Pujuguet et al., 1996) but mostly absent in healthy adult tissue. EIIIA is proinflammatory,

prothrombotic and has been associated with several pathological conditions. Significant

upregulation of EIIIA is observed in fibrotic lungs, and EIIIA-null mice were protected from

lung fibrosis after exposure to bleomycin (Muro et al., 2008). In the ApoE-null mouse model of

atherosclerosis, mice with EIIIA depletion have fewer atherosclerotic lesions (Tan et al., 2004)
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and atherosclerosis is exacerbated in mice constitutively expressing EIIIA (Doddapattar et al.,

2015). EIIIA is a ligand for Toll-like-receptor (TLR-) 4 (Okamura et al., 2001) and integrins

a9p land a4p1 (Liao et al., 2002), and TLR-4 has been shown to partake in several EIIIA-related

pathological conditions (Bhattacharyya et al., 2014; Doddapattar et al., 2015). Much less is

known about how EIIIB participates in biological processes. EIIIB-null mice develop normally,

and embryonic fibroblasts from these mice have a small reduction in in cellular growth and FN

assembly (Fukuda et al., 2002).

The absence of one of the extra domains does not have major impacts on mouse

development (Fukuda et al., 2002; Tan et al., 2004), but deficiency in both EIIIA and EIIIB

domains has significant consequences for cardiovascular development and maintenance that

resemble the phenotype of FN-null mice. Mice lacking both EIIIA and EIIIB exons exhibit

embryonic lethality with incomplete penetrance by E10.5 with defects including vascular

hemorrhage, a failure to remodel embryonic and yolk sac vasculature, and heart malformation

(Astrof et al., 2007b). The few surviving double-null mice in the C56/BL6 background lose

protection against arterial aneurysm and have increased hemorrhage and hypertrophy in the

carotid artery under disturbed flow condition (Murphy and Hynes, 2014). A reduction in vessel

coverage and tip cell number in the developing retinal vascular plexus in postnatal pups has also

been observed in the double-null mice (Turner et al., 2017). The presence of either EIIIA and

EIIIB are therefore important for vascular formation and maintenance. In vitro, culturing FN-null

embryonic fibroblasts with cellular FN (purified from the conditioned media of fibroblasts,

which contains both EIIIA and EIIIB) produced a better FN, fibrillin-1, fibulin-4 and LTBP-4

matrix than culturing with just plasma FN (Kumra et al., 2018). This suggests that EIIIA and

EIIIB's presence promotes matrix assembly for FN and other matrix proteins subsequently.
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This thesis seeks to investigate the ECM environment in yolk sac and the impact of the

absence of EIIIA and EIIIB on the composition of the yolk sac ECM and angiogenesis.

• In chapter 2, I will describe a quantitative analysis of the yolk sac ECM in EIIIA and

EIIIB knockout backgrounds. I will then explore what the data imply about the role of

EIIIA and EIIIB in the matrix and in vascular development in the yolk sac.

• In chapter 3, I will describe my follow-up study of one of the candidate genes we found

in our proteomics data, tenascin-R. I will validate expression of tenascin-R and show that

its expression is associated with angiogenesis.

• In chapter 4, I will summarize the findings in this thesis, propose further studies and

discuss outstanding questions and implications from this work.
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Chapter 2.

Quantitative mass spectrometric analysis of ECM in normal
and EIIIA/B knockout yolk sacs

This chapter was written by Thao Nguyen, with editing by Richard Hynes and Jess Hebert. All

experiments in this chapter were performed by Thao Nguyen, except for mass spectrometry,

which was performed by Amanda Del Rosario. Violin plot of RNA-seq read distribution and k-

means clustering analysis were performed by Carles Boix.
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Abstract

The absence of both the EIIA and EIIIB domains of fibronectin (FN) has been shown to

negatively affect blood vessel formation and maintenance. Vascular defects have been observed

in the yolk sacs of EIIIA/B double-null embryos as early as E9.5 and these defects are likely due

to alterations in the extracellular matrix in the absence of the domains. Using an established

method to profile the ECM by proteomics, we identified 108 ECM proteins in the yolk sac

including known components of the endothelial basement membrane and ECM regulators as well

as proteins known to be involved in angiogenesis. We also surveyed the matrix compositions of

yolk sacs with different combinations of EIIIA and EIIIB domains and identified a number of

proteins with decreased abundance in the double-null yolk sacs. Several of these proteins could

be important for yolk sac angiogenesis, and therefore their depletion in the ECM might lead to

vascular defects in EIIIA/B double-null yolk sacs.

Introduction

The yolk sac, the membrane that encloses the embryo, is a major site of vasculogenesis,

the de novo formation of blood vessels. Blood and endothelial cell precursors (angioblasts)

migrate from the mesoderm and aggregate to form blood islands by E7.5 in the yolk sac.

Subsequently, the angioblasts on the outer edges of blood islands differentiate into endothelial

cells and migrate to form tubes, and blood islands fuse to form a primitive capillary network that

extends across the yolk sac by E8.5. After that, to accommodate the expanding yolk sac, this

network of small vessels undergoes angiogenesis and rapidly reorganizes to form larger vessels,

create branch points, sprout new capillaries and prune unnecessary vessels from existing ones

(Goldie et al., 2008; Garcia and Larina, 2014). Numerous soluble effectors and transcription
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factors important to this process have been identified (Hamik et al., 2006; Heinke et al., 2012),

but relatively little is known about the ECM in the microenvironment of vessels in the yolk sac.

One can expect that the ECM surrounding the yolk sac vasculature must also constantly remodel

to support the drastic changes of the tissue during early development, providing mechanical

support and biochemical cues to the endothelial cells.

The EIIIA and EIIIB domains of FN are expressed during embryonic development, in

injury and in tumors but not in healthy adult tissues. The absence of a single one of these

domains appears to be mostly inconsequential for the maturation and health of mice (Fukuda et

al., 2002; Tan et al., 2004), but absence of both the EIIIA and EIIIB domains has a significant

impact on cardiovascular development and maintenance. Deletion of both EIIIA and EIIIB exons

leads to embryonic lethality with incomplete penetrance by E10.5 depending on genetic

background, as well as visible defects in the yolk sac, including extraembryonic hemorrhage and

failure to remodel vasculature (Astrof et al., 2007). FN is present mostly at the basement

membrane lining the endothelial layer of yolk sacs (Carvalho et al., 2004; Astrof et al., 2007);

therefore, the absence of EIIIA and EIIIB most likely impacts the integrity of the ECM that

supports the endothelium during angiogenesis. We would like to learn how matrix composition is

changed in the presence and absence of FN alternatively spliced domains.

Our laboratory has previously developed a pipeline to profile the matrisome using

proteomics. Tissues are first enriched for their ECM content by taking advantage of the relative

insolubility of the ECM compared to other intracellular and membrane proteins, and the ECM-

enriched fractions are analyzed by mass spectrometry (Naba et al., 2015). This approach has

been applied to study the ECM compositions of normal and diseased tissues such as fibrotic lung

and tumors, and helped to identify important promoters of cancer progression and metastasis
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(Gocheva et al., 2017; Naba et al., 2014a, 2014b). In this study, we seek to employ this method

to profile the yolk sac matrisome and identify the effects of missing EIIIA and EIIIB in the

ECM.
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. Normal branched vessel

ABHet
E9.5

ii. Stunted vessel iii. Hemorrhage iv- Blistered

AB DKO
E9.5

Figure 1: Phenotypes of AB DKO yolk sac and embryo.
(A) By E10.5, AB Het embryos and yolk sac are healthy and well-vascularized, while AB DKO
yolk sac fail to develop the vessel network and AB DKO embryos die.
(B) Defects in AB DKO yolk sacs observed at E9.5 (Astrof et al., 2007). PECAM-1 staining
shows (i) normal vasculature with large, branched vessels in AB Het yolk sacs, while (ii) AB
DKO yolk sac vessels appeared syncytial. Other defects include (iii) bleeding into the space
between yolk sacs and embryos and (iv) blistered yolk sacs.
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Results

Quantitative mass spectrometric analysis of yolk sacs

Yolk sacs from wild-type (WT), EIIIA-null (AKO), EIIIB-null (BKO), EIIIA/B Het (AB

Het) and EIIIA/B double-null (AB DKO) backgrounds were collected at E9.5 since this is the

earliest time that vascular defects in the AB DKO embryos and yolk sacs are observed (Astrof et

al., 2007). E9.5-day-old yolk sacs are very small tissues, so to have enough material for the

analysis, 25-35 yolk sacs of the same genotype were pooled into each sample. Because ECM

proteins are present at relatively lower abundance compared to cellular proteins, samples were

treated with a series of buffers to reduce non-ECM contaminants (Fig. 2.A, B), and the final

ECM-enriched pellets were digested into peptides as previously described (Naba et al., 2015).

Label-free analysis of each sample showed that enrichment efficiency varied among samples

(Fig. 2C), and we think that this technical variation was likely due to variable losses occurring

during processing of the very small amounts of starting material through the multiple steps of the

enrichment process.
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25-35 ECM
yolk sacs pellet

E9.5 Cytosolic Wash Nuclear Membrane Cytoskeleton PBS
2 WT ext. buffer ext. ext. buffer ext. buffer

2 AKO bLyC/Tryptic
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1 AB Het C W N M CS PBS
2 AB DKO
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Mass Spec Analysis
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Figure 2: Overview of sample preparation.
(A) ECM enrichment and analysis work flow.
(B) Western blots of total extract (TE) and different fractions of the ECM enrichment process,
showing cellular proteins actin, GAPDH and histones being removed in intermediate fractions
and a pellet enriched in ECM protein collagen I.
(C) Percentage of signal intensity from the ECM in mass spectrometry analysis of pre-labeled
samples. Intensity of peptides from matrisome proteins were summed up and divided by total
intensity of all peptides in each sample.
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To gain quantitative data, digested peptides were labeled with tandem mass tags (TMT)

and analyzed via tandem mass spectrometry LC-MS/MS. Proteins identified in the analysis were

searched against the matrisome protein list (Naba et al., 2012). We identified 108 ECM proteins

in yolk sacs in our dataset (Fig 3.A), which was similar to the number of ECM proteins found in

earlier analyses of normal colon and lung but lower than recent analyses of various cancer tissues

(Gocheva et al., 2017; Naba et al., 2014b). It is possible that compared to tumors, which have

cancer cells uncontrollably proliferating and changing the tissue environment, the yolk sac is

similar to a normal tissue and therefore its ECM is less complex.

We found a published RNA-seq dataset on mouse E9.5 yolk sac (Cindrova-Davies et al.,

2017) and searched the list of proteins identified in this dataset for matrisome proteins. 305 out

of 11214 proteins in this dataset were ECM proteins, and the set of ECM proteins are fewer in

number and lower in expression compared to non-ECM proteins (Fig 3.B). 92 ECM proteins

were found in both the RNA-seq dataset and our MS result (Fig 3.C, D), among which are

proteins expected to be of high abundance such as collagen I subunits (Coll al, Colla2) and

fibronectin (Fn1), basement membrane components including collagen IV subunits (Col4al,

Col4a2), laminin subunits (Lamal, Lama5, Lamabl, Lamab2, Lamaci), nidogen (Nidl and

Nid2), perlecan (Hspg2), and the subunits of the major blood protein fibrinogen (Fba, Fbb, Fbg).
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Figure 3: Overview of quantitative MS data.
(A) Number of proteins and peptides from the ECM and non-ECM among all samples in MS
analysis.
(B) (Left) Number of ECM and non-ECM proteins in published RNA-seq data of E9.5 mouse
yolk sac (Cindrova-Davies et al., 2017). (Right) Violin plot showing median, quartiles, and
distributions of reads per kilobase million (RPKM) of ECM and non-ECM proteins. The thicker
part of the shape means that values in that section have higher frequency. The set of ECM
proteins are fewer in number and lower in expression compared to non-ECM proteins.
(C) Venn diagram of ECM proteins identified in MS analysis and published RNA-seq data. 92
proteins were found in both sets.
(D) Abundance of ECM proteins identified in MS analysis (WT1) and in RNA-seq data. Proteins
identified in MS only are on the y-axis ( , light blue). and proteins identified in RNA-seq only
are on the x-axis ( , yellow). Intensity in MS data of the 92 proteins commonly identified in both
data sets (•, dark blue) is somewhat correlated with their reads per kilobase million (rpkm) in
RNA-seq. Proteins such as collagens, FN, laminins, fibrinogens, etc. have high expression in
both.

The matrisome can be divided into core matrisome (collagens, ECMglycoproteins and

proteoglycans) and matrisome-associated proteins (ECM regulators such as proteases and cross-

linking enzymes, secretedfactors such as growth factors, and ECM-affiliatedproteins) (Naba et

al., 2016). We observed proteins of all categories in our MS analysis (Fig 4.A). Although

enrichment varied somewhat among samples (Fig. 2C), the compositions of the ECM of most

samples were similar except for WT2, which had higher collagen content than the rest (Fig 4.B).

WT2 was enriched 2 years earlier than the rest of the set and its composition was also different

from other samples. Therefore, we excluded this sample from subsequent analyses.
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Figure 4: Categories of ECM proteins identified in quantitative MS analysis.
(A) Proteins from all 6 categories of matrisome proteins were found in MS analysis. Numbers of
proteins in each ECM category are listed in the chart.
(B) Contributions of each category to total ECM signal in each sample. Collagens made up the
majority of the ECM in all samples, followed by glycoproteins. WT2 had higher collagen than
the rest of the set, and was excluded from subsequent analysis.

The abundance of each ECM protein in a sample was normalized to the sample's total

ECM signal and then compared to WT1. After looking at fold changes of 108 ECM proteins in

different genetic backgrounds, we observed that proteins of the fibrillar collagen family (Colla1,

Colla2, Col3al, Col5al, Col5a2 and Colllal) were similar across all samples (Fig. 5.A). On the

other hand, a number of proteins were less abundant in both AB DKO samples including Fnl

(Fig. 5.B). Most of these proteins had similar abundance to WT1 in the single KO and AB Het

backgrounds, but some of them also have decreased expression in at least one non-wild type

sample (Hsp2 and Tinagll).
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A.

Collal 0.00 -0.04 -0.02 0.08 -0.08 0.05 0.26 -0.02
Colia2 0.00 0.12 0.05 0.14 -0.01 0.18 0.29 0.05
CoI3al 0.00 0.07 0.07 0.23 -0.11 0.17 0.27 -0.05
Colsal 0.00 -0.04 0.09 -0.01 0.00 0.08 0.31 0.08
Col5a2 0.00 -0.26 0.01 -0.10 0.00 0.10 0.30 0.03
Co11la1 0.00 -0.05 0.00 0.11 0.08 0.10 0.22 0.20

log2FC
(over Wr) -2 0 2

B.

WT1 AKO1 AKO2 BKO1 BK02 ABHet DKO1 DKO2

Fn1 0.00 -0.28 0.01 -0.17 -0.12 -0.39 -0.89 -0.50
Hsp2_ 0.00 -0.50 - 0.06 -0.80 -0.68 -0.21
Ctsb 0.00 -0.06 0.01 0.14 0.00 0.18 -0.39
Tinagil 0.00 -0.3 0.0 -0.82 -0.54
Lamal 0.00 0.16 -0.10 -0.26 -0.59 -0.45 -0.87 -0.37
Ctsd 0.00 -0.07 -0.02 0.11 0.05 0.22 -0.43 -1.15
EdII3 0.00 -0.06 -0.02 0.25 0.03 0.23 -0.33 -1.65
Tnr 0.00 0.02 0.06 0.18 0.10 0.22 -0.25 -0.85
NIdi 0.00 0.15 -0.16 -0.04 -0.08 0.03 -0.41 -0.36
Serplne2 0.00 -0.20 -0.11 0.12 -0.09 0.12 -0.46
PIxna4 0.00 -0.01 -0.01 0.19 0.05 0.18 -0.32 -1.12
PIxnal 0.00 0.03 0.02 0.20 0.08 0.21 -0.27 -1.00
LIals1 0.00 -0.26 0.08 0.12 -0.03 0.22 -0.25 -0.63
Cspg4 0.00 -0.05 0.02 0.13 0.00 0.10 -0.29 -1.11
PIxncl 0.00 -0.13 0.05 0.17 0.07 0.20 -0.30 -0.99
Bcan 0.00 -0.04 0.03 0.12 0.07 0.16 -0.31 -0.97
Ptn 0.00 -0.06 -0.02 0.18 0.07 0.16 -0.36 -1.33

log2FC
(over WT) -2 0 2

Figure 5 Comparisons of abundances of some ECM proteins after they were normalized to
total signal intensity of ECM proteins in each sample. Data are expressed as log2 fold change
values relative to WTl.
(A) Proteins whose level did not significantly change across samples.
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(B) Abundance of 17 proteins, including FN, decreased in the AB DKO samples. Hspg2 and
Tinagli also decreased in some single knockout and Het samples, but the other 15 proteins were
relatively unchanged. Proteins are ordered from most abundant to least abundant in WTl sample.

In a different approach, we used k-means clustering method to separate our data into

groups of proteins that behave similarly to each other. 15 of the proteins in Fig. 5.B also

clustered together in the first cluster as a group of proteins with decreased abundance in the

DKOs and similar abundance in other genotypes in comparison with the WT (Fig. 6). These 15

proteins are: glycoproteins Fnl, Nid1, Lamal, Edil3 and Tnr; proteoglycan Bcan; ECM-

regulators Ctsb, Ctsd and Serpine2; secreted factor Ptn; and ECM-affiliated proteins Plxal,

Pxncl, Plxna4, Lgals1 and Cspg4. Tinagl Iand Hspg2 were not grouped into this cluster because

they were significantly reduced in the AB Het, one AKO and one BKO samples (Fig. 5B).

In vitro culture of FN-null embryonic fibroblasts with plasma FN and cellular FN showed

that cellular FN, which includes EIIIA and EIIIB, is better at assembling into fibrils and

supporting some other matrix proteins to assemble (Kumra et al., 2018). This is similar to the

pattern we see in our data, in which FN and other core matrisome proteins (Nidl, Lamal, Tnr,

and Bcan) also had decreased level in the DKO samples. We also found Cspg4, which is an

integral membrane protein and marker for pericytes. Csgp4 can interact with ECM components

including FN, collagens, and laminin (Price et al., 2011), and Cspg4's reduction in the DKO

could result from the decrease of its interacting partners in the core matrisome.

Some of the matrisome-associated proteins that were changed between WT and DKO

matrix could affect construction of the ECM or influence the activity of other ECM proteins.

Ctsb and Ctsd are lysosomal proteases that are secreted and can cleave a range of ECM proteins;

therefore, they are thought to play a part in ECM degradation and remodeling (Benes et al.,

2008; Vizovisek et al., 2019). Ctsd can also modulate activities of other effectors in the ECM,
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such as cleaving pro-cathepsin B to activate it (Stappen et al., 1996), or releasing growth factor

bFGF from the ECM (Briozzo et al., 1991). The matricellular protein Edil3 and the matrisome-

associated proteins Lgalsl (galectin-1) and Ptn (pleiotrophin) have been shown in different

contexts to be proangiogenic (Koutsioumpa et al., 2012a; Penta et al., 1999; Thijssen and

Griffloen, 2014). On the other hand, Serpine2 (protease nexin-1) is reported to be anti-

angiogenic (Selbonne et al., 2015). Changes in abundance of these pro- and anti-angiogenic

factors might throw off the balance between sprouting and pruning activities in the developing

vasculature in the yolk sac. Plxnal, Plxncl, and Plxna4 are categorized as ECM-affiliated

proteins because plexins are cell-surface receptors for the secreted factors semaphorins. Other

plexin receptors and their semaphorin ligands (plexin D1 and class 3 semaphorins) have been

reported to participate in guidance of vessel growth and other cardiac development (Alto and

Terman, 2017). Semaphorins and plexins are families of proteins with versatile activities (Alto

and Terman, 2017; Sakurai et al., 2012), and the plexins found in our data set may or may not

take part in vasculogenesis and angiogenesis in yolk sacs.
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Narrowing down potential genes to follow up

From the broader list of 17 proteins that were downregulated in DKO samples (Fig. 5.B;

Fig. 6), we searched the literature and decided on 5 candidates for potential follow up. Since we

are interested in proteins that are impacted by the absence of the EIIIA and EIB domains and

might play a role in blood vessel formation in the yolk sacs, we chose 5 proteins that were

reported in the literature to at least [1] interact with FN (Bcan and Tnr) or [2] promote

angiogenesis (Edil3 and Ptn) or both (TinaglI) (Table 1).
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Table 1: Published information about candidate proteins on interaction with FN, involvement in angiogenesis and effects of
knockout
* CAM: Chicken embryo chorioallantoic membrane. CAM assay: A commonly used in vivo angiogenesis assay in which a window on
the shell of fertilized chicken egg is made to observe vessel formation under different treatments.

Interact with FN? Involved in angiogenesis? Knockout mice

Bcan Bcan's N-terminal region - Viable, fertile, have significant deficit in

interacts with FN (Hu et al., a hippocampal function but no
(Cspg7) 2008) significant deficit in learning or memory

(Brakebusch et al., 2002)

Tnr Tnr binds to 75 kDa and 33 kDa - Viable, fertile, with a few histological
proteolytic fragments of FN aberrations and mild behavioral changes
(Pesheva et al., 1994) (Weber et al., 1999)

Edil3 - Recombinant Edil3 promoted vessel Viable, fertile, but have decreased

(Dell) branching in CAM angiogenesis cartilage in ear and knee joints and

assay (Penta et al., 1999). develop osteothritis (Wang et al., 2016)

Ptn - Knockdown in CAM assay Viable, fertile and healthy with some
decreased capillary formation behavioral differences compared to WT
(Koutsioumpa et al., 2012b) (Krellman et al., 2014)

Tinagll binds the 70kDa N-
terminal segment and the first
type III repeat of FN (Li et al.,
2007)

Recombinant protein increases
endothelial cell activity (invasion
and sprouting); knockdown in
zebrafish embryos decreased vessel
length (Brown et al., 2010)

Viable but female mice cannot carry
pregnancy to term (Takahashi et al.,
2016)

50

Tinagl1
(Lipocalin-7,

AZ-1)



We next used qPCR to assess mRNA expression levels for these proteins in normal yolk

sacs and included brain, lung and aortic endothelial cells as references. Edil3, Ptn and Tinagl1

had substantial expression in the yolk sac, while Bcan and Tnr levels were very low (Fig. 7). Ptn,

Bcan and Tnr are expected to be expressed in the brain (Anlar and Gunel-Ozcan, 2012;

Gonzilez-Castillo et al., 2015; Seidenbecher et al., 1995). In addition, we probed for Bcan,

Edil3, Tinagl1 and Tnr by whole-mount immunofluorescence staining of yolk sacs. We did not

have a Ptn antibody compatible with immunofluorescence staining of mouse tissue. Bcan, Edil3

and TinaglI signals were punctate, and only Tnr staining appeared to be fibrillar (Fig. 8). At this

point, the fact that Tnr is present as fibrillar structures in the yolk sac compelled us to focus our

efforts on studying Tnr.
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TInaIS1 I1.5±0.5 E-02 4.1± 3.3 E-02 8.1±0.5 E-04 2.5±0.8 E-02
Tnr 11.2± 1.0 E-05 5.0± 2.6 E-06 1.1±0.0 E-03 2.7±0.3 E-04

I I I I
YS AEC Brain Lung

Figure 7: Quantitative PCR results for candidate genes. mRNA expression relative to
GAPDH for (A) Bcan, (B) Edil3, (C) Ptn, (D) Tinagl Iand (E) Tnr in yolk sacs (YS), aortic
endothelial cells (AEC), brains and lungs.
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With PECAM-1 staining

Bcan

Edil3

Tinagl1

Tnr

Figure 8: Whole-mount immunofluorescence staining of Bean, Edil3, Tinagl1 and Tnr in
E9.5 yolk sacs. PECAM-1 staining marks endothelial cells. Bcan, Edil3 and Tingall signals
were punctate, while Tnr staining was fibrillar. Scale bar, 50 rm.
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Discussion

In this study, we employed a method previously applied to adult tissues with a significant

amount of starting material (Naba et al., 2015) to profile the ECM of the yolk sacs of E9.5

embryos. Processing small amounts of starting materials through multiple steps likely introduced

some variations in the final enrichment of samples (Fig. 1.C, 3.B). Nevertheless, the

compositions of ECM samples (WT1, AKOs, BKOs, AB Het and AB DKOs) prepared with the

same lot of extraction buffers at around the same time were similar. With these limited yolk-sac

materials, we were able to identify 108 ECM proteins, 92 of which were also found in a

published set of RNA-seq data on mouse yolk sacs of similar age, and 16 were additional

findings (Fig. 3). Other ECM proteins in the RNA-seq data were not found in our MS analysis

possibly because of low protein abundance and weak interactions with the core matrisome. When

mass spectrometry technology becomes more sensitive in the future, enriching for the ECM to

identify low abundance matrisome proteins may possibly become unnecessary.

Single KOs and AB Het mice develop normally, and AB DKO have defects. There are

two possible explanations for this phenomenon: [1] EIIIA and EIIIB may compensate for each

other's function and therefore missing one domain has no effect, or [2] the absence of EIIIA or

EIIIB may lead to some inconsequential alterations of the ECM, and only compound effects

from missing both domains can lead to severe phenotypes. There has not been any in vivo

evidence to rule out either of these explanations. We observed a total of 17 proteins with

decreased abundance in both DKO samples compared to WT (Fig 5.B). 15 proteins of these that

were relatively unchanged in the single KOs or AB Het (Fn1, Nid1, Lamal, Tnr, Bcan, Ctsd,

Ctsb, Serpine2; Ptn, Plxcl, Pxncl, Plxna4, Lgalsl, Cspg4) are consistent with explanation [1].

Two other proteins, Hspg2 and Tinagl, which decreased in some single KOs and AB Het
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samples fit better with explanation [2]. From a technical perspective, if we view our data as a

comparison between two categories, with phenotype (DKOs) and without phenotypes (WT,

single KOs and AB Het), the set of 15 proteins has a better number of replicates in each group.

This increases our confidence in FN and the other 14 proteins in this set being significantly

altered in yolk sac ECM when EIIIA and EIIIB are not present. It is noteworthy that knockout

mice for all 14 proteins have been generated. Besides Lamal knockout mice, which die by E7

without undergoing gastrulation (Miner et al., 2004), other knockout mice survive in utero

development and most of them are fertile and viable. Serpine2, Cspg4 and Lgalsl knockout mice

have some vascular-related phenotypes (Case et al., 2007; Ozerdem and Stallcup, 2004;

Selbonne et al., 2015). Other knockouts have phenotypes in other places such as neuronal

function (Bcan, Ctsd, Ptn, Tnr, Plxnal, Plxna4) (Brakebusch et al., 2002; Koch et al., 2011;

Krellman et al., 2014; Weber et al., 1999; Suto et al., 2005; Marcos et al., 2017), cartilage (Edil3)

(Wang et al., 2016) and inflammation (Ctsb, Plxnc l) (Canbay et al., 2003; K5nig et al., 2014).

This implies that most of these genes are not essential for vasculogenesis and angiogenesis, and

the vascular defects in EIIIA and EIIIB double knockout mice might be resulting from

compounding effects of changes of several ECM proteins.

We narrowed down the list of proteins with reduced abundance in the DKOs to 5 proteins

of interest based on literature searches and used orthogonal methods to validate expression of

these proteins. mRNA levels of Edil3, Ptn and Tinagl1 in the yolk sacs are substantial, while Tnr

and Bcan transcripts are very low. Using antibodies available to us, immunofluorescence signals

for Edil3, Tingall and Bcan in yolk sac were positive and punctate, while staining for Tnr in

yolk sacs was clearly fibrillar. The fact that Tnr is expressed in yolk sacs is very interesting,

since it has previously only been reported to be present in the central nervous system (Anlar and

55



Gunel-Ozcan, 2012). Since our immunofluorescence staining indicated the presence of Tnr as

well-assembled fibers in the yolk sac, and since Tnr has also been reported to bind to FN

(Pesheva et al., 1994), we decided to focus our subsequent efforts on studying Tnr in the yolk

sac, which will be discussed in the following chapter.

56



Methods

Genotyping of mice and yolk sacs

DNA was isolated from mouse tails and embryos according to protocols published on

The Jackson Laboratory website (https://www.jax.org/jax-mice-and-services/customer-

support/technical-support/genotyping-resources/dna-isolation-protocols). EIIIA alleles were

amplified by a common forward primer TGACTGTAGTGTGCCCCAAG; EIIIA-WT-reverse

was AGTCTCAAGGACCTGGATTTT, and EIIIA-KO-reverse was

TGTTTGCACGTCTGTGCTTA, yielding 386 and 517 base-pair-long products, respectively.

The common forward primer for EIIIB alleles was GCCATGGGTACCTGATGAGT; EIIIB-

WT-reverse was CTGTGGTTTTTCACCCCACT, and EIIIB-KO-reverse was

CACACTTTGGAGGCCTGTCT, yielding 304 and 522 base-pair-long products, respectively.

Yolk sac collection

Mice of C57BL/6 background were mated and the females were checked for sperm plugs

in the morning. The day when plugs formed was counted as embryonic day EO.5. On E9.5, yolk

sacs were seperated from embryos and the amniotic sacs as previously described (Morgan et al.,

2008) and immediately frozen on dry ice and kept at -80°C until use. All procedures were

performed according to an animal protocol approved by MIT's Committee on Animal Care.

ECM protein enrichment, Western blotting and in-solution digestion

25 to 35 yolk sacs of each genotype were pooled, homogenized with a Bullet Blender

(Next Advance, Averill Park, NY) according to the manufacturer's instructions, and enriched for

ECM proteins using the CNMCS compartmental extraction kit (Millipore, Billerica, MA) as
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previously described (Naba et al., 2015). Quality control of the enrichment process was

monitored by Western blotting with the following antibodies: rabbit anti-Collagen I (Abcam),

rabbit anti-pan-histone (Millipore), mouse anti-GAPDH (Millipore), and rabbit anti-actin. ECM

protein resuspension, alkylation, deglycosylation and digestion were performed as previously

described (Naba et al., 2015).

Sample preparation

Digests were desalted using Pierce C18 SpinTips (Protea) then lyophilized. Samples were

resuspended in 50 ul of 0.1% formic acid, and 1 ul was analyzed using a Q Exactive mass

spectrometer (Thermo) to estimate the abundance of ECM peptides in each sample and relative

peptide amounts among samples. This was performed to enable starting the tandem mass tag

(TMT) labeling with the same amounts of peptides in all samples. Peptide labeling with TMT

1Oplex (Thermo) was performed per the manufacturer's instructions. Lyophilized samples were

dissolved in 70 pL ethanol and 30 pL of 500 mM triethylammonium bicarbonate, pH 8.5, and the

TMT reagent was dissolved in 30 pL of anhydrous acetonitrile. The solution containing peptides

and TMT reagent was vortexed and incubated at room temperature for 1 hour. The tenth sample

is a pool of the other 9 samples and labeled with TMT-131. Samples labeled with isotopic TMT

reagents were combined and concentrated to completion in a vacuum centrifuge. The TMT-

labeled samples were resuspended in 1OOuL buffer A (10mM TEAB, pH 8) and separated via

high-pH reverse-phase HPLC on a 4.6 mm x 250 mm 300Extend-C18, 5 um column (Agilent)

using a 90-minute gradient with buffer B (90% MeCN, 10mM TEAB, pH8) at a flow rate of 1

ml/min. The gradient was as follows: 1-5% B (0-10min), 5-35% B (10-70min), 35-70% B (70-

80min), 70% B (80-90min). Fractions were collected over 75 minutes at 1-minute intervals from
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10 min to 85 min. The fractions were concatenated into10 fractions non-contiguously,

concentrated in a vacuum centrifuge and then lyophilized.

Data acquisition by LC-MS/MS and analysis

Peptides were resuspended in 0.1% formic acid and separated by reverse-phase HPLC

(Thermo Easy nLC1000) using a precolumn (made in-house, 6 cm of 10 m C18) and a self-

pack 5 pm tip analytical column (12 cm of 5 pm C18, New Objective) over a 140-minute

gradient before nanoelectrospray using a Q Exactive HF-X mass spectrometer (Thermo). Solvent

A was 0.1% formic acid and solvent B was 80% MeCN/0.1% formic acid. The gradient

conditions were 2-10% B (0-3 min), 10-30% B (3-107 min), 30-40% B (107-121 min), 40-60%

B (121-126 min), 60-100% B (126-127 min), 100% B (127-137 min), 100-0% B (137-138 min),

0% B (138-140 min). The mass spectrometer was operated in a data-dependent mode. The

parameters for the full scan MS were: resolution of 60,000 across 350-2000 m/z, AGC 3e6, and

maximum IT 50 ms. The full MS scan was followed by MS/MS for the top 15 precursor ions in

each cycle with an NCE of 34 and dynamic exclusion of 30 s. Raw mass spectral data files (.raw)

were searched using Proteome Discoverer (Thermo) and Mascot version 2.4.1 (Matrix Science).

Mascot search parameters were: 10 ppm mass tolerance for precursor ions; 15 mmu for fragment

ion mass tolerance; 2 missed cleavages of trypsin; fixed modifications were

carbamidomethylation of cysteine and TMT 10plex modification of lysines and peptide N-

termini; variable modifications were proline oxidation, methionine oxidation, lysine oxidation,

asparagine deamidation, glutamine deamidation, carbamylation of the N-terminus, tyrosine

phosphorylation, and serine/threonine phosphorylation. TMT quantification was obtained using

Proteome Discoverer and isotopically corrected per manufacturer's instructions. Only peptides

with a Mascot score greater than or equal to 25 and an isolation interference less than or equal to
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30 were included in the data analysis. The final data was a combination of a first acquisition and

a second acquisition, where the most abundant peptides from 268 proteins in the first acquisition,

mostly intracellular proteins, were excluded for the MS/MS. Matrisome proteins were identified

as described previously (Naba et al., 2012). The abundance of each ECM protein in a sample was

normalized to the sample's total ECM signal. Log2 fold change ratios were clustered by a k-

means clustering algorithm into 4 clusters.

Quantitative PCR

Cells and tissues were lysed in TRIzol (Invitrogen), RNA was isolated according to the

manufacturer's instructions, and cDNA was synthesized by reverse transcription using the First-

Strand cDNA Synthesis Kit (Promega). qPCR reactions were performed using SYBR Green

Supermix (Bio-Rad) according to the manufacturer's instructions, and data analysis was

performed using Bio-Rad CFX Manager Software. PCR conditions were: 95°C for 10 min,

followed by 40 cycles of 95°C for 20s, 60°C for 30s, and 72°C for 30 s. The following primers

were used:

Bean Forward GAGAACTGTGTGGTCATGGT
Reverse CTTGCAGGTGTAGGATAGATGG

Edil3 Forward GGTGGCATCATTGGAGGTATTA
Reverse GAGGTCCTTCCAGTTCTTCTTC

Ptn Forward GGGAGAATGTGACCTCAATACC
Reverse GCTTGGAGATGGTGACAGTT

Tinagl1 Forward CCCACTCCTCGTTGTATGATG
Reverse CCTGGTAGATGTCGTTGGAATC

TNR Forward GACCTCCTCCAGTGTCAATATC
Reverse CCTCCAACATGTCTTCCTCTT
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Immunofluorescence

Yolk sacs were fixed in ice-cold 4% paraformaldehyde overnight at 4°C, rinsed with PBS

and stained according to a procedure adapted from a published protocol for retinas (Pitulescu et

al., 2010). Briefly, samples were blocked in PBS containing 4% donkey serum and 0.5 % Tween.

Samples were incubated with primary antibodies with 2% serum/0.25% Tween in PBS at 4°C

overnight, and with secondary antibodies for 2 hrs at room temperature. Antibodies and dilutions

used were: goat anti-Tnr, 1:150 (R&D), rabbit anti-Bcan, 1:100 (Abcam), rabbit anti-Edil3,

1:600 (Abcam), rabbit anti-Tinagl1, 1:100 (Abcam) and rat anti-PECAM-1 MEC13.3, 1:100 (BD

Pharmigen).

Secondary antibodies were donkey anti-goat 488, donkey anti-rat 594, goat anti-rat 488

and goat anti-rabbit 594 (Invitrogen), used at a 1:400 dilution. All images were taken with a

Nikon AlR Ultra-Fast Spectral Scanning Confocal Microscope using a Nikon Apo LWD 40x

objective.
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Chapter 3.

Tenascin-R expression associated with angiogenesis in yolk
sac and retina

This chapter was written by Thao Nguyen with editing by Richard Hynes and Genevieve

Abbruzzese. Immunohistochemistry performed by Steffen Rickelt and recombinant fibronectin

fragments made by Kaan Certel and Jessica Louie. All other experiments were performed by

Thao Nguyen.
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Abstract

Tenascin-R (TN-R) has been described in the literature as a glycoprotein restricted to the

central nervous system and retina. The identification of TN-R in yolk sacs via proteomics and

immunofluorescence was therefore novel and intriguing. In this chapter, we sought to verify the

specificity of anti-TNR antibodies and confirm that TN-R is indeed expressed as well assembled

fibers in the mesodermal layer of the yolk sac. TN-R fibers partially overlap with fibronectin

(FN) fibers in yolk sac mesoderm. In addition, area covered by TN-R fibers in EIIIA/B double-

null yolk sacs was reduced compared to the wild type, suggesting that the presence of EIIIA and

EIIIB promotes TN-R assembly in wild type yolk sacs. Binding of TN-R to FN fragments

containing different combinations of EIIIA and EIIIB were similar to each other in a solid-phase

binding assay. Therefore, it is not yet clear if EIIIA and EIIIB affect binding of TN-R to FN to

promote TN-R assembly. The TN-R fibers colocalize with the vessel network in the yolk sac. In

addition, TN-R is also present surrounding blood vessel plexuses in the retina. The localizations

of TN-R in yolk sac and retina suggest that TN-R may well be involved in vascular development

in these locations.

Introduction

Tenascin-R shares with the other tenascins in the family a modular structure consisting of

conserved domains. TN-R has an N-terminal cysteine-rich assembly domain, followed by a

coiled-coil segment, 4.5 epidermal growth factor (EGF)-like domains, 8 or 9 fibronectin type III

(FNIII)-like domains, and one fibrinogen-like domain at the C-terminus (Roll and Faissner,

2019) (Fig. 1). TN-R is typically observed at two apparent molecular weights of 160 and 180

kDa in Western blots. While 180 kDa corresponds to the predicted size for full length TN-R, the
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160 kDa form might be the result of alternative splicing since TN-R mRNA missing the sixth

FNIII-like domain was found (Carnemolla et al., 1996; Fuss et al., 1993). However, a mass

spectrometric analysis of the 160 kDa TN-R showed presence of peptides from the sixth FNIII-

like domain but no peptide from the N-terminal region. This would suggest that the short isoform

instead could result from proteolytic cleavage or alternative promoter choice (Woodworth et al.,

2004). TN-R forms dimers and trimers via disulfide linkage (Pesheva et al., 1989), and they

further form large aggregates in the presence of divalent cation as seen by rotary shadowing

electron microscopy (Pesheva et al., 1991). TN-R is also glycosylated and the pattern of

glycosylation changes during development (Woodworth et al., 2004).

F3/F11 Neurofascin

receptors Na channel Na'channel

Phosphacan Lecticans

EGF-like

Other ligands: FN, Col 1, TN-C, CALEB, Alternatively
sulfatides, disialogangliosides FNIl-like 0spliced

Figure 1: TN-R structure and ligands. TN-R has an N-terminal cysteine-rich assembly
domain, followed by a coiled coil segment, 4.5 epidermal growth factor (EGF)-like, 8 or 9
fibronectin type III (FNIII)-like domains, and one fibrinogen-like (FBG) domain at the C-
terminus. TN-R's ligands with known binding sites are depicted on the figure. Ligands that
interact with TN-R at undefined domains are listed as other ligands. (reviewed by Anlar and
Gunel-Ozcan, 2012).
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TN-R is expressed by oligodendrocytes and a subset of neurons in the central nervous

system. Oligodendrocytes are glial cells that produce myelin sheaths to insulate neuronal axons.

TN-R is anti-adhesive to oligodendrocyte progenitors (Probstmeier et al., 1999) but promotes

myelin production and terminal differentiation of oligodendrocytes to maturation (Pesheva et al.,

1997). In vivo, expression of TN-R oligodendrocytes increases postnatally as the mice develop

and decreases to a lower adult level after myelin sheaths are formed. TN-R levels made by

neurons increase after birth and persist into adulthood (Bartsch et al., 1993; Galtrey et al., 2008).

On one hand, TN-R is adhesive to mature oligodendrocytes, glial cells, and astrocytes.

On the other hand, it has anti-adhesive properties towards neurons and microglial cells and

interferes with some cell-ECM interactions (Pesheva and Probstmeier, 2000). For example, TN-

R inhibits binding of mouse cerebral neurons to FN and outgrowth of dorsal root ganglion

neurons of neonatal mice (Pesheva et al., 1994), and strongly repels neurites and growth cones

(Xiao et al., 1996). It is proposed that TN-R serves as a guide to steer axonal growth away from

inappropriate regions and as a barrier to formation of new synaptic contacts. Current evidence

also supports that TN-R is upregulated in glial scars and prevents axon regeneration (Probstmeier

et al., 2000).

Because TN-R has to date been found only in the brain, spinal cord and retina, prior

studies on TN-R functions have been performed in a neuronal context. In our proteomics

analysis of yolk sac, we detected 6 spectra from 3 unique peptides corresponding to FN-III

repeats 6 and 8 and the C-terminal fibrinogen-like domain. Finding TN-R in the yolk sac was

intriguing. We have only detected TN-R at the protein level by proteomics and

immunofluorescence staining, and detection of mRNA by qPCR was very low. Therefore, in this

chapter, we seek first to confirm the specificity of anti-TN-R antibodies, and then use the
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validated antibody to show that TN-R is indeed assembled into fibers in the yolk sac. Then, we

further characterize expression of TN-R in the yolk sac and other sites in relation to blood

vessels.

Results

Validation of anti-TN-R antibody

We purchased two anti-TN-R antibodies that had been used in several other publications:

a mouse monoclonal antibody (clone 619) (Weber et al., 1999) and a goat-polyclonal antibody

(Kecskes et al., 2015; Ueno et al., 2019). Since yolk sac is a major site for maternal IgG transport

(Kim et al., 2009), anti-mouse IgG antibody alone can stain yolk sac very strongly, thus

compromising use of the monoclonal antibody for immunofluorescence. In theory, it would be

possible to directly conjugate the mouse anti-TN-R with a fluorescent tag to bypass the need to

use an anti-mouse IgG secondary antibody. However, this is not straightforward since the mouse

antibody is only available to us through commercial vendors in very limited quantity. Therefore,

it was not practical to use the mouse primary antibody and we instead had to rely on the goat

polyclonal antibody for immuno-staining, meaning that rigorous validation of the specificity of

this antibody was crucial for our characterization of TN-R in the yolk sac.

To generate a cell line over-expressing TN-R, we stably transfected HEK293 cells with

an expression plasmid containing the sequence of full-length mouse TN-R (mTN-R) with Myc

and Flag tags (Fig. 2A). HEK293 cells do not express TN-R, and a band at the expected size of

about 180kDa was detected by both the goat and mouse antibodies only in the lysate and

conditioned media of the transfected cells (Fig. 2B, C). A band of about 360 kDa appears in

some HEK293-TNR samples, and this band likely is residual TN-R dimers that were not
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completely reduced. In fact, under non-reducing condition, mTN-R made by transfected

HEK293 cells also exists as dimer, trimer and possibly hexamer via disulfide linkages (Fig. 2D).
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Figure 2: Anti-TN-R antibodies in Western blots.
(A) Construct expressing mouse TN-R (mTN-R) with Myc and Flag tags was used to transfect
HEK293 cells. (B, C) Goat and mouse anti-TN-R antibodies both recognized mouse TN-R in
only HEK293 cells overexpressing TN-R.
(D) Under non-reducing conditions, mTN-R exist as dimers, trimers and possibly hexamers via
disulfide linkages.

Similarly, immunofluorescent signals of the mouse and goat antibodies are only positive

in HEK293-TNR cells and they also completely overlap (Fig. 3). Thus, both antibodies

convincingly detect the same recombinant TN-R protein in Western blots and the same staining

pattern in immunofluorescence. The goat polyclonal antibody was generated by immunizing the

animal with recombinant human TN-R and affinity-purified using the immunogen. To show that

the goat antibody recognizing mouse TN-R also functions in immunofluorescence, we affinity-

purified it from Western blots and tested the eluted antibody on HEK293-TNR cells. More

specifically, after separating by SDS-PAGE gel the conditioned media from HEK293-TNR cells

and transferring the proteins to a nitrocellulose membrane, we blocked with milk and used the

segment between the 150-250 kDa molecular weight markers to capture mouse TN-R-specific

goat antibody. (Fig. 4A). Antibody eluted from the membrane was used to immunostain

HEK293-TNR cells, and its signals still overlap with fluorescent signals from the mouse

monoclonal antibody (Fig. 4B).
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Figure 3: Anti-TN-R antibodies in immunofluorescence. Mouse and goat anti-TN-R
antibodies recognize mouse TN-R in the cytoplasm of only HEK293 cells overexpressing TN-R.
Scale bar, 25 tm.
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Figure 4: Goat anti-TN-R affinity-purified by mouse TN-R works in immunofluorescence
staining of TNR-expressing cells.
(A) Affinity purification of anti-mouse TN-R by blots.
(B) Immunofluorescence signals of mouse TN-R affinity-purified goat antibody and mouse
monoclonal antibody overlap in HEK293-TNR cells. Scale bar, 25 pm.
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Another member of the tenascin family, TN-C, was also identified in our MS data. In

order to ascertain that the goat antibody does not cross-react with TN-C, we tested it against

conditioned media of TN-C-overexpressing KP cell lines generated by CRISPR/dCas9

transcriptional activation (Gocheva et al., 2017). Western blotting indicated that the goat TN-R

antibody does not cross-react with mouse TN-C (Fig. 5).

Goat anti-TNR 4 4 4

250-
150 -
100-
75 -

50

37

20
15

Anti-TN-C

250
150
100
75

50

37

20
15

Figure 5: Goat anti-TN-R antibody recognizes mouse TN-R but does not recognize mouse
TN-C. Western blot results probing conditioned media of KP cells (lane 1), KP cells that are
CRISPR-activated for TN-C (KP gTN-C5-6, lane 2-3), HEK293 (lane 4) and HEK293-TNR
(lane 5) with goat anti-TN-R (R&D) and rabbit anti-TN-C antibodies. Goat anti-TN-R does not
recognize mouse TN-C.
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TN-R localizes to yolk sac mesoderm

After challenging the goat polyclonal anti-TN-R antibody in a number of tests as

described above, we are reasonably confident about the specificity of the antibody. Whole mount

immunofluorescence staining of E9.5 yolk sacs showed fibrillar signals (Fig. 6A). Staining of

cross sections of E10.5 yolk sac revealed that TN-R localizes to the mesoderm (Fig. 6B). The

staining patterns of TN-R showed that TN-R is express and assembled into fibers in the yolk sac

mesoderm.

In cross sections of E10.5 yolk sacs, FN is present around blood vessels and also co-

localizes with TN-R to the yolk sac mesoderm (Fig. 7A). Confocal images of whole-mount

staining of yolk sacs showed that, while some areas show exclusive staining of either TN-R or

FN, other areas exhibit overlapping staining of TN-R and FN fibers (Fig. 7B). Staining for

several EIIIA/B double-null yolk sacs showed that there is a decrease in TN-R fiber coverage

compared to wild type, although this difference does not quite reach statistical significance with

the number of samples we examined so far (n=3, unpaired t-test's p-value of 0.0648, Fig. 7C, D).

This is consistent with the reduction seen in the quantitative proteomic analysis of yolk sacs in

Chapter 2, Fig. 5.
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Figure 6: TN-R is expressed in the mesoderm of yolk sacs.
(A) TN-R assembles into fibrillar structures, as seen in en face views of whole-mount staining of
E9.5 yolk sac. Scale bar, 50 pm.
(B) TN-R is localized to the mesodermal layer, as seen in cross-section of E10.5 yolk sac. Scale
bar, 50 pm.
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Figure 7: TN-R colocalizes with FN in yolk sacs.
(A) Both TN-R and FN are localized to yolk sac mesoderm, and FN is also expressed around
blood vessels (the loops), as seen in cross sections of E10.5 yolk sacs. Scale bar, 50 tm.
(B) TN-R (green) and FN (magenta) fibers partially overlap (white), as seen in confocal image
slices of E9.5 yolk sacs in whole-mount staining. Scale bar, 50 m.
(C, D) By E9.5, there is a decrease in area covered by TN-R fibers in AB DKO yolk sacs
compared to WT, though not statistically significant (p=0.0648, n=3, unpaired t-test). Z-
projections of at least 20 z-stacks per yolk sac were analyzed for percentage of area occupied by
TN-R fibers, and each data point is the average of percentage of TN-R area coverage of each
sample. Scale bar, 50 im.

TN-R interacts with FN

TN-R has previously been shown to bind to the 75 kDa and 33 kDa proteolytic fragments

of FN that span, respectively, the RGD integrin-binding domain and the heparin-binding domain

within FN type III repeats (Pesheva et al., 1994). The EIIIA and EIIIB domains also lie within

the 75 kDa and 33 kDa fragments when they are expressed. We sought to determine whether

binding of TN-R to FN in this region is affected by the presence of the alternatively spliced

domains. TN-R-overexpressing HEK293 cells secrete TN-R into serum-free media mostly as

oligomers (Fig. 8A), and another protein at -52 kDa (non-reduced) can also accumulate in dense

cultures (Fig. 8B). We used centrifugal filtering units with membranes that have a molecular

weight cut-off of 100 kDa to remove low molecular weight proteins and obtain preps of

relatively clean TN-R to use for binding assays (Fig. 8B, C). We then tested binding of TN-R to

different recombinant FN117-15 fragments containing EIIIA, EIIIB or both EIIIA and EIIIB (Fig.

8D) in a solid-phase binding assay and used anti-TN-R antibody to detect bound protein. TN-R

binding to all fragments was similar, meaning that, in this experimental condition, EIIIA and

EIIIB domains do not appear to interact with TN-R or alter TN-R binding to FN.
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Figure 8: TN-R's binding to FN117-15 segment is not altered by EIIIA and EIIIB domains.
(A) When culturing cells in serum-free media, TN-R oligomers above 250 kDa released by
overexpressing HEK293 are the main content in the conditioned medium, as seen in silver
staining of non-reduced fresh media and conditioned media from HEK293 and HEK293-TNR
cells.
(B, C) TN-R was purified from conditioned media of HEK293-TNR using centrifugal filtering
units with a molecular weight cut-off of 100 kDa. Silver-stained gels of total media, flow-
throughs and final TN-R prep were run in (B) non-reducing and (C) reducing conditions. Smaller
proteins, particularly the one between 50-75 kDa, are eliminated in flow-throughs.
(D) Schematic of recombinant FNI117-15 fragments with different combinations of EIIIA and
EIIIB domains. Each fragment has a glutathione-S transferase (GST) and a His tag at terminals
(made by Kaan Certel and Jessica Louie).
(E) Binding curves of TN-R to V, AV, BV and BAV recombinant segments are similar to each
other. 0-20 pg/ml TN-R were incubated in wells coated with 50 nM of each fragment or GST
and blocked with 3% milk. Bound TN-R was detected with anti-TN-R antibody by ELISA and
developed to give color absorbance at 450 nm (n=3). Absorbance values produced by the V
fragment at 20 g/ml of TN-R were used to normalize measurements across repetitions.

TN-R colocalizes with blood vessels in yolk sac and retina

We are interested to know if TN-R might play any role in vessel development in the yolk

sac. In E9.5 yolk sac, immature and remodeled vessels are both present and can be visualized

from a plan view via whole-mount staining with endothelial cell marker PECAM-1 (Fig. 9).

Circular staining patterns within blood vessels in Fig. 9A and 9B belong to hematopoietic stem

cells, which also express PECAM-1 (Baumann et al., 2004). Co-staining yolk sacs with TN-R

and PECAM-1 showed that TN-R fibers co-localize with different types of vessels in E9.5 yolk

sacs (Fig. 9).
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PECAM-1

B.

Figure 9: TN-R colocalizes with blood vessels in E9.5 yolk sacs. Z-stacks of confocal images
of different fields of whole-mount yolk sacs stained for TN-R and endothelial marker PECAM-1.
Scale bar, 50 pm. PECAM-1 staining show blood vessels from a plan view. (A) and (B) are
images of the anastomosed network of immature vessels formed by vasculogenesis, and (C)
shows a large remodeled vessel overlying the anastomosed network of immature vessels.
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The retina is an ideal site to investigate angiogenesis and vascular remodeling because

the rodent retinal vasculature starts to develop postnatally, allowing for sample collection on

different days (Stahl et al., 2010). Immunohistochemical staining of TN-R in retinal cross

sections showed presence of TN-R in the inner and outer plexiform layers and some expression

in the nerve fiber layer (Fig. 10A), agreeing with the previous report (Bartsch et al., 1993).

Notably, the three vessel plexuses of the retina also reside in these layers: the superficial vascular

plexus is in the nerve fiber layer, and the intermediate and deep vascular plexuses are in the inner

and outer plexiform layers, respectively (Liu et al., 2017). Whole-mount staining of P8 retinas

suggested that TN-R and the superficial vascular plexus are juxtaposed but not overlapping.

Black gaps in TN-R staining coincide with localization of blood vessels stained by PECAM-1, as

indicated by arrow heads and insets in Fig. 10B, implying that the vascular network is right on

top of the TN-R fiber system. Overall, it appears that TN-R is expressed right under blood

vessels in both yolk sac and retina (Fig. 9B, 1OB).
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Figure 10: TN-R co-distributes with blood vessel plexuses in the retina.
(A) Immunohistochemical staining of TN-R in cross sections of adult mouse retina, showing TN-
R expression (brown) in the nerve fiber, inner and outer plexiform layers. These layers are where
the networks of superficial, intermediate and deep vascular plexuses of the retina reside.
Hematoxylin counterstain (blue) shows the inner nuclear and outer nuclear layers (done by
Steffen Rickelt). Scale bar, 50 tm.
(B) Whole-mount staining showing the superficial vascular plexus (PECAM-1) and TN-R
staining in retina of 8-day old pup, looking from inside the retina. Notice that there is no TN-R
signal where PECAM-1 staining is present (arrow heads), suggesting that the TN-R fibers are
underneath the vessel layer. Scale bar, 50 pm.

Discussion

In this chapter, we subjected the goat anti-TN-R antibody to a number of tests to

strengthen our confidence in its specificity. The fact that the goat antibody only detects mouse

TN-R in the lysate and conditioned media of transfected HEK293-TNR cells, and not wild-type

HEK-293 cells, already rules out cross reactivity with a large number of proteins. Confidence in

the goat antibody could be reinforced by using antibody affinity-purified with mouse TN-R to

stain yolk sacs, expecting to see the same fibrillar signals seen in Fig. 6A. Nevertheless, the

ultimate experiment would be to stain TN-R knockout yolk sacs with the antibody. We have

recently acquired the TN-R knockout line (Weber et al., 1999). We will use some mice from the

first litters of the breeding pairs that we received to mate and procure some yolk sacs. If yolk

sacs from homozygous breeding pairs of TN-R knockout mice are not stained by the antibody,

the signal we see in wild-type yolk sacs must truly come from TN-R.

In the previous chapter, we tested by qPCR for TN-R mRNA expression in yolk sacs but

the signal was very low. The published RNA-seq data on E9.5 mouse yolk sac also did not pick

up any reads from TN-R mRNA (Cindrova-Davies et al., 2017). Because TN-R expression is

restricted to the mesoderm (Fig. 6B), it is possible that its mRNA is present at a quantity too low
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to be detectable in total yolk sac RNA through these methods. In situ hybridization, which uses a

labeled probe complementary to the mRNA of interest, would be a more sensitive method to

look for TN-R mRNA in yolk sacs. I have designed several ~1 kb anti-sense probes for TN-R

mRNA, using Basic Local Alignment Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to

choose regions that do not have similarity with other mouse mRNA, particularly other tenascins.

I intend to use probes with digoxigenin tags, hybridize the probe to whole and cross sections of

yolk sacs and use anti-digoxigenin antibody to detect where the probes bind. We will be

confident of TN-R mRNA expression if more than one probe gives positive signal in the same

place in yolk sac.

TN-R and FN are both present in the mesoderm and there is some overlap between TN-R

and FN fibers in yolk sacs (Fig. 7A, B). We found a reduction of TN-R coverage in EIIIA/B

double-null yolk sacs (Fig. 7C), though this observation was not yet reached statistical

significance and requires more data points. The reduction in TN-R is consistent with the

decreased abundance of TN-R in our proteomics analysis of yolk sac ECM (Chapter 2). It has

been previously shown that cellular FN, which contains EIIIA and EIIIB, are better than plasma

FN at promoting assembly of FN and other matrix proteins including LTBP-4, fibrillin-1, and

fibulin-4 (Kumra et al., 2018). Our data add TN-R to the list of matrix proteins whose assembly

is promoted by the presence of EIIIA and EIIIB.

There are two possibilities for how the presence of EIIIA and EIIIB might upregulate

TN-R assembly: (1) EIIIA and EIIIB might bind to TN-R or increase binding of TN-R to FN,

and (2) EIIIA and EIIIB promote assembly of FN and possibly other proteins in the ECM and

indirectly promote assembly of TN-R. These two possibilities do not exclude each other. The

reduction of both FN and TN-R in the ECM of AB DKO yolk sac samples in our proteomic
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analysis (Chapter 2) is consistent with both possibilities. In the solid-phase binding assay, TN-R

can bind to FN as previously reported (Pesheva et al., 1994) but EIIIA and EIIIB did not affect

binding of TN-R to the typeII17-15region in this experimental condition (Fig. 8E). The solid-

phase binding assay does not address kinetic parameters such as association and dissociation

rates, which might matter in in vivo context. In addition, different isoforms and pattern of

glycosylation of TN-R might affect binding, and we do not yet have any information about the

make-up of yolk sac TN-R. Therefore, the result of the solid-phase binding assay did not support

possibility (1) but also did not disprove it. More thorough biochemical examination of the

interaction between TN-R and EIIIA, EIIIB and different isoforms of FN is needed to determine

if the extra domains play a role in FN binding to TN-R and upregulate TN-R assembly through

direct interaction. Additionally, co-staining for TN-R, FN and EIIIA or EIIIB in the yolk sac can

address whether TN-R fibers overlap more with FN containing the extra domains than with FN

without the domains, which would suggest that TN-R preferentially interact with FN containing

the extra domains.

Besides TN-R, our yolk sac proteomic data also identified brevican (Bcan) and TN-C,

which are also present in the central nervous system. Brevican is brain-specific (Frischknecht

and Seidenbecher, 2012), and TN-C has widespread expression during development but

restricted distribution in adult tissues (Midwood et al., 2016). We did not examine TN-C

expression beyond our proteomic data but TN-C was found in the E9.5 yolk sac RNA-seq data

(Cindrova-Davies et al., 2017). Similar to the result for TN-R, brevican mRNA level was also

low in qPCR and it was not identified in the RNA-seq dataset. Interestingly, in our quantitative

proteomic analysis of yolk sacs from different EIIIA/B knockout backgrounds, both brevican and

TN-R are less abundant in AB DKO yolk sacs (Chapter 2, Fig. 5B). These two proteins also bind
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with high affinity to each other (Aspberg et al., 1997), and colocalize in perineuronal space in

adult rat brain (Hagihara et al., 1999). Therefore, even though expression of brevican still needs

to be confirmed via other tests, it is possible that brevican is in some way associated with TN-R

in yolk sac ECM.

Detection of TN-R, brevican and TN-C all in yolk sacs suggests that yolk sac ECM

shares more common elements with the central nervous system ECM than we thought. Brevican

is a member of the lectican family of 4 chondroitin sulfate proteoglycans: aggrecan, brevican,

neurocan and versican (Yamaguchi, 2000). In developing brain, ECM rich in lecticans,

phosphacan, hyaluronan, link proteins and tenascins (both TN-R and TN-C) are thought to

participate actively in development and maturation of the nervous system (Zimmermann and

Dours-Zimmermann, 2008). We detected presence of TN-R, TN-C and brevican through

proteomics, and there is also evidence for presence and involvement of versican and hyaluronan

in vascular development and yolk sac biology. Versican binds to hyaluronan, and they are often

found together in the pericellular matrix of a range of cells besides neurons (Wight, 2017).

Versican-deficient mice (Mjaatvedt et al., 1998) and Has2-knockout mice lacking the major

hyaluronan synthase (Camenisch et al., 2000) both die by E10.5 with similar heart defects.

Complete lack of blood vessels in yolk sacs was also reported in the Has2-knockout embryos

(Camenisch et al., 2000). A presentation from Suneel Apte's laboratory (Cleveland Clinic) at the

American Society for Matrix Biology 2018 Biennial Meeting showed that, without versican,

hyaluronan is not retained in ECM of yolk sac and no blood vessels or red blood cells are

properly formed (Nandadasa et al., 2018). Besides hyaluronan, versican binds to TN-R, TN-C

and FN (Wu et al., 2005); TN-R and brevican bind to each other (Aspberg et al., 1997) and to FN

(Hu et al., 2008; Pesheva et al., 1994). Interactions among these molecules are complex, and it is
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possible that versican, brevican, TN-R, TN-C, hyaluronan and fibronectin are all part of the

provisional matrix that supports the initiation of blood vessel development in the yolk sac.

Because TN-R has only been characterized for functions in the nervous system, what role

it has in blood vessel formation is an important question to address. In the yolk sac, TN-R fibers

colocalized with different types of vessels (Fig. 9). However, TN-R is expressed only in the

mesoderm under the yolk sac vasculature (Fig. 6B) and does not surround blood vessels like FN

(Fig. 7A). Therefore, TN-R is likely not part of the basement membrane matrix of vessels and

perhaps participate in other events in vasculogenesis and vessel formation. Angioblasts,

precursors of blood and endothelial cells, come from the mesoderm and form blood islands by

E7.5 in the yolk sac. Subsequently, angioblasts differentiate into endothelial cells and migrate

and form tubes, establishing a primitive capillary network by E8.5. The capillary network then

remodels to form larger vessels that can be seen by E9.5 (Goldie et al., 2008; Garcia and Larina,

2014) and shown in Fig. 9. Because TN-R is assembled in the mesoderm under and along yolk

sac vasculature (Fig. 9), it is reasonable to hypothesize that TN-R might play a role in early

differentiation of endothelial precursors, act as migrating tracks for endothelial cells in blood

islands to connect into a capillary network, or take part in vessel remodeling.

In adult retina, TN-R is distributed in layers where both vascular plexuses are present

(Fig. 8A). Mouse superficial vascular plexus forms during the first week after birth and reaches

the extremity of the retina around P8 (Stahl et al., 2010). TN-R fibers in P8 retinas do not

overlay precisely with PECAM-1 staining (Fig. 8B) possibly because, by P8, vascular and

neuronal networks have both extended fully and separated. At P6, surviving EIIIA/B double-null

pups had a reduction in vessel coverage and tip-cell number in the developing retina (Turner et

al., 2017). The absence of TN-R might cause a subtle change in retinal vasculature similar to the
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lack of EIIIA and EIIIIB. Therefore, examination of younger retina is needed to see if there is

association between TN-R and angiogenic vessels. We plan to investigate retinal angiogenesis in

TN-R knockout mice at P3 and P6. If TN-R has an active role in angiogenesis, we expect to see

alterations in at least one of these characteristics: vessel outgrowth, vessel coverage, tip-cell

numbers, and branch-point numbers.
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Methods

Overexpression of mouse TN-R in HEK293 cells

Human embryonic kidney HEK293 cell lines (ATCC) were seeded in six-well plate and

transfected with 2 tg of pCMV6 vector containing mouse Tnr sequence (NM022312) with Myc

and Flag tags (Origene, Cat# MR225166) using Xtremegene HP DNA Transfection Reagent per

manufacture's protocol. Stably transfected cells were selected and maintained with 750 g/ml

G418 (Sigma) in HyClone high-glucose DMEM (ThermoFisher) supplemented with 10% fetal

bovine serum (Invitrogen) in a 37C incubator with 5% C02.

Western blotting

25 pl of conditioned media from 3-day culture of 3 million cells or 25 tg of cell lysates

were separated in SDS-PAGE 4-20% gradient gels (Bio-Rad), transfered to nitrocellulose

membrane and assayed by Western blotting. Primary antibodies were used at the following

dilutions: goat anti-TNR, 1:5000 (R&D), mouse anti-TNR clone 619, 1:1000 (Synaptic System).

Secondary antibodies used were mouse anti-goat IgG and goat anti-mouse IgG (Jackson) at

1:5000 dilutions. Conditioned media from TN-C CRISPR-activated KP cells were kindly given

by Noor Jailkhani (Gocheva et al., 2017).

Affinity purify antibody by blots

Goat anti-TNR antibody was purified from Western blots of TNR as previously described

(Sharp and Campbell, 1989). Conditioned media were run under reducing condition in SDS-

PAGE 4-20% gradient gels and transferred to nitrocellulose membrane. After blocking with 5%

milk in PBS and 0.1% Tween (PBST), membranes between the 150-250 kDa molecular weight
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markers were cut out and incubated with TNR antibody. The blots were washed with PBST, and

antibodies bound to TNR in the blot were eluted with 0.2M glycine pH 2.2 overnight at 4°C and

neutralized with 2M Tris pH 8.0 to pH 7.4.

Immunofluorescence

Cells on coverslips were fixed with 4% paraformaldehyde, permeablized with 0.5% NP-

40 and blocked with 2% ovalbumin in PBS. Antibody dilutions were: goat anti-TNR, 1:300 and

mouse anti-TNR, 1:100.

Yolk sacs were fixed in ice-cold 4% paraformaldehyde overnight at 4°C, rinsed with PBS

and stored in sterile PBS for up to 3 weeks at 4°C. Yolk-sac sections were made by embedding

yolk sacs in 4% low-melt agarose (Bioscience) and sectioned with a Leica VT1000s vibratome at

55 tm thickness. Retinas were collected and fixed for 2 hours in ice-cold 4% paraformaldehyde.

Staining procedures for whole and sectioned yolk sacs and retinas were adapted from a published

protocol for the retina (Pitulescu et al., 2010). Briefly, samples were blocked in PBS containing

4% FN-depleted donkey serum and 0.5 % Tween. Samples were incubated with primary

antibodies with 2% serum/0.25% Tween in PBS at 4°C overnight, and with secondary antibodies

for 2 hrs at room temperature. Antibody dilutions were: goat anti-TNR, 1:150 (R&D), rabbit

FN###, 1:300 (generated by our lab), and rat anti-PECAM-1 MEC13.3, 1:100 (BD Pharmigen).

Secondary antibodies were donkey anti-goat 488, donkey anti-mouse 594, donkey anti-rabbit

647 (Invitrogen) and donkey anti-rat 563 (Abcam), used at 1:400 dilution. DAPI was used at 1

pg/ml concentration. All pictures were taken with a Nikon AlR Ultra-Fast Spectral Scanning

Confocal Microscope using a Nikon Apo LWD 40x objective.
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Area coverage of TN-R in yolk sacs

Z-stacks of at least 20 fields were taken per yolk sac. ImageJ was used to create Z-

projection of each field and TN-R fibers visible above background noise are highlighted by

setting up a minimum threshold for each image. TN-R area coverage is defined to be the number

of pixels occupied by TN-R fibers, and percentage of TN-R-positive pixels over total image

pixels is defined as percentage of area covered by TN-R. Unpaired t-test was performed with

GraphPad Prism.

Immunohistochemistry

Adult mouse retinas were fixed, embedded in paraffin and sectioned at 10 pm thickness.

Antigen retrieval was done using pressure cooker and Tris-Tween buffer (pH 9.0).

Immunohistochemical staining of TN-R and hematoxylin counterstain was performed as

previously described (Rickelt and Hynes, 2018) with goat anti-TNR (R&D) used at 1:250

dilution.

Purification of TNR from conditioned media

HEK293-TNR cells were cultured in serum-free medium HyClone PF-CHO LS with

Glutamine (GE Healthcare). Conditioned medium was collected and spun at 15,000g for 30 min

to eliminate cell debris and large vesicles. Subsequently, media were filtered with Amicon Ultra-

15 Centrifugal Filter Units (Millipore) with 100 kDa molecular weight cut-off. The concentrates

were diluted with PBS and filtered again several times to eliminate low molecular weight

proteins. Silver stain kit was used according to manufacturer's protocol (Thermo Fisher).

Concentration of TN-R was measured using Pierce BCA Protein Assay Kit (Thermo Fischer).
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Solid-phase binding assay

Recombinant fibronectin fragments tagged with GST were made by Kaan Certel and

Jessica Louie. 50 nM of FN fragments or GST (Rockland) were used to coat 96-well plates

(Corning) overnight at 4°C. After blocking with 3% milk for 1 hr, 0 to 20 g/ml of TN-R in 3 %

milk in PBST (0.1% Tween-20 in PBS) were incubated in coated wells for 1 hr at 37°C. For

detection of bound proteins, wells were incubated with goat anti-TNR antibody (1:2000, R&D)

and HRP-conjugated mouse anti-goat IgG (1:5000, Jackson) with six PBST washes in between.

Ultra TMB-ELISA substrate (Thermo Fisher) was added, reaction was stopped with IN HCl and

absorbance at 450 nm was taken. Absorbance values produced by the V fragment at 20 pg/ml of

TN-R were used to normalize measurements across repetitions.
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Chapter 4.

Discussion and Future directions

This chapter was written by Thao Nguyen, with editing by Richard Hynes and Yasmin Pei-Chau.
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Summary of Results

This thesis explored the changes in yolk sac extracellular matrix in the presence and

absence of EIIIA and EIIIB domains of fibronectin (FN). First, I used a quantitative proteomic

approach to survey the ECM-enriched protein content of different EIIIA and EIIIB knockout

backgrounds. Yolk sacs from a EIIIA/B double-null background showed defects in vessel

formation (Astrof et al., 2007), and in vitro data suggested that cellular FN, which contains EIIIA

and EIIIB domains, is better than plasma FN at promoting fibrillogenesis of other matrix

proteins. Our proteomic data identified a set of both core matrisome and matrisome-associated

proteins with decreased abundance in double-null yolk sacs and relatively unchanged levels in

the EIIIA or EIIIB single-nulls and EIIIA/B heterozygous background. FN is in this list, which is

consistent with the observation that EIIIA and EIIIB promotes assembly of FN in cell culture

(Kumra et al., 2018, unpublished data). The other 14 proteins decreased in double-null yolk sacs

are: glycoproteins Nid1, Lamal, Edil3 and Tnr; proteoglycan Bcan; ECM-regulators Ctsb, Ctsd

and Serpine2; secreted factor Ptn; and ECM-affiliated proteins Plxal, Pxncl, Plxna4, Lgalsl and

Cspg4. Some of these identified proteins have been reported to play a role in ECM remodeling or

directly affect angiogenesis; therefore, changes in expression level of these proteins may upset

the vessel-forming process in yolk sac. Information from mice containing knockouts of these

proteins implies that these genes are not essential for vasculogenesis and angiogenesis in the yolk

sac; in contrast, they suggest that vascular defects in EIIIA and EIIIB double knockout mice

might be the result of compounding effects from changes in several ECM proteins.

In addition, this thesis further investigated tenascin-R (TN-R), one of the proteins that

showed reduced expression in the double-null yolk sacs. Interestingly, TN-R was previously

described to be specific to the central nervous system. To confirm TN-R expression in the yolk
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sac, I verified the specificity of an anti-TN-R antibody using recombinant expression validation,

and used this antibody to characterize expression of TN-R in the yolk sac. TN-R localizes to the

yolk-sac mesoderm and assembles into fibrillar structures. TN-R fibers also partially overlap

with FN in the mesoderm, and there is a decrease in TN-R fiber coverage in EIIIA/B double-null

yolk sacs. This suggests that TN-R assembly depends on direct or indirect interactions with FN

and is improved in the presence of FN's alternatively spliced domains. Furthermore, TN-R

expression co-localizes with the vessel network in yolk sac and also surrounds several beds of

vessels in the retina. Therefore, our data opened up the novel possibility that TN-R might

participate in vasculogenesis and angiogenesis outside of its other functions in the central

nervous system.

Future directions

The identification of tenascin-R, brevican, and tenascin-C in our yolk sac proteomic data

and recent reports on roles for versican and hyaluronan in vasculogenesis (Nandadasa et al.,

2018) have raised several interesting questions. The extracellular matrix requirements for

vasculogenesis and embryonic angiogenesis appear to be quite different from angiogenesis in

adult animals. Collagen I and fibrin are sufficient for sprouting and lumen formation by

endothelial cells, which is consistent with what is known about the vascular matrix in the adult

(Davis et al., 2011). In contrast, a matrix made up of at least versican, hyaluronan and fibronectin

is needed for successful vasculogenesis in the embryo, based on embryonic lethality and the

phenotypes of knockout mice. Mice lacking either versican, hyaluronan or fibronectin have heart

defects, lack properly developed blood vessels in the yolk sac and die by E10.5 (Camenisch et

al., 2000; George et al., 1993; Mjaatvedt et al., 1998; Nandadasa et al., 2018). In addition, the
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unexpected expression of TN-R and brevican in yolk sac, which are characteristic ECM

components in developing cells of the central nervous system and co-express with versican and

hyaluronan in the pericellular matrix of neurons (Zimmermann and Dours-Zimmermann, 2008),

indicates that better characterization of the ECM in early development is needed to further our

understanding of vasculogenesis.

The yolk sac is an ideal model to use to study ECM in early development because it is a

major site of vasculogenesis, and the tissue is less complex and easier to isolate than the

vasculogenesis sites in the embryo. Our study using yolk sac identified a number of ECM

proteins in our proteomic study. However, many proteins escaped our detection, as seen in the

much larger number of potentially expressed ECM proteins in RNA-seq data of E9.5 yolk sacs

(Cindrova-Davies et al., 2017). Newer methods and the improvement of current technologies

could allow the detection of additional key players in vasculogenesis and even change the types

of experiments possible. For instance, due to the low abundance of ECM proteins in comparison

to intracellular proteins, we had to subject our samples to an enrichment process. Because the

yolk sac is a very small tissue, we had to pool many yolk sacs to have enough material for mass

spectrometry after the enrichment. This likely reduced our ability to detect differences in protein

content between wild type and knockout samples for an incompletely penetrant mutation like the

EIIIA/B double-null. However, mass spectrometers are becoming more and more sensitive,

which will allow us to detect very low abundance proteins and use less material. In the future,

enrichment for the ECM and pooling samples might no longer be necessary, which would allow

a completely unbiased examination of the ECM of small tissue samples such as yolk sac. In the

meantime, since glycoproteins like versican appear to be important components of the yolk sac

ECM, we can specifically target ECM glycoproteins in future proteomic analyses. Combining
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the current approach to remove soluble intracellular proteins with methods to enrich for

glycopeptides (Zhu et al., 2017) could provide new insights into the composition and function of

glycoproteins in vasculogenesis and early angiogenesis.

Currently available data (Nandadasa et al., 2018) suggest that versican might also be

altered in the matrisome lacking EIIIA and EIIIB, and contribute significantly to the vascular

defects observed in EIIIA/B double-null yolk sacs and embryos. TN-R, TN-C or brevican single

knockout mice are viable and fertile without obvious developmental defects; close scrutiny of

these mice revealed only a few deficiencies, mostly in neuronal function (Brakebusch et al.,

2002; Mackie and Tucker, 1999; Weber et al., 1999). Quadruple knockout mice lacking TN-R,

TN-C, brevican and neurocan are also viable and fertile, although only the brains of these mice

were examined. These mice showed increased expression of fibulin-1 and fibulin-2 and an

altered hyaluronan deposition pattern in the brain (Rauch et al., 2005), suggesting that the

extracellular network of these proteins is very flexible and the absence of TN-R, TN-C, brevican,

and neurocan can be rectified by upregulation and reorganization of other matrix components.

Vascular defects caused by the absence of versican, fibronectin or hyaluronan, such as the

absence of yolk sac vasculature, imply that these 3 components are necessary for vasculogenesis,

while depositions of TN-R, TN-C, brevican (and possibly other proteins) appear to be secondary

and their loss can be tolerated or compensated during early vascular development. Our proteomic

analysis unfortunately did not detect versican. Thus, in the future it would be interesting to

investigate the levels of versican and hyaluronan in EIIIA/B double-null yolk sac using other

more sensitive detection methods.

Additionally, the presence of TN-R in the mesoderm and its colocalization with blood

vessels in the yolk sac and retina spark questions about its involvement in vasculogenesis and
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angiogenesis. In particular, does TN-R participate in the differentiation of endothelial precursor

cells to endothelial cells, in proliferation and migration of endothelial cells to form initial yolk

sac vessels, or in remodeling of the anastomosing network of small capillaries into larger

vessels? A common in vitro model to study vasculogenesis uses murine embryonic stem (ES)

cells. ES cells can spontaneously undergo differentiation into embryoid bodies and progress

through all the steps of vasculogenesis (Vailh6 et al., 2001). It is possible to introduce genetic

modifications into the ES cells prior to differentiation., As a result, it would be possible to

knockout TN-R in ES cells and then observe the effect of this knockout on the progression of

vasculogenesis in the embryoid bodies. Since TN-R knockout mice survive through

vasculogenesis, it is possible that we might not observe any phenotype with TN-R deficient

embryoid bodies. Instead, we might have to isolate relevant cell types to observe how they

behave in the context of a TN-R knockout. Additionally, TN-R has been shown to promote

terminal maturation of oligodendrocytes (Pesheva et al., 1997). Therefore, it would be

informative to learn if TN-R is expressed before blood islands are formed by E7.5, and if so,

whether TN-R affects differentiation of angioblasts into endothelial cells.

Because TN-R has been described to be expressed specifically in the central nervous

system, TN-R function has only been examined in neuronal and glial cells. With our newly

acquired knowledge showing TN-R's association with blood vessels, the effects of TN-R

expression on adhesion, proliferation and migration of endothelial cells should be investigated.

TN-R can bind to FN, collagen I and laminin, and TN-R has been shown to inhibit adhesion of

neurons and fibroblasts to FN but not to collagen I and laminin (Pesheva et al., 1994). Therefore,

the interactions between endothelial cells and TN-R and other matrix proteins should also be

investigated.
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The colocalization of TN-R with blood vessels in the yolk sac raises the possibility that

TN-R might play a supportive role for the vascular network here. However, in mature retina, we

observed that while TN-R expression occurs in the same layers as vascular plexuses, TN-R fibers

do not overlap precisely with the superficial vascular plexus at P8. At birth, retinal vascular

networks are not yet formed, but a mesh of astrocytes is already established that guides

patterning of the superficial vasculature at the endothelial tips by providing vascular endothelial

growth factor (VEGF) and FN (Dorrell et al., 2002; Gerhardt et al., 2003; Stenzel et al., 2011). In

fact, the endothelial tip cells at the growing front of the vascular network superimpose on the

astrocyte network briefly, and then the two networks disassociate (Gerhardt et al., 2003).

Therefore, it should be determined if the TN-R fibers detected in whole-mount staining of the

retina belong to astrocytes. If so, it makes sense for TN-R and blood vessels not to overlap in

mature retina. Furthermore, this would suggest that TN-R also temporarily associates with the

growing tips of the vasculature, which is similar to TN-R's association with yolk sac vasculature.

In this case, TN-R might participate in guiding endothelial migration, and the postnatal

developing retinal vasculature in TN-R knockout mice might be affected and should be

examined.

Finally, since TN-R plays opposite roles in different brain cell types (Pesheva and

Probstmeier, 2000), TN-R could also perform different functions in the vasculature depending on

context. If TN-R is expressed in nerve cells instead of in astrocytes under the retinal vasculature,

TN-R might act to prevent blood vessels from invading the neuronal layer. This is supported by

the observation that the superficial vascular plexus does not grow into areas where neurons and

neuronal progenitors exist. Neuronal cells even express VEGFR2, a receptor for VEGF, and

titrate VEGF and prevent blood vessels from branching into the neuronal layer (Okabe et al.,

106



2014). If TN-R is anti-adhesive in endothelial cells and we see misdirected sprouting of

endothelial cells in TN-R knockout mice, this would suggest that TN-R affects angiogenesis in

the retina by redirecting vessels away from neurons.

Final remark

This thesis project and recent findings by others have brought new information about the

extracellular matrix environments where early vasculogenesis and angiogenesis occur. From

what we know, it is reasonable to think that fibronectin, versican and hyaluronan are part of the

primary matrix that is crucial to initiate vasculogenesis. Then, proteins including tenascin-R,

brevican, tenascin-C and possibly others build on the primary matrix to form a secondary matrix

that is

more flexible to help progress vascular development. Further investigations into the

interactions of these proteins in the yolk sac and also the embryo could reveal interesting

knowledge about the timing and requirements for extracellular matrix in early vasculogenesis

and angiogenesis.
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